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Most new PET scanners have the capability to collect data in
3-dimensional (3D) (septa removed) mode. This allows many
more detected events at the cost of increased random events
and scatter. In the case of 8Rb imaging, the injected dose might
have to be limited to avoid saturating the scanner. We present
a comparison of 2-dimensional (2D) and 3D data collection for
82RDb cardiac studies using the ECAT EXACT scanner. Methods:
Resting #Rb cardiac studies were collected in 2D and 3D
modes for 33 consecutive patients. Four experienced physi-
cians rated the images to determine if the different acquisition
methods would lead to different patient care. A separate quan-
titative analysis was performed on data from multiple scans of a
thoracic phantom filled to simulate cardiac and background
radioactivity corresponding to 82Rb injections between 37 and
1740 MBq. Results: The 2D and 3D studies were significantly
different, with the image quality being poorer in the 3D studies.
The scanner collected data at near its maximal counting rate for
either 1480-MBq 2D or 37-MBq 3D acquisitions. Because the
data collection was counting rate limited in either mode, and
there are more random and scatter events in 3D mode, the 2D
acquisitions resulted in more detected true events and a better
signal-to-noise ratio. Conclusion: Cardiac 8Rb studies should
be performed in 2D mode when using the ECAT EXACT scan-
ner.
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I\/I yocardial perfusion imaging witffRb has been well
established for 2-dimensional (2D) PET—H4). With the
advent of newer scanners, the question of whe¥is is as

Because the counting rate in 3D mode is several times
greater than that in 2D mode for equal radioactivity in the
field of view, potentially less than half as mu#Rb could

be used. The cost of@Rb generator is determined primar

ily by the amount of®2Sr (parent isotope ofRb) that the
generator contains, so the cost to obtain a®Rb scan
could be substantially less than that of a 2D scan. This may
lead to cheaper and more widespread use of myocardial
imaging with82Rb.

Disadvantages of 3D scanning are the counting rate limit
of the scanner, increased random events, and increased
scatter. The counting rate in 2D mode after injecting 1480
MBq #Rb approaches the limit of the ECAT EXACT 921
scanner (CTI/Siemens, Knoxville, TN). In 3D mode the
radioactivity must be scaled back so as not to saturate the
camera. When the radioactivity is scaled back so that the
scanner is counting at near its maximal rate in 3D mode, the
number of detected true events may not be much more than
that of the higher dose 2D study. Therefore, the potential
benefit of collecting more data in a 3D study may be small.

One limitation of scanning in a high counting rate envi-
ronment is that the random counting rate increases much
more rapidly than does the true counting rate as a function
of radioactivity in and near the field of view. The random
counting rate is the product of the counting rates in each of
the 2 responding detectors and the coincidence time window
(5). Hence, whereas the true counting rate scales linearly
with radioactivity in the field of view, the random rate scales
as the square of radioactivity in and near the field of view.
The 3D case is worse because removal of the septa allows

effective when imaged with 3-dimensional (3D) PET is a];he detectors to view radioactivity further outside the field

open question. Because many current state-of-the-art scghview so more radioactivity contributes to the background

ners are being sold with only 3D capability, this questioFﬁte- Because of t.hIS, the counting ra}te for which the'true
should be investigated before using the same 2D-pasyf random counting rates are equal is generally less in 3D
criteria to interpret 3D studies. scanning than in 2D scanning. Above this rate, the detected

An advantage of 3D mode is that collecting many mor@vents are dominated by random events. _
lines of response permits injecting far less radioactivity, Wh?” the septa are removed, each individual detectpr IS
which has the dual benefit of reducing the radiation exp&ensitive to radiations from a much larger area. For a given

will be greater when scanning in 3D mod®.(The number

of random events can be estimated and subtracted from the
dataset. Comparing 3D with 2D scanning at the scanner’s
maximal counting rate, the number of detected true events
in 3D scanning will be less because the rate of detecting
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prompt events (true events random eventst scatter) is (CTI/Siemens software, version 7.1b) was used. The final recon-
limited by the maximal counting rate of the scanner, arfiructed resolution was measured by scannif#h line source (5
uncertainty in the estimate of random events will have a greaé off center) in a water-scattering medium and found to be 12.3
effect on the noise in the final 3D images. These effects can'B8 tangentially and 15.3 mm radially.

quantified by calculating noise equivalent counting rates 'Tirt-three consecutive patients who were scheduled for rest-
(NECs) 7). DeGrado et al.g) have shown that the peak NECNY Rb scans at the Nuclear Medicine Department were studied.

) in 2D than in 3D g f i h Our standard@®Rb protocol calls for a preview scan for positioning
Is greater in than in scanning for a unriorm phantorg patient in the scanner, followed by the restifgb scan, and

scanned with an Advance scanner (ga#0,, [BGOJ-based hen 5 transmission scan. Because the preview scan can be done
scanner similar to the one we used) (General Electric Medigually well in either 2D or 3D mode, the preview scan was
Systems, Milwaukee, WI). Badawi et af)(showed that the collected in 3D mode so that it could be compared with the resting
peak NEC and relative performance between 2D and 3idan collected in 2D mode. Between 1300 and 1850 MBq were
scanning on a 951R scanner (CTI/Siemens) are dependeninggtted for the resting scan (depending on the age of the Rb
the geometry of the object being scanned and the amountgefierator). Nineteen patients were injected with 740 MBq and 14
radioactivity in the field of view. These works suggest that 2patients were injected with 370 MBq for the 3D preview scan. The
scanning will be superior in high counting rate scanning, butd!ration of each scan on each patient was 7 min. ,
is necessary to perform a direct comparison between 2D and\fter reconstruction, gll images were orle_nted into short-axis
ws and then loaded into the Emory Cardiac Toolbox (Emory

° . Y]
\::’Vlihségénmg for the current scanner and cardiac apphcatlﬂﬁiversity, Atlanta, GA). The toolbox was used to create polar

maps of the 2D and 3D scans, which were displayed side by side
In 3D mode, the number of scattered events approaches kglt.omparison. The 2D scan was taken as the gold standard. Four

of all recorded events5). Because of this, for proper quanti-physicians who were experienced in readi?Rpb studies reviewed
tation, a scatter correction must be applied to the 3D data.tfe polar maps. The display included the raw polar map data and
large literature relating to 3D scatter correction methods exigi®lackout image in which all pixets2.5 SDs from the mean were
(10-19. Some of these methods, particularly the dual-energiacked out. The blackout was relative to the norfiab database
window technique, should be applicable to cardiac imaging botluded in the Emory Cardiac Toolbox. The physicians were

none has been specifically tested in the very high counting rafied 3 questions: Is there a defect in either or both of the polar
situation of®2Rb cardiac imaging. maps? Would the findings in your dictation be different between

The authors of 2 reports have concluded that, under tg;@ 2 scans? Would your impression and recommendations for

proper conditions, 3D scanning is advantageous for hi Lhture patient care be different? All physicians viewed the images

. L ) d dently. No attempt de t ile differi in-
counting rate KO neuroactivation studied8,14. How- On:pen ently. Mo aflempts were made fo recenctle diifering opin
ever, large differences between the size of the object in thephamom studies were performed to simulate the huf#ah
field of view and the distribution of background radioactivsygies. The thoracic phantom (Data Spectrum Corp., Hillsbor-

ity make inferring 3D performance for the current cardiagugh, NC) with the cardiac insert and lungs filled with Styrofoam
application difficult. This study was initiated to determine ibeads (Dow Chemical Co., Midland, MI) was used. Regions of
the potential benefit of increasing the number of true couritgerest were drawn on the 2D images from a healthy subject who
in 3D mode would offset the detriment of increased randowes administered 1480 MBYRb to determine typical radioactiv
and scattered events. Of primary interest is to determii¥concentrations for filling the phantom. The total system count-
whether the same clinical information can be obtained frofd rates for true and random events were also noted from the

a 3D protocol as from the standard 2D protocol. human study. The quantity of radioactivity added to the back-
ground was estimated to be that necessary to make the true

counting rates match in the human and the phantom experiments.
MATERIALS AND METHODS In addition, to account for sources out of the field of view, two 3-L
All scans were acquired on an ECAT EXACT scann8), ( cylinders were filled with radioactive solution and placed on the
which is based on 8< 8 BGO block detectors and a 12-nSscanner bed in roughly the location of the head and the bladder.
coincidence window. This scanner can collect data in either Z0he amount of radioactivity in these containers was intended to
(septa extended) or 3D (septa removed) mode over an axial fieldgpodbduce the same random counting rate in the phantom studies as
view of 16.2 cm. For detected events in 2D mode, at least 1 of thethe human study.
annihilation photons is scattered about 15% (50% in 3D mode) of The beginning of the first experiment was delayed, which
the time. The maximal prompt coincident counting rate in eitheraused the measured region-of-interest values to undershoot the
mode is limited by the data storage system (rather than by tHesired radioactivity levels as well as the number of recorded true
detectors or detector electronics) to approximately 750 kHz. Tlkad random events. The experiment was also suboptimal in 2 other
intrinsic resolution (measured wifl§F) is approximately 6 mm at areas: The measured radioactivity in the cardiac wall was less than
the center of the field of view, although the reconstructed resolilre true radioactivity because of the partial-volume efféé;17,
tion with 8Rb is much less, as described below. and the radioactivity concentration was reduced more than ex-
All images were reconstructed with segmented attenuation c@ected because of the Styrofoam beads in the lungs. Because of
rection derived from a 7-min measured transmission sd&h ( these limitations, a second experiment was performed with the
Images were reconstructed with filtered backprojection usingradioactivity in the phantom chambers adjusted accordingly. The
Hahn smoothing filter cutoff at 1 cycle per centimeter. The rectumber of detected true events was adjusted by adding additional
ommended scatter correction supplied by the scanner manufactuealioactivity to the background of the phantom. Moving the head

702  THE JourNAL oF NucLEAR MEeDICINE ¢ Vol. 42 « No. 5 « May 2001



and body cylinders closer to the phantom increased the number of TABLE 2
detected random events. The radioactivity concentrations and othePhysicians’ Comparison of 3D and 2D &Rb Scanning
parameters for the 2 experiments are detailed in Table 1.

The phantom and cylinders were filled witfr, and the scan Interpreted . C_"_”ica[:Yo
duration was set to 106 s. This duration was chosen because the differently” (%) significant’ (%)
number of counts expected from the decay®fin 106 s is equal Physician 370% 740% 370* 740*
to the number of counts expected from the deca$?®b over the

L . . . . . 64 39 14 11
7-min imaging period used in the human studies. Scans (without B 57 67 57 61
moving the_ phan_tom or pgckground radioactivity) were acquired c 43 56 14 29
every 90 min to simulate injecté@Rb doses between 1740 and 37 D 43 56 21 44
MBq. Average + SD 52 +10 54+12 26+20 34+ 22

After reconstruction, the images were analyzed quantitativelyaroup average + SDS 53 =10 30 = 20
by evenly spacing 100 points over the defect-free portion of the (P < 0.001) (P <0.09

myocardial wall. Each point was approximately 1 cm from its

nearest neighbor. Because the true radioactivity concentration atPercentage of patients for whom 2D and 3D scans were inter-
these points was equal, the mean divided by the SD of the me@sieq gitferently.

sured values is the signal-to-noise ratio (SNR) in the images. Thistpercentage of patients whose recommended clinical follow-up

measure takes into account all sources of noise. differed depending on 2D or 3D scanning.
3D injection (MBQ).
RESULTS §P = probability that average is different from 0 by chance.

No adverse effects were observed in any patient. As
expected, the fraction of random events was much higher in
the 3D studies. No significant difference was found betweenuch larger on the 3D scans. No significant difference in
the 3D fraction of random events at injected doses of 3physicians’ attitudes was found between injecting 370 or
and 740 MBg. In 2D studies, the average true-to-randoid0 MBq when scanning in the 3D mode. The physicians
ratio was 1.6 with an average of 8.4 million true eventecommended, on average, different follow-up care for 10
detected. In 3D studies, at 370 MBq injected, the averagéthe 33 patients. For 8 patients, a consensus of the phy-
true-to-random ratio was 0.54 with 11.6 million true eventsicians (3 or 4 in agreement) believed that subsequent
detected. treatment would be different. Three of the 4 physicians did

The physicians’ evaluations are summarized in Table 2ot believe that the 3D studies could be used as a replace-
On average, their impressions differed between the 2D amnt for the 2D studies without further investigations.
3D studies in 53% of the cases. The most noticeable difféfransaxial images of representative cases are shown in
ence between the 3D and 2D studies was decreased uptaigire 1, and the corresponding polar maps are shown in
in the apex area on the 3D scans. Defects generally appedraglire 2.

TABLE 1
Parameters for 2 Phantom Experiments
Experiment 1* Experiment 2
Parameter Units Goalf True* Measured$ True* Measureds
Lungs kBg/mL 4.5 3.33 1.3 13.7 9.62
Heart chamber kBg/mL 18 13.0 171 15.2 15.3
Heart wall kBg/mL 52 30.7 24.0 66.6 49.2
Liver kBa/mL 21 14.2 16.8 22.8 22.6
Phantom background MBq 48.1 122
Head MBq 81.4 100
Head positionl cm 38.0 15.0
Bladder MBq 955 1,200
Bladder position! cm 33 15
True events Megacounts 10 3 4.3
Random events Megacounts 6 1.8 14.4

*Experiment was started 70 min late and so corresponds to 1070 MBq injected rather than 1480 MBq.

TValues determined from recorded counting rates or ROIls from 2D scanning (1480 MBq &Rb) of typical human subject.
*True radioactivity used to fill phantom inserts; decay corrected to first PET acquisition.

SRadioactivity determined by drawing ROls on first phantom PET images.

IDistance from end of thoracic phantom to center of 3-L cylinder used to simulate head and bladder radioactivity.

ROI = region of interest.
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FIGURE 1. Two-dimensional (A) and 3D (B) images of 3 sub- 0.001 : :
jects show range of results. Left pair represents better-than- 0 500 1000 1500 2000
average agreement between 2D and 3D scans of 73-kg male Iniected activity (MB
with major defect. Note, however, that septal wall is decreased ! y (MBa)

and apex is noisier in 3D study. Middle pair is from 60-kg female
and represents best agreement between 2D and 3D scans.
Right pair is from 125-kg male. Both images are noisy but apex
is decreased in 3D study.

FIGURE 3. Number of prompt events (true events + random

events + scatter) and random events recorded during phantom

and human studies. All data are from phantom experiments

except 6 separately indicated data points with error bars, which

represent mean = SD of prompt and random events from

human studies. Solid lines indicate results from high-back-
Counting rates for the phantom and the human expeground phantom experiments, and dashed lines indicate results

ments are shown in Figure 3. The human data repres@&din low-background phantom experiments. Top group of

average results for the humans studied. The 2 phantettives is from data collection in 3D mode, and bottom group of

experiments bracket the counting rate observed in the Hirves is from data collection in 2D mode.

man studies. Injecting 560 MB(q saturates the scanner when

collecting data in the 3D mode. The 2D counting rates afehe SD is much larger for the 3D studies, in agreement with

still increasing at the highest tested injection (1740 MBqthe visual impression of the images. SNR values (average/
Phantom images are shown in Figure 4. Visual inspecti®@D) are plotted in Figure 6. In both the high- and the

of the images indicates that the 3D images are worse tha-background experiments, the highest SNR is achieved

the 2D images at higher injected activities and are abowtth 2D scanning.

equal at 260 MBq; at lower activities, 3D studies are better

than 2D studies. However, the best 3D study is inferior ISCUSSION

the best 2D study. The average myocardial uptake in the

phantom studies is shown in Figure 5. Note that the 390"

values saturate at a simulated injected dose of 370 MBq.

A study has been performed to compare 2D and 3D data
ection in8Rb cardiac studies. The impressions of the

FIGURE 4. Images from same phantom experiments as those
depicted in Figure 3. Top 2 rows are from low-background

FIGURE 2. Polar maps of same 3 subjects corresponding to

images of Figure 1. Data from 2D study are in top row (1480
MBq injected in each subject), and data from 3D study are in
bottom row (370, 740, and 370 MBq injected left to right). See
Figure 1 legend for comments about particular studies.

704

experiment, and bottom 2 rows are from high-background ex-
periment. Within each experiment, first row is 2D study and
second row is 3D study. Numbers represent simulated amount
of 82Rb injected (in MBq).
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FIGURE 5. Mpyocardial uptake values from phantom experi-
ments. Differences between low- and high-background curves
at low injected radioactivity are attributed to slight differences in

scanner used in this study. If this window could be reduced
to 6 nS, the number of recorded random events would be cut
in half and the number of prompt events would be reduced
as well. This would improve images from both scanning
modes, but the improvement would be greater for the 3D
acquisitions because cutting the random events in half
would reduce the 3D total counting rate by 40% and the 2D
rate by 28%. It is not clear which acquisition method would
be preferable in this case.

In addition to greater noise in the 3D studies, half of the
images were read as being significantly different. The pri-
mary difference was a new defect, or a larger defect, at the
apex on the 3D scans. The image quality at the edge of the
thorax is particularly bad in the 3D studies, as is seen in
Figure 1. The reason for this is not known but a possibility

preparing phantom for 2 experiments. Quantitative accuracy
breaks down in 3D scans because of excessive radioactivity in
field of view (approximately 370 MBq 82Rb injected).

is the scatter correction. The scatter correction algorithm
relies on the estimated emission and attenuation images. If
these images have artifacts, then the scatter correction may
be erroneous and lead to strong lateral streak artifa&s (

physicians and the physicist involved in reviewing the stud-n€ Situation may be improved by iterating the reconstruc-
ies along with the quantitative assessment indicate that f#e but this was not tried. In any case, the unacceptable
results from the 3D studies are inferior to those of the 2BPise level on the 3D images renders investigation of 3D
studies. The cause of the disparity in image quality is trgéatter correction moot for this project.

much higher fraction of random events in the 3D study. The

counting rate during 1480-MBq 2D or 370-MBq 3D scangcoNCLUSION

ning is similar and is near the saturation limit of the scanner.

-di i 2 i i
But the fraction of random events is much greater for the 3DThree dimensionaf2Rb scanning will not produce a
study. After correction for random events, the 3D stu udy of equal or better quality than the current 2D tech-

contains much more noise. This is evident from Figure 4, que using the ECAT EXACT scanner. The studies are

which the best 3D scan is not as good as the best 2D ch%unting rate limited in either 2D or 3D mode. Because the
tal counting rate is the same for 2D and 3D modes but the

and from Figure 6, in which the highest SNR is achieve . . .
raction of random events is greater in 3D mode, 2D scan-

with 2D scanning. . o L .
g g results in superior images. This situation might be

Because the scanner is near the saturation limit, injectiﬂﬁ} X ) SiO(Ce) (LSO
a greater amount oRb would be detrimental to image erent in newer generqmon scanners,! KD.S( €) ( ; )
rystals have the potential for better coincidence time res-

quality, and the potential advantage of switching to 35

scanning to collect additional counts is not supported. Tr%g‘(';m and Ifor get_le_(r:]tmg events'at'gwuch h!gher ratelzs 'than
situation would be improved if the random counting ratg crystals £9). The better coincidence time resolution

were decreased. The coincidence window is 12 nS for tﬁBUId reduce the rgndom counting rate by a factor of 2. The
igher total counting rate could change the scanner from

being the limiting factor for injected dose. The maximal
counting rate would need to be high enough so that the limit

oy —e— 3D Low Background to the injected dose #Rb availability or radiation dose to
8 [ 20 LewBackgioind the patient. If such were the case and a scanner with a much
—o— 3D High Background . . . . .
520 High Background higher counting rate is realized, this study should be re-
e 8 peated to determine whether 2D or 3D acquisitions are
z preferred for use in cardiac imaging witfRb.

This study supports a general rule of thumb for PET
scanning. If there are sufficient counts to perform a study in
2D mode, then that study should be performed in 2D mode.
Three-dimensional scanning is advantageous when the
counting rate is much lower and the benefit from additional
events far outweighs any loss attributed to increasing the
fraction of random and scatter events. This may be (and

2 - S ———

0 500 1000 1500
Simulated Injected activity (MBq)

2000

FIGURE 6. SNR observed during 2 phantom experiments.

Random counting rate was slightly higher in high-background
experiment and slightly lower in low-background experiment
than that seen in human experiments.

often is) the case when the amount of injected radioactivity
is limited for nonscanner-related reasons (e.g., radiation
safety concerns). However, this is not the case ®iRb
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and the ECAT EXACT scanner. We recommend tH&ib

scanning continue to be performed in 2D mode until im-,

count rates to image signal-to-noise using noise equivalent cd&i& Trans
Nucl Sci 1990;37:783-788.
. DeGrado TR, Turkington TG, Williams JJ, Stearns CW, Hoffman JM, Coleman

provements in the scanner allow greater counting rate Or are. performance characteristics of a whole-body PET scandiucl Med
method is developed to shield radioactivity outside the field 1994;35:1398-1406.

of view (or both).

10.

ACKNOWLEDGMENTS

The authors appreciate the input and opinions of Drsu.
Ernest Garcia, Raghu Halkar, John Vansant, Andrew Tay-
lor, and Rod Pettigrew. This work was supported in part by,

Bracco Diagnostics.

REFERENCES
1. Mullani NA, Goldstein RA, Gould KL, et al. Myocardial perfusion with rubid-

ium-82. I. Measurement of extraction fraction and flow with external detectord4.

J Nucl Med 1983;24:898-906.
. Goldstein RA, Mullani NA, Marani SK, Fisher DJ, Gould KL, O’Brien HA Jr.

Myocardial perfusion with rubidium-82. Il. Effects of metabolic and pharmaco15.

logic interventionsJ Nucl Med 1983;24:907-915.
Cardiovasc Intervent Radioll989;12:245-251.

simplified for clinical applications using rubidium-82 or nitrogen-13-ammonia.
J Nucl Med 1996;37:1701-1712.

. Knoll GF.Radiation Detection and MeasuremeRew York, NY: John Wiley &
Sons; 1979:692—-696.

. Wienhard K, Eriksson L, Grootoonk S, Casey M, Pietrzyk U, Heiss W-D.
Performance evaluation of the positron scanner ECAT EXACTomput Assist
Tomogr 1992;16:804—813.

706

13.

. Gould KL. Clinical cardiac PET using generator-produced Rb-82: a review6.

. Yoshida K, Mullani N, Gould KL. Coronary flow and flow reserve by PET17.

18.

9. Badawi RD, Marsden PK, Cronin BF, Sutcliffe JL, Maisey MN. Optimization of
noise-equivalent count rates in 3D PEAhys Med Bial 1996;41:1755-1776.
Barnes D, Egan G, O'Keefe G, Abbott D. Characterization of dynamic 3-D PET
imaging for functional brain mappindEEE Trans Med Imagingl997;16:261—

269.

Chan B, Bergstrom M, Palmer MR, Sayre C, Pate BD. Scatter distribution in
transmission measurements with positron emission tomogrdpBymput Assist
Tomogr 1986;10:296—-301.

Grootoonk S, Spinks TJ, Sashin D, Spyrou NM, Jones T. Correction for scatter
in 3D brain PET using a dual energy window methBtlys Med Bial 1996;41:
2757-2774.

Li H, Votaw J. Optimization of PET activation studies based on the SNR
measured in the 3-D Hoffman brain phantdfBEE Trans Med Imagingl998;
17:596-605.

Cherry SR, Woods RP, Hoffman EJ, Mazziotta JC. Improved detection of focal
cerebral blood flow changes using three-dimensional positron emission tomog-
raphy.J Cereb Blood Flow Metahl1993;13:630—-638.

Xu EZ, Mullani NA, Gould KL, Anderson WL. A segmented attenuation cor-
rection for PET.J Nucl Med 1991;32:161-165.

Hoffman EJ, Huang SC, Phelps ME. Quantitation in positron emission computed
tomography. 1. Effect of object siz&.Comput Assist Tomogt979;3:299-308.
Kessler RM, Ellis JR Jr, Eden M. Analysis of emission tomographic scan data:
limitations imposed by resolution and backgrouddComput Assist Tomogr
1984,8:514-522.

Watson CC, Newport D, Casey ME. A single scatter simulation technique for
scatter correction in 3D PET. In: Grangeat P, Amans JL, 835 International
Meeting on Fully Three-Dimensional Image Reconstruction in Radiology and
Nuclear Medicine Dordrecht, The Netherlands: Kluwer Academic; 1996:255—
268.

. Strother SC, Casey ME, Hoffman EJ. Measuring PET scanner sensitivity: relatihg. Melcher CL. Scintillation crystals for PET.Nucl Med 2000;41:1051-1055.

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 42 ¢« No. 5 « May 2001



