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Abstract—n recent years it has been shown that PET is ca-
pable of obtainingin vivo metabolic images of small animals. These
serve as models to study the development and progress of diseases
within humans. Imaging small animals requires not only image
resolution better than 2 mm, but also high sensitivity in order to
image ligands with low specific activity or radiochemical yields. To-
ward achieving these goals, we have developed a discré&ex 2 x
10 mm?® GSO Anger-logic detector for use in a high resolution,
high sensitivity, and high count-rate animal PET scanner. This de-
tector uses relatively large 19 mm diameter photomultiplier tubes
(PMT), but nevertheless achieves good spatial and energy resolu-
tion. The scanner (A-PET) has a port diameter of 21 cm, transverse
field-of-view of 12.8 cm, axial length of 11.6 cm, and operatesin 3-D
volume imaging mode. The absolute coincidence sensitivity is 1.3%
for a point source. Due to the use of large PMTs in an Anger de-
sign, the encoding ratio (number of crystals/PMT) is high, which
reduces the complexity and leads to a cost-effective scanner. Simu-
lation results show that this scanner can achieve high NEC rates for
small cylindrical phantoms due to its high sensitivity and low dead-
time. Initial measurements show that our design goals for spatial
resolution and sensitivity were realized in the prototype scanner.

Index Terms—Angerdetector, animal imaging, GSO, high reso- Gamma Ray interaCtion

lution, high sensitivity, large-axial FOV, PET imaging.

Fig. 1. GSO Anger logic detector usifgx 2 x 10 mm? crystals coupled
to a continuous, slotted lightguide, and an array of 19 mm diameter PMTs. The
I. INTRODUCTION lightguide thickness is 1.2 cm, and the slots are 0.5 cm deep.

VER the past several years, PET imaging has successfully
demonstrated the capability to produnesivo bio-distri-  as a function of therapy or disease onset. Finally, PET imaging
bution studies of small animals [1]-[5]. The advantage PET hagsmall animals can also be used to develop more target spe-
over the traditional radio-nuclide labeling techniques are the rgific PET tracers for use in clinical human imaging.
duction in time, effort, and sacrifice of animals to obtain sta- |n this work, we describe the development and evalua-
tistically relevant data over varying physiological time periodsion of a new high resolution animal PET scanner (A-PET)
Additionally, it provides the capability to measure the metaboligsing an Anger detector based on discrete GSO (gadolinium
activity of different organs in their natural state. The number anrsky-orthosilicate) crystals. The goal of this scanner design is
types of investigations being performed using PET in small afy have good spatial resolution, high sensitivity, large axial
imals is increasing [6]-[9]. Generally, one of its uses is in thigeld-of-view, low deadtime and good energy resolution. Since
study of transgenic animal models to understand the onset anig scanner is being developed primarily for small animals,
development of diseases such as Parkinson’s, Huntington’s, &ni¢ imperative to achieve close to 2 mm spatial resolution.
multiple sclerosis within humans. It has also found use in mopadso, in order to image animals such as rats, as well as perform
itoring the delivery and expression of therapeutic genes usedifole-body bio-distribution studies, a large axial field-of-view
gene therapy, as well as measuring changes in gene expresgigaquired. The scanner field-of-view is designed to be large
enough to accommodate the head of a cat or guinea pig,
Manuscript received January 6, 2003; revised June 17, 2003. This work W4 @nimals commonly used in research. Three-dimensional
supported by the U.S. Department of Energy Grant DE-FG02-88ER60642, dngaging with a large axial field-of-view leads to high sensi-
by the Small Animal Research program (SAIRP) at the University of Pennsx]vity’ which is needed to successfully image new ligands with
vania, Grant 1R24-CA83105-03. . . . " L. .
dpw radio-chemical yield or low specific activity. Finally, the
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Fig. 2. Two-dimensional flood image obtained with a 511 keV photon source
placed before a 48 crystal detector array coupled to a slotted lightguide.
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Fig. 4. A transverse schematic of the scanner showing the discrete GSO

12000 crystals glued to the inner surface of the annular lightguides and the PMTs on
10000 its outer surface.
8000
K[KH) (scintillator decay timer, is 85 ns for 0.5% Cerium doping),
i and uniform light output which leads to good system energy res-
2002 olution. The Anger-logic detector achieves high spatial resolu-
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tion due to the good crystal discrimination (2 mm crystals using
19 mm PMTs), and reduced scanner deadtime by restricting the

Fia 3. onedi onal brofile d throudh the bott ¢ orvstal scintillation light spread within a seven PMT cluster. For inter-

9. o. ne-aimensional protie arawn throug € pottom row ofr crystals 1 . . . . 0

the 2-D flood image shown in Fig. 2. We see good crystal separation with t|_0nS I!’l line with the center of a PMT, less than 1% of the

average peak-to-valley ratio of 2.6. emitted light goes beyond the cluster of PMTs (central plus six
neighbors) that are used in position calculation. For events di-

abovementioned goals at a moderate cost and complexi Sre%tly between two PMTS, the PMT with the larger signal and
9 plexity &ix immediate neighbors are used to determine the interac-

that it can be used by indiyidual laboratories and investigatcﬁfsn position. Here we observe a less than 20% decrease in total
as a bench-top laboratory instrument.

collected light as compared to events directly in line with the
center of a PMT. The average energy resolution for all 48 crys-
talsin Fig. 2is 17% at 511 keV (worst energy resolution is 19%
nd best energy resolution is 15.5%).

Il. DETECTORDESIGN

Simulations were initially used in guiding the developmena%
of the GSO-based Anger-logic detector [10] usihigk 2 x
10 mm? crystals coupled to a continuous, slotted lightguide,
and a hexagonally close-packed array of 19 mm diameter PMTSThe scanner design utilizes a single annular lightguide 1.2
for signal readout (Fig. 1). A weighted local centroid algorithram thick (with 0.5 cm deep slots), coupled with 16 68 2 x
[11] using a cluster of seven PMTS is used for position d&0 mm? GSO crystals and an array of 288, 19 mm diameter
termination. Experimental measurements were first performBiTs. Due to its detector design that uses only 288 PMT and
with a 48 crystal array using standard NIM and CAMAC elecsubsequent electronic channels, the A-PET is less complex than
tronics. The crystals were individually wrapped in five layersther animal specific PET scanners, leading to a cost-effective
of teflon tape (pitch of 2.3 mm) before being arranged in ananner design. The 10 mm long GSO crystals were chosen as a
x 6 grid on the lightguide and centered over a cluster of sevaadeoff between scanner sensitivity and parallax error in a small
PMTs arranged hexagonally. Our experimental measuremeriitg) diameter. The crystal pitch is 2.3 mm leading to a packing
show that best crystal discrimination is achieved by usingedficiency of 75%. The lightguide size results in a scanner di-
1.2 cm thick lightguide with 0.5 cm deep slots (see Fig. 2). Ameter of 21 cm (transverse field-of-view of 12.8 cm) with an
1-D profile drawn through row 6 of this flood image (Fig. 3)axial length of 12.8 cm. The effective axial FOV is 11.6 cm in
shows an average peak-to-valley ratio of 2.6. The use of G final scanner design since we can resolve 50 rows of crystals.
leads to a high scanner sensitivity with 10 mm thick cryst@l transverse view of the scanner is shown in Fig. 4. This scanner
(1/n = 1.5 cm for 511 keV photons), low scanner deadtimevill be operated exclusively in the 3-D volume imaging mode,

IIl. SCANNER DESIGN
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TABLE | o L1
DIMENSIONS OFDIFFERENT CYLINDRICAL PHANTOMS USED IN SIMULATIONS = 1
-
Phantom Diameter (cm) | Length (cm) | Volume (mL) 8 0.9
Monkey head 8.9 6.1 380 % 08
Cat head 6.4 3.6 115 >
= 0. * AE/E=6%
Rat body 5.1 10.9 220 = i ?
Mouse body 3.7 6.8 70 gz 06
0.5 = AE/E=17%
04
g 05 03 + AE/E=25%
‘% 0.45 ¢ Monkey Head 02
150 200 250 300 350 400 450 500
s 04 = Rat Body ELLD [keV]
E 0.35 4+ Cat Head
g 0.3 v Mouse Body (@)
]
2 0.25
2]
0.2 % 1.1
0.15 S 1
0.1 5 09
0.05 Z 08
-
0150 200 250 300 350 400 450 500 2 07 > AHE-5%
ELLD [keV] E 0.6
0.5 = AE/E=17%
Fig_. 5._ Scatter fractio_n curves obtained through EGS4 simulation for four 0.4
cylindrical phantoms within the A-PET scanner. 03 . R
0.2
leading to about a 55% coverage of the total solid angle (in sin- el N I Y
gles) for a point source at the center of the scanner field-of-view.
As a result, based upon the geometry and crystal efficiency, we (®)
calculate a coincidence sensitivity of 1.3% for a point sourdég. 6. Relative NEC rates as function of ELLD for the scanner with three
when gating on photopeak events at 400 keV. different energy resolution. The top plot is for the smaller mouse body phantom,

while the bottom plot is for the larger monkey head phantom.
IV. SYSTEM SMULATIONS also reduces the true count-rate in the scanner. Thus, there ex-
A. Scatter Fraction for Varying Cylindrical Phantom Sizes ists an optimum ELLD value at which the NEC rate peaks. All

We have performed EGS4 based scanner simulations [12f€€ types of coincidences (T, Sc, and R) are proportional to
study the scatter fraction, SF, in this scanner as a function of ¢ Square of the singles interaction efficiefieyof the scanner,
lower energy gate (energy lower level discriminator, or ELLD)’."h'Ch we can calc_ulate from the energy spectrum obtained from
The SF is as defined by NEMA whefF = (Sc)/(T + Sc) the EGS4 simulation
and T and Sc are true and scattered counts, respectively. These T+ Sc =k1e2A )
simulations assumed an energy resolution of 17% at 511 keV R = kye2 A2 ©)
which is what we measured with our GSO detector described
earlier. Four different cylindrical phantoms were studied anfhere A is the activity in the phantonk; is a function of
their dimensions are given in Table I. The results are showngfanner and phantom geometry, whitg is a function of
Fig. 5. These results show that a high ELLD value leads to Ics¢anner and phantom geometry as well as the coincidence
scatter fraction values. Overall, with an ELLD value of 400 ke\iming window. As a function of the ELLD, the NEC can then
we see that scatter ranges from 17% for large phantoms (sthshown to be
as the monkey head) to 10% for the mouse phantom. ((1 — SF(ELLD)) x kleQ(ELLD)A)Q

NEC(ELLD) =
< ) k1€2(ELLD)A + koe2(ELLD) A2
= (1 - SF(ELLD))? x €>(ELLD)
k2 A
X ——.
k1 + ko A

B. Impact of Energy Resolution on Scanner Performance

The above discussion implies that to reduce scatter events in
the image the ELLD value should be raised as high as possible.
The signal-to-noise ratio for a PET image has been shown to be
proportional to the noise equivalence count (NEC) rate of tHéws

scanner [13], where NEC(ELLD) (1 — SF(ELLD))? x €2(ELLD).

NEC = _I'xT (1) The proportionality factor will depend upon the scanner dead-

T+Sc+R time at a given count-rate as well as provide the absolute scaling
(R is random count-rate). As can be seen from the definitidactor for the NEC value as shown in (4). Using the energy
of the NEC rate, a high NEC value can be obtained by raisisgectra and SF from the EGS4 simulation, we calculated this
the ELLD value which reduces scattered events. However, thédative NEC rate for the A-PET scanner as a function of ELLD

4)
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Fig. 8. Count-rate curves obtained through simulations for the cylindrical
[nCi/ec] monkey head phantom in the A-PET scanner.
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Fig. 7. Count-rate curves obtained through simulations for the cylindrical Activity concentration [kBg/ml]
mouse phantom in the A-PET scanner. (a) Full count-rate curve, beyond peak
NEC. (b) Expanded view for activity concentrations up to peak NEC. Fig. 9. Count-rate curves obtained through simulations for the cylindrical rat

phantom in the A-PET scanner.

for three different energy resolutions, 6%, 17%, and 25%. The
17% value represents what we measured for our GSO detectc [uCi/ece]
while 25% is the general value for current animal PET systems —.16{)00 o 20 A N 30 1 1
with similar characteristics. The 6% energy resolution, however, & 21400 « Random

represents an almost ideal detector with excellent energy resc~; 21200 " IE{;“E
lution, and it is used as a standard to which other results cal & £1000 v Scatter
be compared. The results for the relative NEC calculation are g

shown in Fig. 6 for the small mouse body phantom (Top) and c LY
large monkey head phantom (Bottom). These results show thc 600
for imaging small animal such as mice, energy resolution doe: 400
not significantly affect the NEC rate as long as the ELLD value 200

is adjusted to achieve best results. However, for large animal 0 N T

such as a monkey, close to ideal energy resolution (6%) will L 00 lﬁwAct“},Stgﬂmmg,?g‘;mn [k(l{)?q/ml]
lead to a 10% gain in the NEC rate for any given activity con-

centration.

Fig. 10. Count-rate curves obtained through simulations for the cylindrical cat
head phantom in the A-PET scanner.

C. Scanner Count-Rate Performance

We have also performed count-rate simulations (HCRSirfgll outside energy window. The subsequent electronics were
[14], [15] to evaluate the performance of the A-PET scanner modeled after the original PENN-PET scanners [11] with a par-
animal imaging situations using the previously described cyliatyzable deadtime. For these simulations an ELLD value of 400
drical phantoms. These Monte Carlo simulations perform a deV was used. Figs. 7-10 show the count-rate curves obtained
tailed analysis of pulse pileup in an Anger detector using tlier all four phantoms. The true sensitivity of the A-PET scanner
spatial spreading of the light within it, as well as the signal decay 0.6 kcps/kBag/ml (22.Zcps/uCi/cc) for the mouse body
time for the scintillator. A triggering scheme which minimizegsmallest) phantom and 2.6 kcps/kBg/ml (9&@s/pCi/cc)
the deadtime for such a detector was employed, and effectdafthe monkey head (largest) phantom. For example, injecting 1
pulse pileup used to calculate the percentage of events whinlEiin a mouse will lead to a trues rate-oR50 kcps. Therefore,
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Fig. 13. A central slice from reconstructed image of a Micro Deluxe Phantom
with hot rod inserts. The rod diameters in each of the six segments are 4.8, 4.0,
3.2,2.4, 1.6, and 1.2 mm. The rod spacing is twice the rod diameter.
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Fig. 14. An!8F bone scan (Left) of a 200 g male Fisher rat followed two
hours later by art®F — FDG study (Right). In the'®F — FDG study the
subcutaneously implanted 9L glioma tumor is clearly visible as marked by the
arrow.

Fig. 15. An!8F — FDG study of a 37 healthy male ICR mouse. On the left,
we can see th&F — FDG uptake in the myocardium.

and do not exhaust all possible type of studies which will be per-
; formed on animal PET scanners. Future studies could very well
(b) involve injecting larger activity amounts in the animals. Since

Fig. 12. Pictures of the A-PET lightguide with some of the 16 680 crystawe A'PET peak NEC OCCU_r_S at h'gh act|v_|ty Ievels_, the_scanner
glued to its inner surface as well as set of PMTs glued on the outer surface.design provides the capability for its use in such situations.

we will be able to use low activity injections to achieve high V. CONCLUSION AND CURRENT STATUS

statistical quality in the images. Similarly, for primate imaging The A-PET scanner was recently completed. The scanner in
there is typically 3 mCi of activity present in the brain whiclits gantry and associated bed can be seen in Fig. 11. Fig. 12
implies a true coincidence rate of more than 200 kcps in tlsbows the scanner at earlier stages of construction with a par-
A-PET. It should be emphasized that these activity levels are ttal bank of glued crystals and PMTs. Initial calibrations, per-
typical studies currently being performed at various institutionfgrmance tests, and animal studies have been completed. These
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results are promising and a more thorough system evaluatiopésition. The transmission image will then be segmented using
ongoing. The spatial resolution of the scanner near the ceradristogram thresholding technique [22] to identify the tissue.
was measured to be 2.26 mm witfF. At a radial position It needs to be emphasized that these are initial results and we
of 6 cm, the spatial resolution shows small degradation duettave not yet optimized the imaging protocols or data processing.
depth-of-interaction effects, increasing to 3.2 mm. We have al$bus, we expect further improvements in image quality once
measured the absolute sensitivity of the scanner using a sntfadise steps are taken. We will also perform a detailed series of
22Na source placed in the center of the FOV. The absolute sensérformance evaluation measurements to fully characterize the
tivity was measured to be 1.3% in agreement with our calculatedanner. Spatial resolution of 2.3 mm will allow the possibility
value. We also measured the absolute sensitivity of the scanteequantitate tumor uptake and image organs in small animals
using a line source with varying number of aluminum sleevessach as the mouse heart. The large FOV of the A-PET leads to a
technique originally described by Bailey [16] and more recentlyigh sensitivity scanner, thus providing the capability to image
defined by NEMA as the standard way to measure sensitivity lofv specific activity ligands, as well as perform whole-body
PET systems [17]. This measurement gave an absolute seh&-distribution studies with one bed position. We achieve these
tivity of 5.45 cps/kBq after normalizing for activity within the performance characteristics while keeping the scanner design
11.6 cm axial FOV. Fig. 13 shows an image acquired with a 4simple and cost-effective.

cm diameter, 3.7 cm long cylinder with hot rod inserts (Micro

Deluxe Phantom, Data Spectrum Corporation). The rod diam-

eters are 4.8, 4.0, 3.2, 2.4, 1.6, and 1.2 mm with a rod spacing
pf tWICG.the rod diameter. The 2.4 mm rods are very clearly vis- The authors would like to thank P. Acton, S. Evans, C. Hou,
ible, while one could also mark the edges of the 1.6 mm rods. Koch, and L. Shuman for help with the animal studies. In ad-
This result is consistent with the ;patlail resolu'tlon ofthe scannfifion, C. Cardi, M. Daube-Witherspoon, and M. Werner pro-
and demonstrates very good uniformity and image quality. Wjed invaluable help with the completion, and eventual data
have also performed some initial animal studies on this Scanngjiection of this scanner. Finally, they would like to thank the
Fig. 14 (left) shows an®rF bone scan of a 200 g male FishegEngineering Group, Philips Medical Systems, Philadelphia, PA,
rat. The rat was injected with 0.5 mCi Eﬁ_F and scanned one for their collaboration and support in the design and construc-
hour after injection. This image was acquired with two bed posjon of this scanner.
tions with a 50% bed overlap. The scan time was 15 min per bed
position. The skeletal structure is well delineated, with the ver-
tebra in the spine distinguished. Fig. 14 Right shows the same REFERENCES
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