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Fluorinated m-tyrosine analogs were evaluated as PET imaging
agents and compared with 6-fluoroDOPA in the visualization of
dopamine nerve terminals. Methods: The three m-tyrosine analogs,
6-"®F Jfiuoro-L-m-tyrosine (6-FMT), 2-{"®Flfiuoro-L-m-tyrosine (2-FMT)
and 6-['®F Jfluoro-fluoromethylene-DL-m-tyrosine (6-F-FMMT), were
prepared via electrophilic radiofiuorination using ['®FJacetylhy-
pofluorite. These three analogs, as well as 6-['°Ffiuoro-L-DOPA
(6-FD), were injected into sets of rhesus monkeys, and serial PET
images were acquired. Plasma samples were collected at different
times after tracer administration, and metabolite analyses were done
using high-performance liquid chromatography (HPLC). Results:
Visual inspection of the PET images obtained using these four
tracers showed that the best image contrast was obtained with
6-FMT. Patlak analysis with a reference tissue input function yielded
a mean uptake rate constant for 6-FMT of 0.019 min~", a value
twice those for the other tracers including 6-FD. Conclusion: These
results demonstrate the superiority of 6-['®FJFMT in visualizing
dopamine terminals in the rhesus monkey brain and suggest that
6-['®F]FMT is the tracer of choice in the assessment of dopamine
metabolism in the living human brain.
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Since the first human studies visualizing dopamine terminals
were reported by Garnett et al. (/), PET using 6-['®F]fluoro-
DOPA (6-FD) has become the imaging tool of choice in the
study of the dopamine synthetic pathway. The analog 6-FD PET
has been used to study presymptomatic parkinsonism (2),
environmental toxin related parkinsonism (3) as well as in the
monitoring of the survival of fetal dopamine cells implanted in
parkinsonian patients (4). Despite these useful applications,
6-FD is not the optimal tracer to image dopamine turnover. The
ubiquitous enzyme catechol-O-methyltransferase (COMT) rap-
idly metabolizes 6-fluoroDOPA by forming 3-O-methyl-6-
fluoroDOPA (3-O-Me-6-FD). This metabolite crosses the
blood-brain barrier bidirectionally and significantly contributes
to background noise. Plasma metabolite analysis thus is re-
quired to correct the blood input function to properly interpret
the PET data (5). Various pharmacological schemes to blunt the
undesirable effect of 3-O-Me-6-FD have been proposed. One
approach proposes the use of peripheral COMT inhibitors such
as Ro 40-7592 (6). Another proposes to block the entry of
3-O-Me-6-FD into brain after 6-FD has penetrated the brain by
administering high doses of phenylalanine to saturate the large
neutral amino acid transporter (7). Although the desired im-
provement associated with reduced brain entry of 3-O-Me-6-FD
was observed with either pharmacological intervention, sys-
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temic effects of these treatments may limit their use in routine
human studies.

We have previously proposed a chemical approach to cir-
cumvent the metabolite problem associated with 6-FD (8). This
approach examined the possible use of noncatecholic DOPA
analogs that, unlike L-DOPA, are not COMT substrates since
they lack the catechol structure. Since decarboxylation is
critical to the retention of 6-FD in the monkey brain (9), useful
noncatechols also must be substrates of L-aromatic amino acid
decarboxylase (LAAAD, EC 4.1.1.28). One of the family of
compounds we proposed for this purpose was m-tyrosine (8).
Meta-tyrosine is a DOPA analog found to offer protection
against dopamine depletion induced by reserpine treatment in
rodents, suggesting its possible use in the therapy of Parkin-
son’s disease (/0). However, subsequent clinical trials failed to
show the utility of m-tyrosine in the treatment of parkinsonian
patients (/7).

Comparison of the major metabolic pathways for L-DOPA
and L-m-tyrosine (Fig. 1) demonstrates the significant simpli-
fication of the metabolism of L-m-tyrosine relative to L-DOPA.
Also depicted in Figure 1 is the metabolism of a novel analog
of m-tyrosine, (E)-B-fluoro-methylene-L-m-tyrosine (FMMT)
that is transformed by LAAAD to an amine that binds mono-
amine oxidase (MAO) irreversibly (/2). Because of this possi-
ble trapping mechanism, L-FMMT has the potential of being
the tracer of choice for assessing LAAAD activity (/3). In this
study, in order to test the hypothesis that simplification of
metabolism would lead to improved tracer properties, we have
performed PET studies using normal rhesus monkeys to com-
pare the ability of 6-fluoro-m-tyrosine (6-FMT), 2-fluoro-m-
tyrosine (2-FMT), 6-fluoro-fluoro-methylene-m-tyrosine (6-
FFMMT) and 6-fluoroDOPA (6-FD) to image dopamine nerve
terminals.

Previous reports on work involving monkeys (/4) and
humans (/5) have confirmed our expectation that fluoro-m-
tyrosine (FMT) analogs will provide better PET image
contrast compared to 6-FD. Interestingly, both studies found
that at later time points after administration, the major '8F
metabolite of FMT in both blood and brain in rats and
monkeys was fluoro-m-hydroxy-phenylacetic acid (FHPAA)
that presumably is formed by the successive decarboxylation
of FMT to fluoro-m-tyramine (FMTA) followed by oxidation
to FHPAA by monoamine oxidase (MAO). In this study, in
conjunction with PET imaging, we also performed plasma
metabolite analysis in each PET study to establish the
contributions of the respective labeled metabolites of each
tracer to the PET data.

MATERIALS AND METHODS

Synthesis of Tracers and Metabolites
The analog 6-['®F]fluoro-L-DOPA (6-FD) was prepared using
the method of Adam and Jivan (/6). The starting material used, a
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FIGURE 1. Simplified metabolism of

lnnoun T L-DOPA, L-m-tyrosine and (E)B-fiuoro-
o8 ™ methylene-L-m-tyrosine (L-FMMT) show-
L ing the major pathways. The enzymes

@ involved are L-aromatic amino acid de-
" carboxylase (AAAD), catechol-O-methyi-

%% | transferase (COMT), monoamine oxidase

HPAA noMTA3-Owite | (MAO), adenine dehydrogenase (AD) and

phenolsulfotransferase (PST).

mercurated and protected L-DOPA derivative, was purchased from
BOZ Chem. Engr. (Quebec, Canada). 6-FD metabolites, 6-fluoro-
dopamine, 3-O-Me-6-FD, 6-FDOPAC, 6-FHVA and 3-O-Me-6-
fluoro-p-tyramine, were prepared by the direct fluorination of the
parent compounds with acetylhypofluorite followed by HPLC
isolation and 'H and '°F NMR characterization (17).

The analogs 6-['®F]fluoro- and 2-['®F]fluoro-m-tyrosine were
prepared as previously reported (/8). Authentic samples of the
metabolites, 6-fluoro- and 2-fluoro-m-hydroxyphenylacetic acid,
were prepared from m-methoxyphenylacetic acid and acetylhy-
pofluorite while 6-fluoro- and 2-fluoro-m-tyramine were prepared
from m-methoxyphenylalanine. After demethylation with HI and
HPLC purification, 'H and '°F NMR characterization were done to
confirm the identity of the compounds. NMR results were consis-
tent with those reported by Chirakal et al. (/9) for the same
compounds and identified these compounds as the desired metab-
olites.

The 6-['®F]fluoro-(E)-B-fluoromethylene-DL-m-tyrosine  (6-
FFMMT) was prepared as previously reported (20). Direct fluori-
nation of the decarboxylated FMMT, (E)-B-fluoromethylene-m-
tyramine (FMMTA), which was provided by Merrell Dow
Research Institute (Cincinnati, OH), gave a product whose HPLC
retention time was consistent with a labeled metabolite formed
when 6-['8F]F-FMMT was incubated with rat liver homogenate
(DelJesus et al., unpublished). The chemically synthesized product
was tentatively identified as a mixture of ring-fluorinated isomers
of FMMTA. Recently, in support of this identification, Schoun et
al. (21) found, by extensive gas chromatography/mass spectrome-
try (GC/MS) studies of plasma after administration of deuterated
FMMT in human volunteers, that the main plasma metabolite of
FMMT is indeed the decarboxylated amine, FMMTA.

High-Performance Liquid Chromatography

For plasma and tissue analysis for labeled metabolites, a sensi-
tive HPLC flowthrough B+yy triple coincidence detector (22) was
used. The HPLC system consisted of an Alltech Econosphere C-18
column 3 (100 X 4.6 mm) and the ion-pairing mobile phase used
consisted of octyl sulfonate, chloroacetic acid, n-butylamine,
EDTA, pH 3.5 and 0%-10% methanol.
PET Studies

The adult rhesus macaques used in this study were drawn from
the colony housed in the Wisconsin Regional Primate Center
(WPRC). The animals were fasted overnight and pretreated with
carbidopa (2 mg/kg, nasogastric) 1 hr before the study. On the day
of the study, the animal was anesthetized initially with ketamine

hydrochloride (15 mg/kg IM) to allow the placement of arterial
(posterior tibial artery) and venous angiocath lines and transport of
the animal from WRPC to the UW PET facility. In the PET facility
the animal was positioned in a Siemens CTI 933/04 PET scanner
which acquires seven image planes simultaneously with an inter-
planar distance of 6.75 mm. Anesthesia was maintained for the
duration of the PET study with 1%—2% isoflurane. A transmission
scan was performed to confirm positioning and for later correction
of the emission data for attenuation. Radiotracer was administered
as an intravenous bolus. The dynamic image scan sequence,
initiated simultaneously with the tracer bolus injection, consisted of
five 2-min frames and at least eight 10-min frames. A small
number of arterial blood samples was collected from the arterial
angiocath line during the PET studies. Total blood drawn in a day
was held to a maximum of 20 ml/animal. After the dynamic image
sequence, an emission scan was acquired. A 15-min acquisition
was performed in the same axial position used in the dynamic
study. This was followed immediately by a second 15-min acqui-
sition with axial position offset by half an interplane distance,
providing a final axial sampling interval of 3.375 mm.

To compare pharmacokinetics and image quality obtainable
from each tracer, ['®F]2-FMT, ['®F]6-FMT and ['®F]6-FFMMT as
well as ['®F]6-fluoroDOPA were studied. A total of 13 studies was
performed on eight monkeys with the four tracers. Table 1
describes the subjects used in these studies and the tracer dose
given. The 6-FFMMT studies involved female monkeys, one of
which was studied twice, while the rest of the studies with the other
tracers involved male monkeys. Gender is not known to be a
confounding factor in these studies.

Plasma Metabolite Analyses

Blood samples collected from the animal during the study were
transferred to Eppendorf vials containing 1% Na,EDTA solution
and kept in ice. Plasma, separated from whole blood by centrifu-
gation at 1000 g at 4°C, was deproteinized with 4 M HCIO, with
0.1% NaS,0, and 7.5% Na,EDTA and centrifuged at 17000 g at
4°C. Supernatant fractions were directly analyzed by radio HPLC.
Extraction efficiencies for this procedure for 6-FD are reported to
be about 94% (23). Extraction efficiency for 6-fluoro-m-tyrosine
was found to be quantitative, thus the values obtained in the assay
of metabolites were used uncorrected.
Image Data Analysis

The interleaved dataset was used to select the plane in the
dynamic study that contained the maximal signal in the striatal
region. ROIs were then placed in this plane to cover both left and
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TABLE 1
Summary Description of Monkey Subjects and Tracer Dose Injected in PET Studies

Subject Weight Tracer dose (MCi)
no. Sex Age (yn) (k) 6-FD 6-FMT 2-FMT 6-FFMMT

1142 F >30 5.8 — — — 15
78087 F 13 6.1 — — — 15,19
86005 M 6 6.2 34 — — —
78093 M 13 10.1 29 — — —
85081 M 6 9.1 34 — — —
83121 M 9 115 28 5.8 29 —
85007 M 8 9.0 34 43 34 —
81153 M 1" 9.1 — 46 — —

right striatum (usually dominated by the putamen) and occipital
cortex. Time courses of radioactivity concentration averages were
then generated for each region. These were standardized in each
study by dividing the mean concentration values in each region
(microCi/g brain) by the mean whole-body concentration (injected
dose (mCi)/whole-body mass (g)). This dimensionless concentra-
tion ratio was then multiplied by 100 to yield percent relative
concentration. For the 6['®F]F-DL-FMMT studies, the standardiza-
tion was performed using half the injected dose since the D isomer
was previously found not to be transported into the brain (/3). The
standardized time courses (percent relative concentration) were
then averaged at each time point to provide representative average
time courses for each tracer.

Unstandardized time courses from each individual study were
used to estimate uptake rates by the graphical method (24) with the
time course in occipital cortex used as an input function for the
striatal uptake (25). Only data beyond 30 min after injection were
used for the linear fit.

RESULTS

PET Studies

Figure 2 shows PET images obtained using each of the four
tracers for three overlapping transverse brain slices (6.75 mm
thick/slice and 3.375 mm apart) stepping inferiorly from left to

8-FFMMT

Hepresentative FPET images of mon ey brain localization ob-
tained with the tracers 6-['F}fluoro-m-tyrosine (6-FM1) 2-["®FJfiuoro-m-
tyrosine (2-FMT), 6-["®Flfiuoro-L-DOPA (6-FD) and 6-['®Flfiuoro-(E)-B-flu-
oromethylene-DL-m-tyrosine (6-FFMMT). A hot metal scale is used; black to
red to yellow to white represent increasing radioactivity. See text for more
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right with the rightmost slice being the most caudal. The outer
rim of the images (Fig. 2), which show high extracerebral
(muscles) tracer localization, is most prominent in the 2-FMT
and 6-FD images compared to 6-FMT images. This tracer
localization in muscles as well as in some extrastriatal areas
may indicate nonspecific localization and/or localization of
metabolite. In the case of 6-FD, the PET signal in muscle is
probably ['®F]3-O-Me-6-FD since parent 3-O-Me-DOPA is
known to penetrate and slowly leave muscle tissue (26).

Time-Activity Curves

A comparison of the mean time courses of the four tracers is
plotted in Figure 3. Since the occipital cortex is poorly
innervated with dopamine terminals, the ratio of striatal (str) to
cortical (ctx) uptake can be taken as a measure of image
contrast which represents specific to nonspecific localization.
The time course of str/ctx ratio for each tracer is shown in
Figure 4. While the str/ctx ratio for 6-FMT 85 min after tracer
injection is 5.8, the values for 2-FMT, 6-FFMMT and 6-FD
were in the 2.1-2.8 range. Uptake rate values for the four tracers
calculated by the graphical method with the cortical time course
as input function are summarized in Table 2. The mean Ki
found for 6-FMT is more than twice that for 6-FD while 2-FMT
has a Ki value 20% lower than that for 6-FD.

HPLC Metabolite Analyses

Typical HPLC chromatograms of plasma analysis of samples
collected 30 min after tracer injection of each of the four tracers,
6-FD, 6-FMT, 2-FMT and 6-FFMMT, are shown in Figure 5.
Samples obtained at other times after injection were similarly
analyzed. The amount of each labeled species was then ex-
pressed as a percent of the total radioactivity in each sample and
thus measures relative, rather than absolute, concentrations. The
time course of the relative amounts of the observed plasma
metabolites for each of these four tracers are plotted in Figure
6. The 6-fluoroDOPA was found to have several metabolites in
monkey blood while each of the three m-tyrosine derivatives
were found to have two metabolites. The 6-fluoroDOPA (re-
tention time, t. = 5 min) and its main metabolites, 3-O-Me-
6-FD (t, = 13.5 min) and 6-FHVA (t, = 36 min), were
identified using authentic standards (/7). Several unidentified
peaks in the chromatograms are probably the conjugates of
6-FDA and 6-FDOPAC (27,23).

The late-eluting plasma metabolites of 6-FMT and 2-FMT
were identified, by comparison with authentic samples, as the
corresponding fluoro-m-hydroxyphenylacetic acids (6- and
2-FHPAA) (t, = 10 min and 11 min, respectively) while the
metabolites found to be more polar than FMT are probably
sulfoconjugates (t. = 2.5 min and 2 min for 6- and 2-fluoro
isomers, respectively) as suggested by others (/4,15). The
plasma metabolites of 6-F-FMMT (t, = 3.8 min) were identi-
fied as 6-fluoro-fluoromethylene-m-tyramine (6-F-FMMTA)
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mass) and multiplying by 100 to give
100 | percent relative concentration. Error bars
for each point in these standardized time
courses are the s.e.m. of two to five

(t. = 13.5 min), and the other more polar metabolite (t, = 2
min) is probably also a sulfoconjugate similar to that suggested
for FMT.

DISCUSSION

In addition to 6-Fluoro-L-DOPA, several PET tracers have
recently been suggested to image dopamine nerve terminals.
These proposed new tracers bind dopamine transporter mole-
cules either at the neuronal membrane such as the cocaine
analog WIN 35148 (28) and methylphenidate (29) or at the
storage vesicular membrane such as a tracer based on the
compound tetrabenazine (30). At the present time, however,
only 6-FD uptake values have been shown to directly correlate
with dopamine cell number counted postmortem both in MPTP
lesioned monkeys (37) and in Parkinson’s disease patients (32).
Although approaches using transporter molecules to assess
dopamine neurodegeneration associated with Parkinson’s dis-
ease have been shown to be useful, PET imaging using 6-FD
and its analogs, which assess a metabolic step in dopamine

studies for each tracer (Table 1).

synthesis related to neuronal activity rather than number of
neurons, provide more physiological information about the
functional status of dopamine neurons. Although transporter
molecules may prove to be the tracers of choice to measure
surviving dopamine neurons in neurodegenerative diseases,
assessing changes in rates of biochemical reactions in the intact
dopaminergic system accompanying neuro-psychiatric disor-
ders and addictive and violent behaviors will require metabolic
tracers such as those described in this study.

By comparing the images shown in Figure 2, it is clear that
6-FMT gives images with the highest contrast (specific-to-
nonspecific uptake). With such image contrast, it is likely that
PET with 6-FMT can allow visualization of nonstriatal dopa-
mine in such small areas as the substantia nigra. The central hot
spot observed in the rightmost 6-FMT image (Fig. 2) demon-
strates such uptake in nonstriatal areas. Identification of these
areas is currently being investigated by correlating PET images
obtained using the new GE Advance PET scanner at the UW
PET Clinic with MR images of these animals’ brains. Planned
human studies also are expected to clarify these extrastriatal
localizations.

The high image contrast obtained with 6-FMT most probably
is due to the absence of metabolites produced by peripheral
COMT and, as suggested by Firnau et al. (/5), the faster and
more efficient clearance of the unretained 6-FMT from nondo-
paminergic regions such as occipital cortex (Fig. 3). Although
6-F-FMMT, which requires conversion to 6-F-FMMTA to be
retained in the striatum (/3), has the possible advantage of

°7"l"'l"'l"ﬁr"frf*':
pe] ]
g 6 3
6-FMT 3

g ]
5 ° E
q 4 3
& ]
g 3 6-FD 3
< 6-FFMMT
5 2 2.-FMT E
o ]
2 1 e
& :
o " PR N ST ST VN Y ST UUT SAN NN SN WY SN SN NS NN S NI NN S S

0 20 40 60 80 100 120

Postinjection Time, minutes

FIGURE 4. Time course of striatum to occipital cortex (str/ctx) ratio obtained
from the multiple time-activity plots (Fig. 3) for the four tracers.

TABLE 2
Mean Uptake Constants for 6-FMT, 6-FD, 6-FFMMT and 2-FMT
in Monkey Brain
Mean Ki, min.™* Number of
Tracer * sd. studies
6-FMT 0.0187 * 0.0005 3
6-FD 0.0089 * 0.0005 5
6-FFMMT 0.0092 + 0.0008 3
2-FMT 0.0069 *+ 0.0009 2
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irreversibly binding MAO in dopamine terminals, the clearance
of this tracer from the occipital cortex is not as extensive as the
clearance of 6-FMT from this nondopaminergic region. The
high contrast of 6-FMT images is further emphasized in the
plots of the time course of str/ctx ratios for each tracer shown in
Figure 4 and the mean Patlak uptake constants listed in Table 2.
The Ki values confirm the superiority of 6-FMT as a tracer
when compared to 6-FD, 6-F-FMMT and 2-FMT. The im-
proved uptake constant of 6-FMT is expected to also result in

elute before the unchanged tracer.

improved sensitivity of 6-FMT studies to changes in dopamine
turnover compared to 6-FD scans.

The metabolic profile of 6-FMT in blood, shown in Figure 5,
confirms the finding of Firnau et al. (/5) that the main blood
metabolite after the intravenous injection of 6-FMT is 6-fluoro-
hydroxyphenylacetic acid (6-FHPAA). As further demonstrated
by Firnau et al. (33), this polar peripheral metabolite does not
cross the blood-brain barrier and does not contribute to the PET
image in contrast to the confounding contribution of 3-O-Me-
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6-FD in 6-FD studies. The metabolic profile of 2-FMT was
found to be similar to that of 6-FMT. However, 2-FMT appears
to be a poorer LAAAD substrate compared to 6-FMT as seen in
the low levels of 2-FHPAA observed. It may also be possible
that 2-FHPAA clears blood faster than 6-FHPAA perhaps due
to the higher acidity of ortho-fluorophenol compared to para-
fluorophenol. On the other hand, for 6-FFMMT, the putative
decarboxylated product, 6-FFMMTA, may also be a suicide
inhibitor of MAO like its parent FMMTA. If this is the case,
6-FFMMTA may not be further metabolized by MAO which is
consistent with the finding of a metabolite identified as
6-FFMMTA. The other more polar metabolite observed is most
likely a sulfoconjugate analogously to the other m-tyrosine
compounds. The time course of the blood metabolism of
6-FFMMT, which was given as the racemic mixture, show that
unchanged 6-FFMMT levels off between 1 hr to 2 hr to about
50% of the total plasma radioactivity. Because of the stereose-
lectivity of LAAAD, it is likely that the unmetabolized tracer
observed is mostly the D isomer of 6-FFMMT which we
previously demonstrated not to cross into the brain (/3).

One interesting observation of Firnau et al. (/5) was that
6-ﬂuoro-hydroxyphenylacetic acid (6-FHPAA) is the major
labeled metabolite, in vivo, of 6-FMT in rhesus monkey brain.
This indicates that 6-['3F]F HPAA dominates the striatal signal
in the PET images. In order to better understand this finding we
have done in vivo microdialysis in rats. We have also analyzed
whole striatal tissue that measures the sum of extracellular and
intracellular metabolites. Knowing both total and extraneuronal
metabolite proﬁles may be useful in understanding the role of
metabolites in the PET data. Preliminary results show that the
fraction of 6-FHPAA with respect to the total '®F-labeled
compounds observed in extracellular space is similar to the
fraction of 6-FHPAA found in the whole striatum 30 min after
tracer administration (DeJesus et al., unpublished data). This
preliminary finding suggests that 6-FHPAA freely diffuses
across neuronal membrane and that the PET images obtained in
monkey brain at later times after 6-FMT injection are based on
intra- and extraneuronal 6-FHPAA and its sulfoconjugate both
of which appear to clear slowly from the region where they are
formed. This is unlike the corresponding dopamine metabolite,
DOPAC, whose formation provides the major route in the
elimination of dopamine from mammalian brain. A possible
explanation for the difference between the clearance of FHPAA
and DOPAC may be the fact that the COMT pathway, which is
used in the elimination of 70% of unwanted dopamine (34), is
not available to FHPAA. Thus, the very slow clearance of
FHPAA can result from a combination of three factors: (a) slow
brain egress of FHPAA; (b) slow sulfoconjugation of FHPAA,
and (c) slow brain egress of FHPAA-SO,. Whatever the
underlying mechanism of clearance for FHPAA is, the persis-
tence of high contrast in dopamine terminals in the PET images
suggests that, within the time frame of the PET study, 8
radioactivity is essentially trapped.

CONCLUSION

We have evaluated three noncatecholic L-DOPA analogs as
possible imaging agents for dopamine terminals. Results ob-
tained in this study suggest that 6-FMT is superior to the
currently used tracer 6-FD and is likewise better than two other
FMT analogs, 2-FMT and 6-FFMMT. The superior image
contrast obtained with 6-FMT appears to result from the slow
brain clearance of 6-FHPAA, a metabolite formed by the
successive decarboxylation and oxidation of 6-FMT, and an-
other metabolite, most likely a sulfoconjugate Recent PET
studies have shown the utility of 6-['®F]JFMT in the assessment

of dopamine function in MPTP-lesioned monkeys (35). Fur-
thermore, recent human studies reported by Nahmias et al. (36)
support the superiority of 6-FMT as the imaging agent for
decarboxylation in dopamine terminals suggesting that 6-FMT
is the PET tracer of choice to assess dopamine metabolism in
the living brain.
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Three-Dimensional Imaging Characteristics of the
HEAD PENN-PET Scanner

Joel S. Karp, Richard Freifelder, Michael J. Geagan, Gerd Muehllehner, Paul E. Kinahan, Robert M. Lewitt

and Lingxiong Shao

Department of Radiology, University of Pennsylvania; UGM Medical Systems, Philadelphia, Pennsylvania

A volume-imaging PET scanner, without interplane septa, for brain
imaging has been designed and built to achieve high performance,
specifically in spatial resolution and sensitivity. The scanner is unique
in its use of a single annular crystal of Nal(Tl), which allows a field of
view (FOV) of 25.6 cm in both the transverse and axial directions.
Data are reconstructed into an image matrix of 1282 with (2 mm)®
voxels, using three-dimensional image reconstruction algorithms.
Methods: Point-source measurements are performed to determine
spatial resolution over the scanner FOV, and cylindrical phantom
distributions are used to determine the sensitivity, scatter fraction
and counting rate performance of the system. A three-dimensional
brain phantom and '8F-FDG patient studies are used to evaluate
image quality with three-dimensional reconstruction algorithms.
Results: The system spatial resolution is measured to be 3.5 mm in
both the transverse and axial directions, in the center of the FOV.
The true sensitivity, using the standard NEMA phantom (6 liter), is
660 kcps/uCi/ml, after subtracting a scatter fraction of 34%. Due to
deadtime effects, we measure a peak true counting rate, after
scatter and randoms subtraction, of 100 kcps at 0.7 mCi for a
smaller brain-sized (1.1 liter) phantom, and 70 kcps for a head-sized
(2.5 liter) phantom at the same activity. A typical '®F-FDG clinical
brain study requires only 2 mCi to achieve high statistics (100 million
true events) with a scan time of 30 min. Conclusion: The HEAD
PENN-PET scanner is based on a cost-effective design using Nal(Tl)
and has been shown to achieve high performance for brain studies
and pediatric whole-body studies. As a full-time three-dimensional
imaging scanner with a very large axial acceptance angle, high
sensitivity is achieved. The system becomes counting-rate limited as
the activity is increased, but we achieve high image quality with a
small injected dose. This is a significant advantage for clinical
imaging, particularly for pediatric patients.

Key Words: three-dimensional volume imaging; positron emission
tomography scanner performance
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PET is an imaging modality that has made major advances in
recent years. The spatial resolution is improved through better
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detector design, and the sensitivity is improved with three-
dimensional imaging and through an increase in the axial field
of view. These improvements, however, have generally been
accompanied by an increase in cost of the instrument. While the
interest in PET continues to grow and the applications broaden,
it is important that the cost of the technology does not outpace
its clinical utility. Our major objectives in designing a new PET
scanner were to achieve high isotropic spatial resolution and
sensitivity for clinical brain studies in a cost-effective design.
Design criteria were chosen to optimize these measures of
performance, while tradeoffs in other areas were made.

Three basic choices were made in the design of the HEAD
PENN-PET scanner:

1. Use Nal(Tl) as the detector material.
2. Focus our efforts on a small diameter system.
3. Image exclusively in three dimensions without septa.

The decision to use Nal(Tl) is largely based on the high light
output of the scintillator. Anger-type position-sensitive Nal(T1)
detectors, using large photomultiplier tubes (PMTs), offer a
cost-effective method of gamma-ray detection in nuclear med-
icine, and have been applied to 511-keV imaging since 1963
(). Our group has designed several whole-body Nal(Tl) PET
scanners (2—4), all based on hexagonal rings of six position-
sensitive Nal(Tl) detectors, and most recently these same
principles have been applied to a dual-detector SPECT/PET
system (5). For this application to a dedicated brain-imaging
scanner, we use a single annular crystal. For brain imaging,
spatial resolution is often the most important consideration,
particularly with positron-emitting isotopes with a short anni-
hilation range, such as '®F and ''C. The single continuous
detector leads to uniformly high spatial resolution, with fine
spatial sampling, over the active area of the crystal, thus, high
resolution in all three dimensions in the reconstructed images. A
single continuous detector also avoids the need for scanner
motion or compensation for missing data that result from
having gaps between each pair of adjacent detectors used in the
whole-body PENN-PET scanners (3).

A drawback with a continuous detector of Nal(T1), which has
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