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[^TclTechnetiumÃŸ-p-tp-^-chlorophenyO-S-methyl-S-azabicyclo
[3.2.1] oct-2-yl]-methyl] (2-mercaptoethyl) amino] ethyl] amino]
ethane-thiolato(3-)-/V2,/v2',S2,S2']oxo-[1 fl-(exo-exo)] ([99mTc]
TRODAT-1 ) is a useful imaging agent for central nervous system

dopamine transporters. The purpose of this study was to charac
terize the in vivo binding potential and kinetic rate constants of
this agent in nonhuman primates. Methods: A series of four
SPECT scans were performed on each of two female baboons
with a bolus injection of [99mTc]TRODAT-1(717 Â±78 MBq;

19.38 Â±2.12 mCi). Dynamic images of the brain were acquired
over 4 h using a triple-head camera equipped with fan-beam

collimators. Arterial and venous blood were sampled frequently
using a peristaltic pump throughout the duration of the study.
Regions of interest were drawn on the corresponding MRI scan
to which each functional image was coregistered. Using analyti
cal solutions to the three-compartment model with the Levenberg-
Marquardt minimization technique, each study was individually
fitted to a kinetic parameter vector (method I). Additionally, within
each subject, three corresponding intrasubject studies were fitted
simultaneously to a single parameter vector by constraining the
binding potential, distribution volume and dissociation rate con
stant to improve the identifiability of the parameter estimates
(method II). Results: The results clearly indicated that [99mTc]
TRODAT-1 localized in the striatum with slower washout rate
than other brain regions. A maximal target/nontarget ratio of 3.5
between striatum and cerebellum was obtained. SPECT image
analysis of the striatum yielded unconstrained k3/k4 values of
3.4 Â±1.4, 2.4 Â±0.7, 3.0 Â±1.5, and 4.0 Â±10.3, with respective
constrained (fixed k4) values of 2.9 Â±0.4, 2.4 Â±0.4, 1.7 Â±0.4
and 1.8 Â±0.4 in one baboon using method I. With method II, the
corresponding simultaneously fitted values were 2.1 Â±0.3 using
no constraints and 2.2 Â±0.2 using a fixed k4.The second baboon
had similar results. Conclusion: These findings suggest that the
binding potential and corresponding kinetic rate constants can be
reliably estimated in nonhuman primates with dynamic SPECT
imaging of the dopamine transporter using a technetium-based
tropane analogue. Furthermore, method II parameter vectors
compare favorably to those produced using method I based on
SEEs.
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dopamine transporter (DAT) protein, located on
presynaptic dopamine neuron terminals, is principally in
volved in the regulation of synaptic dopamine levels by a
reuptake mechanism (7). The striatum is a dopamine-rich

region and consequently has high densities of presynaptic
DATs (2). In mice lacking the gene for the dopamine
transporter, spontaneous hyperlocomotion results despite
adaptive changes such as decreases in dopamine and postsyn-

aptic receptor levels (3). As a result of its significant role in
dopamine regulation, the DAT protein is a targeted binding
site for various psychoactive drugs, including cocaine and
amphetamines (4).

A large number of DAT imaging agents, based on cocaine
or its closely related congeners tropane derivatives, have
been reported as useful PET and SPECT imaging agents.
These agents include ["CJ/V-methyl-labeled cocaine (5),
[' 'C]2ÃŸ-carboxymethoxy-3ÃŸ-(4-fluorophenyl)tropane (CFT)
(WIN35,428) (6,7), ["C]methylphenidate (8), [123I]ÃŸ-2ÃŸ-

carboxymethoxy-3ÃŸ-(4-iodophenyl)tropane (CIT) (9,10),
['23I]N-(3 ' -iodopropen-2 ' -yl)-2ÃŸ-carbomethoxy-3 ÃŸ-(4-chlo-
rophenyl) (IPT) (77,72), [123I]CIT-N-(3'-fluoropropyl) (FP)

(13,14) and [I23l]altropane (75). Agents for both PET and

SPECT imaging have shown excellent specific uptake in the
striatum and have been useful in evaluating changes in
dopamine reuptake sites in vivo and in vitro, especially for
patients with Parkinson's disease, which is characterized by

a selective loss of dopaminergic nigrastriatal neurons (6,7,16).
To improve the availability of SPECT imaging agents for
studying DATs on a routine basis, there is a need for
""Tc-based compounds. "mTc (tm = 6 h; 140 KeV) is the

most commonly used radionuclide in diagnostic nuclear
medicine (77). The development of 99mTc-based small

molecules as receptor imaging agents has been reviewed
recently (78). In developing 99mTc-labeled DAT imaging
agents, several "mTc-labeled tropanes have been reported
(79-22), among which the specific binding of [99mTc]techne-
tium[2-[[2-[[[3-(4-chlorophenyl)-8-methyl-8-azabicyclo-
[3.2.1]oct-2-yl]-methyl](2-mercaptoethyl)amino]-ethyl]-
amino]ethane-thiolato(3-)-W2,/V2 ' ,52,52 ' ]oxo- [1Tf-(exo-exo)]

(["Tc]TRODAT-l) to DAT protein located in the basal

ganglia area of the human brain has been the most promising
agent (23). [99mTc]TRODAT-l has been shown to bind with
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high selectivity to the basal ganglia, specifically to the
caudate and putamen (21,23,24). Specific uptake of ["mTc]-
TRODAT-1 can be inhibited by coadministering animals

with pharmacological doses of competing compounds. Us
ing dynamic SPECT, the distribution of [""TcjTRODAT-l

within the brain can be examined over short time intervals,
and kinetic parameters can be estimated.

The influence of regional cerebral blood flow and tracer
peripheral clearance on outcome measures, such as the
striatal/background ratio, remains unclear in nonequilibrium
conditions (25). Compartmental kinetic modeling studies
(26,27) using the high-affinity ["C]CFT and [123I]ÃŸ-CIT

have been used previously to estimate receptor parameters
independent of regional cerebral blood flow and tracer
peripheral clearance (6,10). Using similar model-based

methods that require arterial input functions and dynamic
SPECT acquisitions, the in vivo kinetics of [99mTc]TRODAT-

1 were examined together with ex vivo comparisons in
nonhuman primates, and the results are reported herein.

MATERIALS AND METHODS

Radiolabeling
The labeling procedure used was reported previously (21,24).

Briefly, a dried sample of TROD AT-1 (200 ug TROD AT-1) was

dissolved in 100 uL ethanolic HC1 (100 uL HC1 [2N] in 2 mL
ethanol) and 200 uL HC1 (2N). To this solution, 50 uL of a sodium
ethyldiaminetetraacetic acid solution (0.05 mol/L) and 800 (iL
tin-glucoheptonate solution (40 jag Sn(II)Cl2 and 400 ug sodium

glucoheptonate per milliliter of solution) were added, followed by
100-200 uL of [99mTc]pertechnetate solution (in a range of 20-40

mCi) and 500 uL water. The vial was autoclaved for 30 min. After
cooling to room temperature, phosphate buffer (500 (oL, pH 6-7)
was added. The radiochemical purity was determined by reversed-
phase high-performance liquid chromatography (HPLC) analysis
on a PRP-1 column (250 x 4.1 mm; Hamilton Co., Reno, NV)
eluting with acetonitrile/3,3-dimethylglutaric acid (DMGA) buffer

(pH 7) in a ratio of 80:20 and a flow rate of 1 mL/min. The retention
time of [99mTc]TRODAT-l was 13-15 min under these conditions.

Radiochemical purity was equal to 90%, and this purity was
suitable for imaging studies.

SPECT Acquisition and Analysis
A series of four dynamic SPECT scans were performed on each

of two female olive baboons (Papio anubis) under protocols
approved by the Institutional Review Board and the local animal
care committee. The interval between each successive scan was at
least 2 wk. After overnight fasting, animals were immobilized with
a combined intramuscular injection of 10 mg/kg ketamine and 2
mg/kg xylazine. During the scanning procedure, anesthesia was
maintained by passive inhalation of 1.8% isoflurane (1.2 LO2/min).
An intravenous line in a superficial cephalic vein allowed for
hydration (0.9% NaCl, 5 mL/kg/h) as well as for ligand administra
tion. A cylindrical polycarbonate positioning device equipped with
a customized foam head holder enabled reproducible placement of
the animal in the SPECT camera. The core body temperature was
maintained using a circulating warm water pad maintained at 37Â°C.

A single bolus injection (717 Â±78 MBq; 19.38 Â±2.12 mCi) of
[99mTc]TRODAT-1 was administered immediately before each
scan. The specific activity of ["mTc]TRODAT-l was >100 Ci/

Hmol. We assumed that the pseudocarrier did not contribute
significantly to the chemical amount in the specific activity
estimation.

A total of 42 dynamic images of the brain were acquired over 4 h
using a triple-head SPECT camera equipped with fanbeam collima-

tors (Prism 3000; Picker International, Cleveland, OH). During the
first 30 min, acquisitions were made every 2 min for a total of 15
image sets. Between 30 and 90 min postinjection, 12 acquisitions
were performed in 5-min intervals. During the final 150 min,
images were acquired in 10-min frames. The acquisition param
eters included a 14-cm rotational radius and a symmetric 15%
"Te energy window at 140 KeV to produce a volume of 128 X

128-pixel matrices. Both the slice thickness and in-plane pixel size

were 2.0 mm in the projection data. The images were reconstructed
with a low-pass filter and corrected for attenuation. No attempt was

made to correct for partial volume effects.
Radioactivity in the [99mTc]TRODAT-l/SPECT scans was local

ized using the corresponding MR image for the animal. The MR
images were acquired on a 1.5-T instrument (GE Medical Systems,

Milwaukee, WI) with a spoiled MRI pulse sequence that produces
0.97 X 0.97 X 1-mm voxels. The MR images were resized and

resliced in planes parallel to the one containing the anterior and
posterior commissures. Regions of interest (ROIs) for the basal
ganglia, cerebellum and cerebral hemispheres were drawn directly
onto the MR image inside the outer edge of each structure to
minimize the effects of volume averaging. Coregistration of the
SPECT scans and the MR images was achieved using a customized
software package developed to rotate and translate each SPECT
scan with respect to a fixed MRI data set (28). Fusion images of
SPECT and MRI were generated to visually validate the accuracy
of the coregistration in the sagittal, coronal and transverse planes.

Once each SPECT scan was coregistered with the MR image,
the ROIs were transposed identically and unaltered onto each
["mTc]TRODAT-l/SPECT image as a single set. The mean counts

per pixel in these regions were measured for each functional scan.
Counts in the reconstruction domain were converted to microcuries
per milliliter with experimentally measured calibration factors for
the camera obtained by imaging uniform phantoms that contained
known concentrations of radioactivity. The absolute activities were
used to compute the mean fraction of the injected dose per unit
volume.

Blood Sampling
During each SPECT protocol, in-dwelling arterial and venous

catheters were positioned, and blood samples were collected to
monitor the plasma concentration of unmetabolized [WmTc]

TROD AT-1 (CA(t)). Arterial catheters were placed in the popliteal

artery, and venous catheters were placed in the contralateral
saphenous vein. Arterial and venous blood sampling occurred
simultaneously over the first 5 min (8.4 s per sample) using an
automatic peristaltic pump (Gilson, Inc., Middleton, WI). Subse
quent sampling was performed manually at 6, 10, 15, 30, 60, 90,
120, 150, 180 and 240 min postinjection.

Metabolite Analysis
Heparinized blood samples were centrifuged at 1000g for 10

min. The radioactivity in separated plasma samples was counted in
an automatic gamma-counter (Packard 5000; Packard Instrument,

Meriden, CT). All of the radioactivity measurements were cor
rected for decay. The plasma samples were extracted with ethyl
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acetate (3 X 1.5 mL) in the presence of Re-TRODAT-1 complex

(100 jjg) after adjusting the pH to 8.0 with phosphate buffer.
Extraction was calculated from the activity in the organic and
aqueous layers. The ethyl acetate layers were evaporated to near
dryness, and the radioactive profile was analyzed by HPLC on a
PRP-1 column (Hamilton Co.; 4.1 X 250 mm) eluted with a solvent

mixture of CH,CN/DMGA buffer (pH 7.0):8/2 and a flow rate of
1.5 mL/min. Controls were determined by adding 10-20 uCi
["mTc]TRODAT-1 to the plasma followed by the same procedures

used for the experimental samples to determine the extraction
efficiency. The unmetabolized [99mTc]TRODAT-1 in the plasma

samples (CA(t)) can thus be calculated from the fraction extracted
and the parent composition (HPLC), divided by a recovery
coefficient. The recovery coefficient is computed as the product of
the extraction and fraction of [99mTc]TRODAT-1 in control samples.

Protein Binding
The binding of ["mTc]TRODAT-l to plasma proteins in vitro

was determined by ultrafiltration through Centricon-30 membrane

filters (Amicon Division, W.R. Grace & Co., Danves, MA). The
membranes were prewetted with cold TROD AT-1 (1 ug/mL).
Initially, 10 ^L diluted [99mTc]TRODAT-1 (1:100; vol/vol) and 10

uL TRODAT-1 free thiol ligand (1 mg/100 pL) were added to 0.7

mL each of plasma (obtained from venous blood sample) and
normal saline (as control). Duplicate samples of 200 nL were
placed in the unit and centrifuged at 3500 rpm for 10 min at room
temperature. The protein-bound fraction (/,) was calculated as the

ratio of the radioactivity on the filter to the sum of the filter and the
filtrate. The plasma-free fraction (/, = CP(r)/CA(/)) (29) computed

for each animal was assumed to be constant over the course of each
experiment.

The free parent plasma concentration for each study was fit to a
sequence of two functions. Between t = 0 and the time (r/ = 1.70 Â±

0.11 min) of the peak measured value, a linear function was used.
In the interval t > t/, a sum of n exponentials was used to fit the data
as follows:

i=l

where for each exponential in the sum, \Â¡(min"1) was the decay
constant of each exponential and AÂ¡e~X|1(in uCi/mL) was the peak

of each exponential.

Ex Vivo Cerebral Biodistribution
Post mortem dissection was performed immediately after the

last image of the last scan in one of the baboons 240 min after the
administration of [WmTc]TRODAT-1. The brain was excised and

dissected into regions that include the striatum, cerebellum,
hippocampus, thalamus, frontal cortex and occipital cortex. Each
tissue sample was transferred into preweighed culture tubes and
weighed. The amount of radioactivity in each sample was calcu
lated from the number of counts measured in a well counter for 1
min. The counts were corrected for decay to the time of death of the
animal. The concentration of radioactivity in microcuries per gram
was calculated from the counts per minute per gram with an
experimentally measured calibration factor for the well counter.

In Vivo Kinetic Analysis
It is assumed that the in vivo kinetics of ["mTc]TRODAT-1

followed a three-compartment model (Fig. 1) in which Ci

represented the sum of the nonspecifically bound and free ligand

FIGURE 1. Three-compartmentmodelconsistsofarterialcom
partment (CA), nonspecific intracerebral compartment (Ci) and
specifically bound compartment (C2). Kinetic analysis yielded
estimates of rate constants K, to k4.

concentrations, CA was the arterial concentration of nonspecifically
bound and free parent ligand and C? was the concentration of
transporter-bound ligand (26,27). The nonspecifically bound and

free ligand concentrations within CA and Q were assumed to
equilibrate rapidly. Similarly to CA, the fraction of free ligand in Q
(/2 = free intracerebral concentration/QW) was assumed to be

nearly constant throughout the duration of a study.
The differential equations describing the rate of change with

respect to time of the ligand concentration for each compartment
are given by the following equations:

dt

and

= K,CA(t) - (k2

dC2(t)

dt

k4 C2(f) Eq. 2

- fc,C2(i). Eq.3

The kinetic rate constants KÂ¡(mL/g '/min ') and k2 (min ')

represent bidirectional transport across the blood-brain barrier,

where KÂ¡is the plasma clearance. We assumed that passive
diffusion of the ligand across the blood-brain barrier was the only

significant mechanism of transport in which the concentration of
free ligand in the brain was equal to the free plasma concentration
at equilibrium (30,31). The derivatives of equations 2 and 3 were
set to zero:

k2
h =/i7T- Eq. 4

The first-order rate constant k4 is identical to the dissociation rate

constant koff,and k3 is a function of the density of available binding
sites:

^=/2*onBmax'. Eq-5

where Braax' = (Bmax - C2(0/SA) = Bmaxduring tracer studies

because BmaxÂ» C2(r), SA is the specific activity (slOO Ci/urnol)
of the ligand and konis the ligand-receptor association rate constant.

The binding potential (BP) of a ligand-receptor interaction is

defined as the ratio of Bmaxto the equilibrium dissociation constant
(KD). Using equations 4 and 5, BP can be expressed as follows:

BP =
Bâ€ž

Kn
Eq. 6

The total integrated ligand concentration in the blood was
computed using the measured input function and contributed
negligibly (<0.1%) to the regional brain activity. Therefore, the
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FIGURE 2. Clearance of free parent [99mTc]-
TRODAT-1 from plasma was examined in both
arterial and venous blood. Representative arte
rial and venous curves were fit to sum of four
exponentials.

observed SPECT concentration of activity in an ROI was assumed
to have contributions from only CÂ¡and C2 (29).

Equations 2 and 3 can be solved analytically for CROI(r)as the
convolution of CA(r) with the impulse-response function, a sum of
n exponentials (32). For the three-compartment model, the impulse-
response function has n = 2 exponentials, corresponding to the two

intracerebral compartments C, and C2. The plasma clearance
parameters (AÂ¡and X.Â¡)and kinetic rate constant vector (K, to k4)
were estimated using nonlinear regression with the Levenberg-
Marquart least-squares minimization algorithm (33).

Two different methods for estimating the in vivo BP for each
subject were applied. Method I (individualized parameter fitting)
involved the computation of a separate kinetic rate constant vector
and BP for each individual SPECT imaging session with no a priori
constraints on any parameters. Method II (simultaneous fitting)
involved the computation of an overall BP by fitting the 3-compart-

ment model simultaneously to three studies for a given subject. The
blood flow parameter (KÂ¡)was estimated independently for each
study. Because we assumed that passive diffusion across the
blood-brain barrier was the only significant mechanism for ligand

transport, the partition coefficient (K//k2) was assumed to be
intrinsic to the blood-brain barrier and constrained to be constant

across all studies within a given subject. The dissociation rate
constant (k4) and BP were assumed to be intrinsic to the receptor-

ligand interaction, time independent and flow independent. Conse
quently, k4 and BP were also constrained to be constant across all
intrasubject studies. In addition to applying methods I and II with

no a priori constraints, we examined the potential for poorly
identified k4 values to affect the estimation of the remaining kinetic
parameters by using a fixed value of k4. The fixed value of k4 =
0.004 min" ' was chosen post hoc based on results of the method II

analysis. Both subjects had very similar t, values (0.0044 Â±0.0017
and 0.0039 Â±0.0027 for baboons A and B, respectively) using
method II in three intrasubject studies.

RESULTS

Plasma Clearance and Metabolite Analysis
The clearance of free unmetabolized parent [99mTc]

TRODAT-1 from arterial and venous plasma can be exam

ined in Fig. 2. The free fraction (/)) in venous blood was
determined by ultrafiltration method to be 12.8% Â±0.2%
(n = 8). During the first 30 min postinjection, the concentra
tion of ["mTc]TRODAT-l activity was significantly higher

in arterial blood. After 60 min postinjection, the concentra
tion of free parent ligand in both the arterial and venous
compartments was very similar. Metabolism in both arterial
and venous compartments had a similar time course showing
rapid degradation of the parent compound ["mTc]TRODAT-l,

from >80% intact at 2 min after injection decreasing to
approximately 10% unmetabolized [99mTc]TRODAT-l re

maining in both the arterial and venous bloods at 60 min
after tracer injection (Fig. 3). Chromatographie profiles of
radioactivity in plasma samples collected at various time

100 150

Time (minutes)

FIGURE 3. Time-dependent metabolism of
[99mTc]TRODAT-1from blood plasma was ex

amined in both arterial and venous blood.
Metabolism was very similar in both arterial
and venous plasma compartments.
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FIGURE 4. Transaxial SPECT Â¡mageof
brain from baboon acquired 120-180 min
postinjection of 16.8 mCi [99mTc]TRODAT-1.
SPECT image was coregistered with MRI
image of the same baboon; this showed
that agent is highly concentrated in basal
ganglia area. Peak uptake occurred in basal
ganglia, with target/background ratio of
3.5:1.0.

/ \
N N

a
|99mTcjTRODAT.1

points after injection of [99nTc]TRODAT-1 indicated that,
besides ["mTc]TRODAT-l, there existed a solvent-extract-

able polar metabolite with similar retention time on HPLC to
the "mTc-N2S2 moiety (data not shown).

In Vivo SPECT Analysis
The transaxial projection of SPECT studies performed in

baboons showed that the regions corresponding to the
caudate and putamen showed the highest concentrations of
activity (Fig. 4). Total activity in the striatum peaked at
30-40 min postinjection and remained at that plateau up to

90 min, followed by slow washout from the striatal region
(Fig. 5). The cerebellum, hippocampus, occipital cortex and
whole brain peaked earlier and had much faster washout
rates than the striatal regions (Fig. 5). Therefore, the
target-to-nontarget ratios (striatum to cerebellum) increased

from 1.2 at 2 min postinjection to approximately 3.5 at 4 h.

Ex Vivo Cerebral Biodistribution
The distribution of [99mTc]TRODAT-l at 240 min postin

jection of one baboon indicates preferential uptake in the
striatum (Table 1). Frontal cortex, occipital cortex and
cerebellum regions all had similar uptake values. The ratio
of striatal-to-cerebellar uptake was 6.57, which indicates the
high density of binding sites for ["mTc]TRODAT-1 in the

100 150

Time (minutes)

200 250

FIGURE 5. Regionaltime-activitycurvesacquiredwithSPECT
in baboon for 4 h postinjection of 16.8 mCi [99mTc]TRODAT-1.
Activity in striatum peaked at 30-40 min. Maximum target/
background ratios were observed at 4 h.

striatum. Furthermore, a high degree of specificity of
[99mTc]TRODAT-l for the striatum is indicated by the lower

background uptake (striatum-to-occipital cortex = 5.21 and
striatum-to-hippocampus = 4.76). The ratio obtained with

dissection (6.57) shown here is twofold higher than that
observed with SPECT imaging (3.5).

Estimate of In Vivo Parameters

Using method I (individualized parameter fitting), kinetic
rate constants can be estimated for each SPECT study
performed with no a priori constraints on the parameters.
The SPECT regional time-activity curve and the correspond
ing arterial plasma curve were fit to the three-compartment

model. One set of full kinetic parameter vectors was
calculated for each study performed. To improve the identi-

fiability of these parameter estimates, parameter vectors
were also computed using k4 = 0.004 min"'. Method II

(simultaneous fitting) was applied to three representative
studies within each baboon (baboon A: 1, 2 and 3; and
baboon B: 1, 2 and 4). The three corresponding intrasubject
studies were fit to a single-parameter vector by constraining

the BP, distribution volume and dissociation rate constant.
Parameter and SEEs for KÂ¡in two baboons using methods

I and II for fixed and unfixed k4 values are shown in Fig. 6.
Both methods I and II yielded a separate K, estimate for each
study examined, because K, was not constrained. For the
remaining estimated parameters (k2IKh k3lk4and k4), method
II produced only one value constrained across three intrasub
ject studies. In baboon A, K, estimates for methods I and H
were very similar for corresponding studies. However, baboon B
had substantially different K, values between methods I and II.

TABLE 1
Post-Mortem Brain Sampling of Baboon A at 240 min

Postinjection of 16.7 mCi [99mTc]TRODAT-1

RegionCerebellumFrontal

cortexOccipital
cortexThalamusStriatumHippocampusUptake

(MCi/g)0.3970.4870.4990.4762.6130.547Ratioto cerebellum1.001.221.261.206.571.38

Peak uptake was observed in the striatum (2.613 pCi/g).
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FIGURE 6. Parameter and SEEs for K,/f, in
two baboons using methods I and I! for fixed
and unfixed k4values. Four studies were con
ducted for each baboon, examined individually
using method I and simultaneously using
method II with three intrasubject studies.
Method II yields separate K,/fi estimate for
each study examined.

Except for one study in baboon A (study 3), fixing k4 had
minimal effects on the parameter or SEEs. Similarly, param
eter estimates of k2IK, showed little variability between a fixed
and unfixed k4except in one study (baboon A, study 3). However
in a several studies, the SE decreased appreciably (Fig. 7).

The most substantial variability between different analyti
cal methods was observed in the parameter and SEEs oÃkÂ¡lk4
(Fig. 8). Fixing k4 substantially reduced the SE in almost
every study for both methods I and II. Three studies
examined using method I without fixing k4 yielded errors
that exceeded the dimensions of the graph (baboon A, study
3,4.0 Â±10.3; baboon B, study 3, 6.5 Â±19.7; and baboon B,
study 4, 4.1 Â±5.3). However, fixing k4 in these studies
yielded k}lk4 estimates of 1.7 Â±0.4 (baboon A, study 3),
2.2 Â±0.5 (baboon B, study 3) and 2.1 Â±0.3 (baboon B,
study 4). During data collection for these three studies, some
complications in SPECT data acquisition occurred related to
the maintenance of anesthesia during long imaging sessions
(longer than 4 h).

The dissociation parameter k4 was poorly identified in
individual studies (Fig. 9). SE measurements obtained using
method II were improved compared with most studies using

method I. Both subjects had very similar k4values (0.0044 Â±
0.0017 and 0.0039 Â±0.0027 min'1 for baboons A and B,

respectively) using method II. These results were used to
assign the fixed value of k4 = 0.004 min"1, used in the

analysis of the other parameters.
The variability of the BP estimates was much larger for

method I than method II (Table 2). Using a fixed k4 yielded
more consistent BP estimates than values obtained using no
a priori constraints. The difference between the methods I
and II BP estimates was substantially decreased when k4 was
fixed for the three intrasubject studies used in both analyses.

DISCUSSION

There are numerous clinical advantages of 99mTc-labeled
ligands compared with other '"I-based central nervous
system receptor imaging compounds. "Tc is the most

common radionuclide and is used in about 85% of routine
nuclear medicine procedures (17). The cost of on-site
manufacturing of "mTc is <$0.30 per millicurie versus
>$40 for I23I.The complications of shipping an isotope over
very long distances from off-site cyclotron facilities, as
required for using I23I, are also eliminated. Because of the
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FIGURE 7. Parameter and SEEs for /,kz!K,.
Method II yields one value for f^kg/K,, con
strained across three intrasubject studies.
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FIGURE 8. Parameter and SEEs for k3/k4.
Method II yields one value for k3lk4, con
strained across all intrasubject studies. Three
studies examined using method I without fixing
k4yielded errors that exceeded dimensions of
graph: baboon A, study 3, 4.0 Â±10.3; baboon
B, study 3, 6.5 Â±19.7; and baboon B, study 4,
4.1 Â±5.3.

6.00-

4.00-

200-
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! f

Method 11

Baboon B

Method I Method II
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shorter half-life of "Te, the dosimetry may also be more
favorable than those ligands labeled with 123I.In addition,
radioiodination procedures for preparation of radiopharma-

ceuticals are generally more complicated and tedious than
kit-based methods possible with many "Tc-based radiophar-
maceuticals, including ["mTc]TRODAT-1. There are strong
incentives for developing WmTc radiopharmaceuticals for

imaging central nervous system receptors, although this goal
appeared to be unattainable even a few years ago (18). With
the success shown by ["mTc]TRODAT-1 (23), we have

taken the next step to validate the potential of measuring
DATs by in vivo SPECT imaging technique.

The results of this study establish that [99mTc]TRODAT-1

accumulates rapidly and selectively in the striatum of
healthy baboons and yields high-contrast SPECT imaging at
2-3 h postinjection. Specific striatal uptake of ["mTc]
TROD AT-1 can be inhibited by coadministering animals

with pharmacological doses of CFT, whereas extrastriatal
uptake remains unchanged. It is important to note that the
striatum-to-cerebellum ratio at 4 h postinjection measured

by SPECT imaging and by tissue dissection was 3.5 versus
6.6 (Table 1). The difference clearly suggests that SPECT

imaging underestimates the true striatum-to-cerebellum ra

tio. Factors such as attenuation, scattering, partial volume
effect and statistical factors may all contribute to errors in
the estimate of the real activity in the ROIs.

[99mTc]TRODAT-l, the tracer used for this study, can be

easily prepared within 1 h, and the preparation has been
adopted for a kit formulation (34). From the clinical
perspective, the ready availability of 99mTccompared with
the iodinated tracers (i.e., [123I]ÃŸ-CITand [123I]IPT), will
make [99mTc]TRODAT-1 even more attractive for imaging

DAT. Successful human SPECT imaging performed with
[99mTc]TRODAT-l further confirmed the great potential
using this "mTc-based imaging agent for DAT protein (23).

Structural features used in formation of neutral and lipo-
philic TcO-N2S2 center core and the existing chiral center(s)

on the substituted tropane will create diastereomers (22).
Indeed, two diastereomers of [WmTc]TRODAT-1 were ob

tained in our studies, and the ratio of the diastereomers
appears to be constant (22). The full characterization of the
diastereomers of ["mTc]TRODAT-1 and the full characteriza

tion of the surrogate nonradioactive rhenium complexes
have been reported in a separate report (22). The isolated

FIGURE 9. Parameter and SEEs for k4.Fixed
value of k4 = 0.004 min~' was chosen based

on results of method II analysis. Both subjects
had very similar k4 values (0.0044 Â±0.0017
and 0.0039 Â±0.0027 for baboons A and B,
respectively) using method II.

BaboonA0.010-10.005-Methodl1112

3 'Method

11I1Baboon

BMethod!lÃ•1,1Method

11lRiedK4a234Study

Number
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TABLE 2
Results of Binding Potential Estimates in Both Nonhuman

Primate Subjects Using Methods I and II

BaboonA-BPMethod
1-1Method
I-2Method
I-3Method
I-4Average

BP (1-3)
MethodIIBaboon
B-BPMethod
1-1Method
I-2Method
I-3Method
I-4Average

BP( 1,2, 4)
Method IIUnfixed189.6154.6109.0578.8151.1

133.7124.5207.4374.0202.8178.2

132.5Fixed

/Q143.5153.3130.6246.1142.5

141.4125.6152.8117.090.0122.8

131.3

Variabilityof binding potential (BP) estimates was much larger for
method I (individualized parameter fitting) than method II (simulta
neous fitting). Using fixed k4 = 0.004 min~1yielded more consistent

BP estimates than values obtained using no a priori constraints.

Re-diastereomers showed similar binding affinities, with KÂ¡

values of 8.4 and 13.8 nmol/L(22); however, the correspond
ing two ["mTc]TRODAT-1 diastereomers showed different
target-to-background ratios and different brain uptakes in

rats. These preliminary results indicate that there may exist
some in vivo differences in the clearance or metabolism
between the two [99mTc]TRODAT-l diastereomers.

The ["mTc]TRODAT-l used in all of these experiments

was a mixture of two diastereomers in a constant ratio.
Therefore, the term "apparent" BP is used to represent the

data obtained from two diastereomers of ["mTc]TRODAT-1

in this study. The present studies applied the 3-compartment

model based on the assumption of one single species of the
tracer used. The excellent convergence of ["TcJTRODAT-

1 in the estimation of kinetic parameters validated the use of
the three-compartment model assuming one ligand. Further

experiments will be needed to fully characterize the in vivo
kinetics of the individual diastereomers and their contribu
tions to the behavior of the mixture. Because of the nature of
the Tc chemistry of a TcO-N2S2 center core, it will be a

formidable challenge to avoid or eliminate the formation of
diastereomers, especially using a kit formulation (i.e., forma
tion of [99mTc]TRODAT-1 without further purification steps),

which is highly desirable for routine clinical application.
The present studies indicate that the apparent BP of

["mTc]TRODAT-l can be estimated with dynamic SPECT

and arterial blood sampling using analytical solutions to the
three-compartment model. Although only two baboons were

used in this study, the similarity of the results obtained with
the two methods of estimation are very encouraging. The
high variability of the BP estimates using method I with no a
priori constraints is related to the poor identifiability of
model parameters in the individual studies. Poor identifiabil

ity of kinetic parameter vectors has been previously de
scribed for both PET and SPECT studies using models with
no constraints (30,35-37). More specifically, the identifiabil

ity of k4 substantially affects the estimation of the BP and
kinetic rate constants as shown by decreased variability and
SE measurement results on fixing k4.

In contrast to method I, the BP estimates obtained using
method II showed a very minimal change when k4 was fixed.
The identifiability of model parameters using method II was
likely improved because only six parameters per subject
needed to be estimated given three intrasubject studies. For n
intrasubject studies, method I requires the estimation of 4n
parameters per study; whereas method II only requires the
estimation of n + 3. The ratio of data to model parameters in
the limit of increasing n is one model parameter per study
using method II versus four model parameters per study
using method I.

The use of in vitro values to validate in vivo estimates of
similar receptor parameters is complicated by high- and
low-affinity binding sites especially observed for DAT

protein in vitro, modulation of transporter density during in
vitro tissue preparation (2), in vivo competition of endog
enous dopamine and partial voluming effects from SPECT
imaging. However, at present, in vitro data remains the most
successful estimate of regional binding potential, receptor
density and binding affinity of ligands. Previous studies
conducting striata! binding assays in nonhuman primates
yielded DAT Bmaxestimates of 459 nmol/L using [3H]CFT
(38), 478 nmol/L using [125I]ÃŸ-CIT(39) and 760 nmol/L
using [125I]IPT(unpublished results). These estimates of the

striata! DAT protein density with a 10 nmol/L affinity,
estimated from the nonradioactive rhenium complexes of
TRODAT-1, yield BP values consistent with the results

obtained in this study.

CONCLUSION

The BP and corresponding kinetic rate constants can be
reliably estimated in nonhuman primates using [99mTc]
TRODAT-1, a diastereomer mixture, with dynamic SPECT
imaging of DATs. The great potential of this novel "mTc-

based imaging agent to visualize DAT protein in vivo opens
new avenues for routine clinical application.
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