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2B-Carbomethoxy-3B-(4-fluorophenyl)-n-(1-iodoprop-1-en-3-yl)
nortropane (IACFT) is a highly selective ligand for dopamine
transporter (DAT) sites in the striatum. Recent reports have
described the basic kinetics, neurobiology, and imaging proper-
ties of ['2I)IACFT. This report focuses on the structural (i.e., the
ability to produce consistent binding estimates) validity of 4
methods to quantify striatal binding potential (BP) for IACFT.
Methods: Seven healthy volunteers and 8 patients with Parkin-
son's disease were subjects for this study. Dynamic SPECT
images and arterial blood samples were acquired during the
1.5-2 h after injection of 185-370 MBq ['ZI])IACFT. Plasma
radioactivity was analyzed chromatographically to obtain metabo-
lite-corrected arterial input functions. The kyk, ratio (BP) for
striatal DAT sites was calculated by 4 methods. In the first
method, tissue time—activity curves and metabolite-corrected
arterial input functions were analyzed by a linear graphic method
developed for reversible receptor ligands. The second method
was also graphic; however, the occipital cortex time-—activity
curve was used as the input function. In the third method, the
difference between the striatal and occipital cortex time—activity
curves at secular equilibrium was taken to represent bound
tracer, the occipital cortex time-activity curve was used to
represent tracer in the free and nonspecifically bound state, and
equilibrium receptor equations were used to determine BP. The
fourth method used the occipital cortex time—activity curve to
mathematically derive an input function for fitting the striatal
time—activity curve and to determine BP. Results: Analysis of the
dynamic SPECT data by methods 1 and 2 resulted in highly linear
plots (after approximately 15 min), supporting the reversibility of the
tracer. A high linear correlation was found for BP determined by all 4
methods. ANOVA showed that methods 1-3 were indistinguishable;
method 4 yielded lower BPs than did methods 1-3. Conclusion:
These results show that BP can be estimated consistently using 4
different methods. This finding lends support to the modeling assump-
tions and provides methods suitable for clinical investigation.
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The integrity of the presynaptic dopamine system can
now be evaluated by several methods that involve radiola-
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beled compounds and external imaging. A remaining chal-
lenge is to establish ligands and methods suitable for clinical
investigation of degenerative diseases. The dopa decarboxyl-
ase activity of nigrostriatal neurons can be measured with
['#F]6-fluorodopa and dynamic PET. However, this tracer is
not ideal because its peripheral metabolites cross the blood—
brain barrier and must be considered to achieve quantitative
assay. An alternative approach is to measure the binding
potential (BP) of dopamine transporter (DAT) sites. Ligands
available for that purpose include ['2I]8-CIT, [''C]B-CIT,
[*™Tc]TRODAT, ['ZI]FPCIT, and [''C]CFT. Although these
tracers have been used successfully in a large number of
research studies (/-7), their properties are not ideal for
clinical applications. B-CIT (['] B-2 Bcarboxymethoxy-38-
(4-iodophenyl)tropane) has a high affinity for the DAT in the
striatum; however, autoradiographic and SPECT studies
have shown that, like cocaine, it concentrates in both
dopamine- and 5-hydroxytryptamine (5-HT)-rich regions of
the brain (/,2). Furthermore, a delay of 24 h between
injection and imaging with B-CIT is required for quantita-
tion of DAT sites in the human striatum (7,2), and radiola-
beled lipophilic metabolites may complicate quantitation of
DAT density (6). More recently, the ligand [!!C]CFT has
been introduced, and although it has excellent imaging
properties with PET, peripheral metabolism of the tracer
should be measured in each patient and care taken to account
for significant levels of nonspecific binding (4).

The ligands [*™Tc]TRODAT ([*™Tc][2-[[2[[[3-(4-chloro-
phenyl)-8-methyl-8-azablcyclo[3.2.1] oct-2y-yl] methyl]
(2-mercaptoethyl)amino]-ethyl]-amino]ethane-thiolato(3-)-
N2,N2',S2,52'Joxo-[1R-(ex0-ex0)]) and ['ZI]FPCIT (['ZI]
N-w-fluoropropyl-2B-carbomethoxy-3B-(4-iodophenyl)nor-
tropane) have excellent clinical imaging properties, but they
dissociate slowly from the DAT (7,8), making quantification
of their BP difficult.

Previous work by our group suggested that ['23]]2B-
carbomethoxy fluorophenyl)-N-(-38-(4-1-iodoprop-1-en-3-
yDnortropane (E-IACFT, designated as Altropane; Boston
Life Sciences, Inc., Boston, MA) has desirable properties for
clinical application (9). In particular, the '2°[ label permits
imaging with a widely available technique, SPECT (0). On
the basis of in vitro binding studies with [*H]CFT and
[*H]citalopram (a high-affinity and selective ligand for 5-HT
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transporter sites (3), E-IACFT was shown to have high
affinity (inhibitory concentration of 50% = 6.62 * 0.78
nmol) and selectivity (dopamine—to-5-HT ratio = 25:1) for
DAT sites. Autoradiographic and SPECT studies in monkeys
showed rapid and extremely high levels of accumulation in
the striatum and minimal activity in other brain regions
(9,11-14). Important for quantitative assay of the DAT sites
is the fact that E-IACFT dissociates rapidly from the
receptor and thus can be considered a reversible tracer.

A key step in the validation of any in vivo receptor assay
is the development and evaluation of appropriate kinetic
analyses. In the current study, we show consistent binding
data with 4 separate analyses in 7 healthy volunteers and 8
patients with Parkinson’s disease. Data from these subjects
and preliminary kinetic analyses have been reported previ-
ously (I5). In this study, 4 different methods of kinetic
analysis were compared in the same group of subjects. The
procedures for data analysis included graphic methods
requiring blood sampling and metabolite correction; a
reference region graphic technique that does not require
blood sampling or metabolite correction; a secular equilib-
rium method, similar to that originally used for analysis of
studies with [''C]raclopride (/6); and a reference tissue
fitting method (17).

MATERIALS AND METHODS

Human Subjects

Seven healthy volunteers (5 men [age range, 37-75 y], 2 women
[aged 26 and 39 y]) and 8 patients with Parkinson’s disease (age
range, 14-79 y; Hoehn and Yahr stages 1.5-3 [n = 5] and 4 or 5
[n = 3]) participated in these studies. Additional details about the
study population have been reported (15). To reduce thyroid uptake
of 123], all subjects received 0.6 g saturated solution of potassium
iodide daily for 7 d beginning 48 h before radiopharmaceutical
injection.

The imaging protocol was approved by the committees on
human studies, pharmacy, and radioisotopes of the Massachusetts
General Hospital. All subjects gave written informed consent
before participation in the study.

Preparation of ['ZIJIACFT and Metabolite Analysis
['2IJIACFT was prepared and metabolites in plasma were
analyzed by reported methods (/5). With these procedures,
['BIJIACFT was obtained in a radiochemical yield of approxi-
mately 65%, a radiochemical purity of greater than 98%, and a
specific activity of approximately 185 GBg/umole. To confirm that

the product was free of pyrogens, the limulus test was performed
before injection. Sterility was verified after injection. Plasma was
analyzed by chromatography on C;3 SepPaks (Waters, Milford,
MA) that were activated with methanol and washed sequentially
twice with phosphate buffer (pH, 7.4) and once with methanol.

SPECT

Images were acquired with a MultiSPECT 2 -y camera (Siemens
Medical Systems, Inc., Hoffman Estates, IL) equipped with fan-
beam collimators. The primary imaging parameters of this device
are an intrinsic resolution of 4.6 mm (x and y directions) full width
at half maximum and a sensitivity of approximately 236 Hz/uCi.
Images were acquired over 360° (60 projections per head, 128 X
128 matrix) in the continuous imaging mode and were recon-
structed using a conventional filtered backprojection algorithm to
an in-plane resolution of 10 mm full width at half maximum.
Attenuation correction was performed using the Chang algorithm
(18). The SPECT camera was cross calibrated with a well
scintillation counter by comparing the camera response from a
uniform distribution of a '?’[ solution in a 15-cm cylindric phantom
with the response of the well counter to an aliquot of the same
solution.

Before imaging, a venous catheter was placed in an antecubital
vein for radiopharmaceutical administration and a radial arterial
catheter was placed in the opposite wrist for blood sampling. The
subjects were positioned supine on the imaging bed of the SPECT
camera with arms extended outside the field of view and head
immobilized with individually fabricated head holders (Tru-Scan
Imaging, Annapolis MD). Approximately 370 MBq ['2I]JIACFT
were injected intravenously during 60 s, and serial SPECT images
were acquired. Dynamic SPECT was started at the end of the
infusion in 2-min acquisitions for the first hour and S-min
acquisitions for the second hour. Arterial blood samples (1 mL)
were collected at 20-s intervals for the first 5 min, 1.0-min intervals
for the next 15 min, and 5.0-min intervals thereafter. At 1, 5, 10, 30,
60, and 90 min, 5-mL blood samples were obtained for metabolite
analysis.

Image Analysis

The SPECT slices with the highest striatal activity and those in
which the occipital cortex was visualized were summed during a
90-min period to increase signal-to-noise ratio, and 5 regions of
interest (ROIs) were defined. In the striatal planes, ROIs were
placed on the right and left striatum, frontal cortex, and occipital
pole. Concentrations from the right and left striatum were aver-
aged. A single ROI was placed on the occipital cortex. Average ROI
concentrations (cpm/mL) were decay corrected to the time of
injection and expressed as kBg/mL using a calibration factor of
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Figure 2. Representative time—activity curves for striatum and occipital cortex (expressed as nCi/mL) in healthy volunteer (A) and

patient with severe Parkinson’s disease (B).

0.12506 kBg/cpm. Corrections for partial-volume effects or scatter
fraction were not performed.

Kinetic Modeling

Figure 1 illustrates the common kinetic model that underlies the
different methods used to analyze the ['2IJIACFT SPECT data. All
analyses assumed instantaneous equilibrium between free and
nonspecifically bound ligand. In the discussion that follows, we use
the term “free ligand” to refer to a ligand in either the free or the
nonspecifically bound state. Conceptually, ['ZIJIACFT can be in 1
of 3 states: free ligand in blood plasma, free ligand in tissue, or
ligand associated with DAT sites. The rate constants K; (mL/min/g)
and k, (per minute) provide a summary description of ligand
transport into and out of the free compartment in tissue, and k; (i.e.,
Kon X B'max [per minute]) and k4 (ko [per minute]) describe the
bimolecular binding to, and dissociation from, DA transporters. For
the occipital cortex, k; and k, were assumed to be zero, and this
tissue was used as a reference to calculate the ratio K,/k,. The BP
for ['2I]IACFT interaction with DAT sites was calculated to
provide an index of specific binding as the ratio BP = ky/ks = k; X
B’ ma/(Kp X K)).

Method 1. The time-activity data were analyzed by the linear
graphic method developed by Logan et al. (/9) for reversible

receptor ligands. The integrated tissue activity from time zero to T
was corrected for intravascular tracer with a fixed fractional
volume (V,), normalized to tissue activity at time T, and plotted
against the metabolite-corrected integrated plasma time-activity
data, which were also normalized to tissue activity at time T. This
“Logan plot” becomes linear when pseudoequilibrium is reached,
and assuming that nonspecific binding is negligible, the asymptotic
slope for striatal data equals K;/k,[1 + ki/ke]. In contrast, because
one can assume that DA transporters are not present in occipital
cortex, ky and k, are negligible and the asymptotic slope equals
Ki/k;. Thus, assuming the ratio K,/k; is the same for striatum and
occipital cortex, the measured ratio of slopes depends on only ky/k,.
Linear least squares regression was used to estimate the slope from
the linear portion of the graphs.

Method 2. Method 2 was similar to the first, except that a
reference region time-activity curve was used as the input to
calculate distribution volume ratio (DVR) for the striatum. The
DVR approach (18,19) is an attractive method for analysis of the
kinetics of reversible ligands without blood sampling. For calculat-
ing DVR, the integrated tissue radioactivity from time zero to T,
normalized to tissue activity at time T, was plotted versus the
integrated occipital time—activity data, which were also normalized
to tissue activity at time T (Eq. 1). This plot becomes linear when

\ Trans-axial

Figure 3. Transaxial, sagittal, and coro-
nal SPECT images of brain of healthy volun-
teer 30—45 min after injection of 370 MBq
['®I)IACFT.
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DVR was estimated using multiple regression analysis (20,21).

Method 3. Method 3 was an adaptation of 1 of the procedures
that has been used to quantify [!!C]raclopride binding to dopamine
D, receptors (16). Briefly, the key assumption of this method is that
at secular equilibrium the classic equilibrium kinetic model of
bimolecular binding can be applied. With the assumption that
nonspecific binding is negligible in the striatum and occipital
cortex, the striatal time-activity curve (Stryac) represents the
kinetic behavior of specifically bound ligand plus free ligand,
whereas the occipital cortex time-activity curve (Occrac) repre-
sents the kinetic behavior of free ligand. Under these assumptions,
the function (Strrac — Occrac) defines the time dependence of
bound tracer. Fitting of this curve to a <y variate function (At" e™™")
and division of the maximum bound tracer concentration by the
value of Occrac at the same time yields the equilibrium estimate of
ka/ks.

Method 4. Method 4 used the reference tissue model (/7). In this
model, the Occrac is the input for fitting striatal time-activity
curves. The reference tissue model assumes, first, that a reference
tissue region devoid of specific binding exists; second, that
nonspecific binding is the same in the reference and specific
compartments; third, that labeled metabolites of the parent tracer
do not cross the blood-brain barrier; and fourth, that nonspecific
and free label exchange instantaneously so that they can be treated
as a single compartment. When these 4 assumptions are satisfied
the following equation can be derived:

+C, Eg.l

Rk,
1+BP

where Cg(t) is the concentration time course in the reference tissue,
C1(t) is the concentration time course in the target tissue, R, is the
ratio of ligand delivery to the target and reference tissues, k; is the
efflux rate constant from the target tissue, \ is the physical decay
constant of the isotope, and ) is the convolution operator.

RESULTS

Figure 2 shows representative time—activity curves for the
striatum and occipital cortex of a healthy volunteer and a

C(t) = RICr(t) + ik, — Ca(t) ® e~/1+BPAL - Eq 2

patient with severe Parkinson’s disease. These data show
rapid cerebral uptake and egress of IACFT. After intrave-
nous injection, accumulation of tracer in the striatum is
rapid, reaches a maximum at 10-15 min after injection, and
decreases, consistent with reversible binding, to near back-
ground levels by 2 h. In accord with the known low density
of dopaminergic neurons in the occipital cortex, uptake is
lower, it peaks earlier (5-10 min), and it decreases much
more rapidly than does the striatal curve. Figure 3 shows
images of high count density (summation of data acquired
from 30 to 45 min after injection) displayed in transaxial,
sagittal, and coronal projections. These data clearly indicate
a high concentration of radiopharmaceutical in the striatum
with minimal accumulation in other areas of the brain. In
particular, lack of accumulation in the thalamus, hypothala-
mus, or midbrain—regions that are rich in 5-HT transport-
ers—supports the specificity of this tracer for DAT sites
(12-14).

Kinetic analysis by method 1, the “Logan plot,” is
illustrated in Figure 4 for both a healthy volunteer and a

TABLE 1
[231]Altropane Binding Potential Determined by 4 Methods
of Analysis
Subject

no. Method 1 Method 2 Method 3 Method 4

1 1.25 1.33 1.54 1.95

2 1.51 1.51 1.86 1.87

3 1.37 1.50 1.49 1.77

4 1.81 1.95 1.89 2.38

5 1.57 1.79 1.93 2.24

6 2.81 3.01 2.67 3.38

7 0.71 0.72 0.65 0.85

8 0.53 0.50 0.61 0.78

9 0.54 0.51 0.46 0.64
10 0.49 0.58 0.66 0.81
" 0.61 0.55 0.49 0.50
12 1.02 0.95 1.06 1.08
13 1.01 0.98 0.89 1.24
14 1.00 0.99 0.80 124
15 0.69 0.69 0.69 0.77
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patient with severe Parkinson’s disease. In Figures 4A and
B, the curves become linear soon after injection; however,
the ratio of slopes is significantly reduced in the patient with
Parkinson’s disease. For occipital cortex and striatum, the
slopes were interpreted in terms of 1- and 2-compartment
models, respectively. In all subjects, the plots were linear for
both tissues by approximately 30 min after injection. Thus,
asymptotic slopes were calculated from the data acquired
between 30 and 120 min after injection. In all subjects, the
slope was greater for the striatum than for the occipital
cortex. Because fitting of the occipital cortex time-activity
curve to a 2-compartment model indicated that ks/ks was
negligible, the slope of the plot was K,/k,. Thus, the slope
ratio yielded a value of BP + 1. The BP values determined
by this method are given in Table 1.

Figures SA and B illustrate the use of the reference region
graphic plot, or method 2, in a healthy volunteer and a
patient with severe Parkinson’s disease. The graphs for
striatal data using the occipital cortex as the reference
become linear but had a lower DVR in the patient than in the
volunteer. In all subjects, the plots were linear by approxi-
mately 30 min after injection. The DVRs were calculated
from the data acquired 30-120 min after injection using a
linear least squares fit to Equation 1. BP was taken to be
DVR - 1, and the values of BP from this method are given
in Table 1.

A key feature of analysis by method 3 is illustrated in
Figure 6. Shown is a plot of (Stryac — Occpac) and the
corresponding <y-variate fit for a healthy volunteer and a
patient with severe Parkinson’s disease. The fitted curves are
assumed to represent bound tracer, and at its maximum the
tracer is in secular equilibrium. At the maximum, the ratio of
bound (Strpac — Occrac) to free (occipital cortex) tracer
equals ky/k,, the BP. Accordingly, BPs were determined
from the maxima of the fitted curves for each subject and are
summarized in Table 1.

Figure 7 represents the fit to the striatal time-activity
curve using the occipital time-activity curve as the reference
tissue for method 4 in a healthy volunteer and a patient with
severe Parkinson’s disease. With this method, Equation 2
was fitted to 3 parameters—the ratio of ligand delivery to the
target and reference tissue [k, — Riky/(1 + BP)], and
[ko/(1 + BP) + A]—and the BP was calculated using the
values of these parameters (Table 1).

The data in Table 1 were analyzed using ANOVA to test
the hypothesis that all 4 methods yield the same results. The
statistical model used method (1, 2, 3, or 4) as a categoric
variable, and hypotheses were tested by planned compari-
sons. The hypothesis that the 4 methods yielded the same
results was rejected (t = 64, df = 56; P < 0.001). Further
testing showed that methods 1-3 were equivalent (¢ = 0.02).
Figure 8 shows correlations of the BP for the 4 methods used

>
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Figure 6. Plot of (Strrac — Occrac) and

corresponding v variate fit for healthy volun- 0 W‘ 0 W
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to analyze ['ZIJIACFT data. Consistent with the statistical
analysis, the comparison-of-methods data are well repre-
sented by linear regressions. For methods 1-3, the slopes are
all close to 1 and are not significantly different from one
another. The slopes for method 4 versus the others are
significantly higher.

DISCUSSION

The point of this paper was the structural validity of the
analyses as assessed by analyzing the same data with
different methods. BP was chosen as the endpoint for

comparison. No corrections were made for protein binding,
partial-volume, or finite resolution effects, and the resulting
systematic errors were assumed to have a similar effect on
BP in all 4 methods. Methods 1-3 provided similar values
for BP, as is seen in Figure 8. Quantitative similarity of the
first 3 methods was established by ANOVA. Method 4,
although shown to differ quantitatively from the other
methods by ANOVA, nevertheless was linearly related to the
other methods (R? > 0.95). The fact that methods 1-3
yielded similar results is important because methods 2 and 3
did not require arterial cannulation. Compared with the other

3k A=0991 3f A=0930
°

N a
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Figure 8. Linear regression of BP values for ['23[JIACFT determined by 4 methods used for data analysis.
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methods, method 2 used a completely different approach to
modeling the kinetics of IACFT. Method 4 appeared to yield
quantitative values different from those of the other methods
because it empirically determines the ratio of distribution
volumes for striatum and occipital cortex, which, in these
studies, differed from unity.

Our previous work established the biologic fate, selectiv-
ity, and binding characteristics of ['2’IJIACFT (I2-14).
Initial results of in vivo binding assays have also been
reported (15). In establishing the validity of a new in vivo
ligand for PET or SPECT, the most definitive approach is
direct measurement of the receptor binding characteristics,
B’nax and Kp. This approach requires multiple measure-
ments in the same experimental subject under conditions in
which receptor occupancy is perturbed (4). In this study, we
have addressed what might be called the structural validity
of the in vivo assay by determining BP from the same dataset
by several methods. Structural validity is supported by
concordant estimates of BP by the different methods.

Figure 8 shows a strong linear relationship among all the
methods, with R? > 0.95 in all instances. When these data
were subjected to an ANOVA in which method was the
categoric variable, we found that method 4 differed from the
others but that methods 1-3 were indistinguishable. All 4
methods make 4 common assumptions—that the tracer is
present in 3 forms (free ligand, nonspecifically bound, and
specifically bound), that an instantaneous equilibrium exists
at all times between free ligand and nonspecifically bound
ligand, and that the interpretation of the data rests on use of
the compartment model illustrated in Figure 1.

The two graphic methods, methods 1 and 2, yield
equivalent assays despite the fact that method 1 requires a
metabolite-corrected plasma input function whereas method
2 uses data from a reference region. Because the close
agreement relies on the high selectivity of IACFT to provide
a valid reference region devoid of dopaminergic neurons,
this equivalency is important and supports the structural
assumptions implicit in the modeling. Method 3 uses a
completely different approach to the assay, focusing on the
moment when a reversible tracer can be considered to be in
secular equilibrium. Method 3 also relies on a reference
region to estimate the free tracer plus nonspecifically bound
tracer.

The close correspondence of methods 1-3 is striking and
makes the systematic difference in the results of method 4
more interesting. Method 4 relies on nonlinear least squares
fitting in which the reference region curve is used in place of
a measured plasma curve. The key point is that methods 1-3
assume that K,/k, is the same for the striatum and for the
reference region, but method 4 does not assume that delivery
of tracer to the striatum is the same as to the reference region.

CONCLUSION

Overall, the data strongly support the structural validity of
BP measurements with ['ZIJIACFT. The discrepancy be-
tween method 4 and the others is mitigated by the excellent
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linear correlation among the methods. On the basis of these
findings, the choice of method may be based on convenience
for the experiment at hand, and excellent results can be
obtained without blood sampling.
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