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lodine-123-labeled iodobenzofuran (['231]IBF) is a potent dopa-
mine D2 antagonist that provides good visualization of D2 re-
ceptors in primates. Methods: The feasibility of measuring do-
pamine D2 binding potential with ['2%]IBF in humans was
evaluated in eight healthy subjects. Following [*2I]IBF injection
(6 mCi), scans were acquired every 10 min for 160 min with the
brain-dedicated CERASPECT camera. Arterial activities were
obtained at various intervals and corrected for the presence of
metabolites by extraction followed by reverse-phase high-perfor-
mance liquid chromatography. Results: Reconstructed images
exhibited adequate basal ganglia-to-occipital ratios (from 1.96 =
0.34 at 30 min to 3.54 + 0.71 at 150 min, mean + s.d.). Time-
activity curves demonstrated reversibility, with peak basal gan-
glia uptake at 50 + 25 min. Regional time-activity curves were
analyzed with kinetic three-compartment modeling and graphic
analysis. In all subjects, D2 binding potential values, as derived
by both methods, were in excellent agreement (mean + s.d. D2
binding potential = 129 + 51). An empiric count ratio method
that does not require measurement of arterial tracer concentra-
tions was evaluated and found to be in reasonable agreement
with the model-derived binding potential. Conclusion: lodine-
131-IBF is a suitable ligand for quantitative studies of D2 recep-
tor density with SPECT in humans.
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Over the last few years, several iodinated substituted
benzamides suitable for imaging dopamine D2 receptors
with SPECT have been proposed. The first compound of
this class to be introduced, ['ZIJIBZM (Kp = 0.43 nM),
(1) has been used in several clinical studies of conditions,
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such as Parkinson’s disease, Huntington’s disease, pro-
gressive supranuclear palsy and schizophrenia (2-6). More
recently, new iodinated benzamides have been developed
as potential SPECT tracers. Ligands, such as ['ZIiodo-
benzofuran (IBF) (Kp = 0.11 nM), ['2I]NCQ 298 (K, =
0.02 nM) and [ZI]epidipride (Kp = 0.02 nM), exhibited
higher affinities for D2 receptors and produced higher stri-
atal-to-cerebellar ratios than did ['ZI]JIBZM (7-10).

The basal ganglia-to-cerebellum ratio is typically used to
analyze ['2I]IBZM SPECT data, yet this empiric outcome
measure might be affected by between-subject differences
in factors not related to the receptors, such as peripheral
clearance, nonspecific binding to plasma proteins or cere-
bral tissue and regional cerebral blood flow. Hence, these
empiric measures need to be evaluated with model-based
methods that characterize the regional response to the ar-
terial input function and provide quantitative estimations of
receptor parameters (11-14). For studies performed at
tracer doses (high specific activity and negligible receptor
occupancy), the receptor parameter of interest is the bind-
ing potential (BP), equal to the product of the density and
affinity of the receptors (B,../Kp, 14).

Model-based methods are technically demanding, and
their accuracy depends on the validity of the model and on
the precision of the measurements needed for their imple-
mentation. For example, errors in plasma measurements or
variations in the cross calibration between plasma and
brain counting devices may produce biases in the estima-
tion of the receptor parameters. Thus, the more explicit
models are not always the most desirable from the point of
view of error propagation.

The aim of the present study was to evaluate the feasi-
bility of using model-based methods to derive the dopa-
mine D2 BP with ['Z[JIBF and SPECT in human subjects.
Because these methods require short acquisition times to
measure regional time-activity curves with adequate tem-
poral resolution, high target-to-background ratios are
needed. High contrasts are obtained with tracers that ex-
hibit both high affinity and low lipophilicity (10). However,
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because measurement of BP requires equilibrium (i.e.,
peak of specific uptake, 15) to occur within the time frame
of the experiment (13), the ligand must exhibit rapid in vivo
reversibility, which is better achieved by ligands with mod-
erate affinity and high lipophilicity. In baboons, ['I]JIBF
was found to provide an adequate balance between these
conflicting requirements (15,16). The ['ZIJIBF achieved
striatal-to-occipital ratios of 2:2.5 at striatal peak uptake
(20-40 min) and of 6:8 at 150 min postinjection. The striatal
peak was followed by a rapid washout (about 30% of stri-
atal activity per hour). Thus, ['ZIJIBF was selected as a
potential candidate for measurement of D2 BP in human
studies.

In this study, three equilibrium distribution volumes of
the receptor compartment were used as outcome mea-
sures: the equilibrium distribution volume of the receptor
compartment relative to the arterial free tracer (V;, equal
to the BP), relative to the arterial total tracer (V3) and
relative to the nondisplaceable compartment (V(;). Two
model-based methods, referred to as kinetic and graphic
analyses, were used to derive these outcome measures.
The kinetic analysis derives the BP from the ratio of the
kinetic rate constants describing the transfer of the tracer
between the plasma, nondisplaceable and specific compart-
ments (14, 17-19). The graphic method of Logan et al. (20)
allows direct calculation of BP for reversible ligands (i.e.,
without prior derivation of the rate constants). Results of
both kinetic and graphic methods were compared with
results of an empiric method based on the basal ganglia-to-
occipital activity ratio measured over 40 min (80-120 min
postinjection).

METHODS

Radiolabeling

Labeling of ['*I)IBF was performed as previously described
(15,21). Briefly, to a 1-ml vial containing 50 ug of tributylstannyl
precursor in 50 ul ethanol were added, in the following order,
sufficient 0.5 M H;PO, to adjust the pH to 3 (about 20% of the
volume of ['2I]Nal), 100 to 500 ! (20-30 mCi) [**I]Nal and 50 ul
of 1.3% peracetic acid. After 20 to 30 min at room temperature,
100 wl (100 ug) of aqueous NaHSO; and 1 ml of saturated
NaHCO; solution were added, and the reaction mixture was ex-
tracted with 3 x 1 ml of ethyl acetate. The solvent was evaporated
to dryness on a rotary evaporator with a stream of nitrogen or
argon, the residue was dissolved in 50 to 100 ul of methanol,
mixed with an equal volume of water and separated by high-
performance liquid chromatography (HPLC) using the following
system: 8-mm 4-u Novapak C18 cartridge with radial compression
module (RCM 8 x 10, Waters Associates, Milford, MA) and
methanol-to-water-to-triethylomine (75:25:0.2), 0.7 ml/min. The
fraction-containing product was collected in a 25-ml pear-shaped
flask containing 100 ul (100 ug) of aqueous L-ascorbic acid and
evaporated to dryness. Iodine-123-IBF was obtained in an aver-
age labeling yield of 75.3% * 6.0% (with this and subsequent
values expressed as mean * s.d., unless otherwise specified) and
radiochemical purity of 95.8% + 2.5%. The specific activity was
too great to measure with the sensitivity of the ultraviolet detector
on the HPLC and was estimated to be at least 5000 Ci/mmole.

744

Sterility and apyrogenicity were confirmed by compendial tests
(22).

Healthy Subjects

Eight healthy subjects (four women and four men, age range
27 = 5 yr, weight range 69 * 15 kg) were recruited for these
studies. Inclusion criteria were absence of current medical condi-
tions and absence of history of neuropsychiatric illness. Physical
examination, electrocardiography and routine biological tests
were performed in the screening procedure. All subjects gave
written informed consent. Protocols were approved by the local
Human Investigation Committee. The subjects received 0.6 g of
potassium iodide (supersaturated potassium iodide solution) in the
24 hr prior to imaging.

Data Acquisition

SPECT data were acquired with the multislice brain-dedicated
CERASPECT camera (Digital Scintigraphics, Walthan, MA; 23)
with a transaxial and axial resolution of 7.7 and 5.9 mm full width
at half maximum, respectively (24). Before each experiment, an
1331 point source (117 + 33 uCi) was positioned in the center of the
field of view for sensitivity calibration. Mean point source sensi-
tivity was 6224 + 804 cps/mCi. Four fiducial markers filled with 10
uCi of [®™Tc]NaO, were glued on each side of the subject’s head
at the level of the canthomeatal line. These fiducial markers were
used to control for adequate positioning of the subject’s head in
the gantry before tracer injection and to identify the canthomeatal
plane during image analysis. A catheter was inserted in the radial
artery for blood sampling.

Iodine-123-IBF (5.9 + 0.02 mCi) was injected as a single bolus
over a 30-sec period. Scans were acquired continuously until 160
min postinjection. Acquisition times were 5 min for the first two
scans and 10 min thereafter. Arterial samples were obtained every
10 sec for the first 2 min with a peristaltic pump (Harvard 2501-
001, South Natick, MA). Subsequent samples were obtained man-
ually at 3, 4, 6, 8, 10, 12, 16, 20 and 30 min and every 15 min until
200 min.

Arterial Plasma Analysis

Arterial samples were analyzed as previously described
(15,25). Extraction (ethyl acetate) was followed by reverse-phase
HPLC to measure the metabolite-corrected total plasma activity
(C4(t), in uCi/ml). Plasma protein binding was measured in vitro
by ultracentrifugation through four Centrifree membrane filters
(Amicon, Beverly, MA), the parent compound free fraction being
calculated as the ratio of the filtrate concentration to the total
concentration (average within-run s.e.m. was 7% * 4% of the
mean). The equilibration with plasma protein was assumed to be
rapid compared with the other processes measured in these ex-
periments so that the free fraction of plasma parent compound
measured by ultracentrifugation (f, = free parent/C,(¢), 14) was
assumed to be constant over time.

The measured metabolite-corrected plasma activities were fit
to a sum of three exponentials

3
Gt =Cp X, ae ™M

i=1

Eq. 1

where G, (in pCi/liter) is the peak plasma concentration, a; is the
relative zero-time intercept of each exponential and A, is the elim-
ination rate constant associated with each exponential (in recip-
rocal minutes). The terminal half-life of the tracer in the plasma
was calculated as In (2)/A; (in minutes). The initial distribution
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volume of the tracer, Vy, (in liters), was calculated as the ratio of
the injected dose, D (in millicuries) to C, and expressed as a
percent of body weight. The plasma clearance (Cy, in liters per
hour) was calculated as

D
CL=60

3
Co 2 a/A;

i=1

Eq.2

SPECT Data Analysis

Images were reconstructed from photopeak counts (159 + 16
keV) with a Butterworth filter (cutoff = 1 cm, power factor = 10)
and displayed on a 64 X 64 x 32 matrix (pixel size = 3.3 x 3.3
mm, slice thickness = 3.3 mm and voxel volume = 36.7 mm®).
Attenuation correction was performed by assuming uniform at-
tenuation equal to that of water (attenuation coefficient x = 0.15
cm?/g) within an ellipse drawn around the skull as identified by the
markers. Images were reoriented in the three dimensions so that
the canthomeatal plane, as identified by the four fiducial markers,
corresponded to the transaxial plane of the dataset. The four slices
corresponding to the highest basal ganglia activities were then
summed. Three regions of interest were positioned on this
summed image at the level of the right and left basal ganglia (852
mm? each) and the occipital pole (3963 mm?). The occipital region
was used as the region of reference because its contains only
negligible concentration of D2 receptors (26). In baboons, intra-
venous injection of a receptor-saturating dose of unlabeled raclo-
pride (1 mg/kg) did not produce any displacement of activity in the
occipital pole, but it reduced the striatal activity to the level
observed in the occipital pole, which was chosen as the region of
reference because this cerebellum is difficult to localize property
without CT or MRI coregistration.

Average counts per minute per pixel activities were measured,
decay-corrected for the time of injection and expressed in micro-
curies per cubic centimeter by using a calibration factor derived
from a '] distributed source acquired using the same protocol.
Activities from right and left basal ganglia were averaged. Dead-
time losses were estimated from the acquisition total counts over
the entire energy spectrum (35-250 keV) and were negligible in
these studies. No attempts were made to correct for partial vol-
ume effects or for the scatter fraction of the photopeak window.

Kinetic Method. A three-compartment model (Fig. 1) was used
to analyze time-activity curves in the basal ganglia. The model
included the capillary plasma compartment (C,), the intracerebral
free and nonspecifically bound compartment (nondisplaceable
compartment, C,) and the specifically bound compartment (C;).
In the nondisplaceable compartment, the nonspecifically bound
compartment was assumed to be at equilibrium at all times. A
two-compartment model was used in the occipital region, a region
with negligible D2 receptor density (26).

The equilibrium distribution volume of a compartment i (V,, in
ml/g) was defined as the ratio of the tracer concentration in this
compartment-to-the free arterial concentration at equilibrium
@7),

Vi=-E';-

. Eq.3
£iC
V, and V, were defined as the equilibrium distribution volume of
the second and third compartments, respectively, with V.. being
the total regional equilibrium distribution volume, equal to the
sum of V, and V.
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FIGURE 1. Compartment configuration used to model ['%||IBF
uptake kinetics; C, = plasma compartment; C, = intracerebral free
and nonspecifically bound compartment (referred as nondisplace-
able compartment); C,; = specifically bound compartment; K, to
k, = fractional rate constants of the transfer betwsen compartments.
For practical implementation, arterial plasma concentration (C,) was
used as input function to C,. Free and nonspecific binding were
assumed to be at equilibrium at all times in plasma and brain.

Similarly, V3, V; and V7 (in ml/g) were defined as the equilib-
rium distribution volumes relative to the total (i.e., free plus
protein bound) arterial tracer

Vi= 5

G

3 (unitless) was defined as the equilibrium distribution volume

of the receptor compartment relative to the equilibrium distribu-
tion volume of the nondisplaceable compartment

Eq. 4

Eq.5

The tracer concentration over time in each compartment was
given by

dc:(—tt) = KG() = kCy(t) = ksCot) + keG5(t), Eq. 6
% = kC(t) - kGy(0). Eq.7
The kinetic parameters were defined as follows
K;=FE=F(1-¢"™F) (inmlg/min), Eq.8
ky = Ky/Vf; (in reciprocal minutes), Eq.9
k3 = kooBmax/V2  (in reciprocal minutes),  Eq. 10
k¢ =k (in reciprocal minutes), Eq. 11

where F is the regional blood flow (in ml/g/min), E is the unidi-
rectional extraction fraction, PS is the permeability surface area
product of the tracer (in ml/g/min ), k,, is the bimolecular ligand-
receptor association rate constant (min~' - mM~?), B.,,, is the
concentration of receptors available for binding (equal to B,
because all experiments were performed at tracer doses) and k
is the receptor’s dissociation rate constant (min~?).

Kinetic analysis derived the equilibrium distribution volume
from the ratio of the rate constants (Table 1). The relationship
between V, and the kinetic parameters K, and k, (Equation 9) was
derived from Equation 6 by setting k;, k, and the derivative to
zero. Similarly, setting the derivatives in Equation 7 to zero and
substituting with Equations 3 and 9 gives

Kik;

kokefy

Eq. 12

V3
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TABLE 1

Outcome Measures
Retationshio to Factors controlled by outcome measure (yes/no)*
Outcome rates Relationship to Plasma Binding to Intracerebral Regional cerebral
measure constants BP clearance plasma protein nonspecific binding blood flow
Vs _ Kk =BP Y Y Y Y
kokafy
Vi - Kk = BPY, Y N Y Y
koky
V3 . b . B Y Y N Y
Bg - Occ k Vi
g —
—_ — N Y N N
Occ

*Yes: the outcome measure is protected from potential between-subject or between-group differences in these factors. No: the outcome measure
might be biased by potential between-subject or between-group differences in these factors.

V, = equilbrium distribution volume of the receptor compartment relative to the free arterial tracer; V3 = equilibrium distribution volume of the
receptor compartment relative to the total arterial tracer; V3 = equilibrium distribution volume of the receptor compartment relative to the equilibrium
distribution volume of the nondisplaceable compartment (V,); K, to k, = fractional rate constants; f, = free fraction in plasma; BP = binding potential
(Bnex®o); Bg and Occ = average basal ganglia and occipital activities (this empiric outcome measure is equal to V3" only at peak time of (Bg —

Occ).)

Vi is given by the sum of V, and V, (Equations 9 and 12)

Ki(1 + kyky)
C kf

Substituting in Equation 12 the terms K /k,f;, k; and k, with
Equations 9, 10 and 11, respectively, and recalling that K, is
equal k gk, established the equivalence between V, and BP.
The relationships between V;, V3, the rate constants and the BP
followed a similar derivation and are given in Table 1.

The contribution of the activity in the blood vessels to the total
regional activity was estimated using the total plasma activity
integrated over the acquisitiori time and a mean blood volume
equal to 5% of the regional volume (14). This contribution was
found to be negligible (<0.5%). The occipital equilibrium distri-
bution volume was assumed to be equal to the nondisplaceable
compartment in the basal ganglia (V). This assumption was val-
idated in baboons in which the striatal ['I]IBF equilibrium dis-
tribution volume after injection of a receptor-saturating dose of
raclopride (1 mg/kg intravenous) was found to be equal to the
occipital equilibrium distribution volume (16). Hence, the model
constrained the K,-to-k, ratio in the basal ganglia to the K;-to-k,
ratio measured in the occipital. Because this ratio is independent
of the blood flow (Equations 8 and 9), the model did not assume
similar blood flow in both regions.

Kinetic parameters were derived with an analytic solution.
Fitted brain values were calculated by the convolution of the
arterial input function and the impulse response function, which
was a sum of 1 (occipital) or 2 (basal ganglia) exponentials, as
previously described (18, 28,29). Rate constants for arterial clear-
ance and brain uptake of the tracer were estimated by nonlinear
regression, using a Levenberg-Marquart least-squares minimiza-
tion procedure (30) implemented in MATLAB (The Math Works,
Inc., South Natick, MA). Preliminary runs established that the
minimization procedure was not sensitive to initial values. In all
cases, the program converged before the maximum number of
iterations was exceeded (set at 100 - p, with p equal to the number
of parameters free to float). Metabolite-corrected fitted arterial

Eq. 13

T
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tracer concentration values were used as the input function (17).
Values were calculated every 10 sec for the first 2 min and every
2 min for the remainder of the experiment. Preliminary explora-
tion of the model showed that using denser input functions did not
change the results of the optimization procedure.

The standard errors of the parameters were given by the diag-
onal of the covariance matrix (31 ) and expressed as the percent of
the parameters (coefficient of variation). This is a measure of the
identifiability of the parameters by the regression process. The
parameter identifiability measure should not be confused with the
standard deviation of the parameter in the sampled population.

Graphic Method. Regional time activity curves were graphi-
cally analyzed according to the equation

f Cror(t)t f FCA(0dt
0 0

Cror(t) Croi(t)

where the value of the slope a and the intercept b are obtained by
linear regression and ROI indicates region of interest. This
method allows the determination of the regional V. of reversible
ligands as the slope of the regression line without assuming a
particular compartmental configuration (20). Integrations were
performed numerically using a recursive Simpson’s rule. Assum-
ing, as in the kinetic analysis, the equivalence between the non-
displaceable basal ganglia and occipital equilibrium distribution
volumes, BP was calculated as the difference between the slope of
the regression lines in the basal ganglia and occipital regions.

Although derivations of the kinetic parameters are not needed
for an estimation of BP, their values can be computed using the
intercept of the regression lines by solving the following system of
equations (20):

+b, Eq. 14

Kl = aoockz, Eq. 16
k= — oo Eq. 17
ks = augke, Eq. 18
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(ky/(1 +V3) + 1byy)
a+vy)

ks= - Eq. 19
where a and b are slopes and intercepts of the occipital (occ) and
basal ganglia (bg) regression lines.

Empiric Method. The ratio of the specific (basal ganglia minus
occipital) to nonspecific (occipital) activity measured from 80 to
120 min (four acquisitions) was calculated and compared with V7.
Providing that the specific binding is at equilibrium, these two
outcome measures should give similar results. This period was
chosen after completion of the studies because it was centered

around the average peak time of the specific binding, empirically
calculated as the difference between the basal ganglial and occip-

ital activity.

RESULTS

Peripheral Metabolism and Clearance

The radiopharmaceutical ['IJIBF was metabolized into
two operationally defined fractions (Fig. 2A): a polar frac-
tion (nonextractable in ethyl acetate) and a lipophilic frac-
tion (extractable in ethyl acetate). HPLC analysis revealed
that the extractable fraction was composed of the parent
compound and two distinct metabolites that eluted before
the parent compound (Fig. 2B). The relative contribution
of the polar fraction increased rapidly to about 20% of total
activity within 20 to 40 min and then remained relatively
stable. By contrast, the lipophilic metabolite fraction
steadily increased for the first 60 min postinjection and then
stabilized at 60%-70% of total activity. Hence, the parent
compound fraction decreased during the first hour to 10%-
20% of the total activity. The polar, lipophilic and parent
fractions represented 18% + 5%, 58% * 9% and 23% =*
11% of the total activity at 60 min and 26% =+ 13%, 70% +
25% and 17% * 9% at 120 min.

Pharmacokinetic parameters of the plasma clearance of
the parent compound were estimated by three-exponential
fit (Equations 1 and 2, Table 2, Fig. 3). The mean Vy,, was
7.4% =+ 3.2% of body weight, a value close to the estimated
blood volume (8%; 32). Both C; (41 x 21 liters/hr) and
terminal half-life (115 + 100 min) values showed large
variation between subjects. The mean f; was 0.05% +
0.02%, indicating that 95% of the parent compound was
bound to plasma proteins. The value of f; ranged from
0.024% to 0.065%. Between-subject differences in f; were
significant compared with the assay reproducibility (re-
peated-measures analysis of variance [ANOVA]; between-
subjects, n = 8, p = 0.001; within-subjects, n = 4, p =
0.69).

Occipital Region

Occipital activity displayed an early peak (12 = 6 min)
and a rapid washout. Occipital time-activity curves were
analyzed with kinetic and graphic methods (Table 3, Figs.
4 and 5).

Kinetic Analysis. The mean K, and k, were 0.086 +
0.0161 ml - g~ - min~! and 0.036 + 0.004 min~'. Both
parameters were well identified, with a mean identification
of 6.3% + 1.6% and 7.6% = 2.0%, respectively. V, was 54
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% Total arterial activity >

Relative Response (%)

FIGURE 2. Peripheral metabolism of ['2]]IBF after injection of
5.6 mCi in a 33-yr-old female (Subject 4). (A) lodine-123-IBF under-
went extensive metabolism into two classes of metabolites, a polar
fraction (closed circles) not extractable by ethyl acetate, and a Ii-
pophilic fraction (open circles) extractable by ethyl acetate. The
parent compound (open squares) was separated from the lipophilic
metabolites by reverse-phase HPLC. The y-axis represents the re-
spective contribution of each class to the total arterial activity. The
contribution of the parent compound decreased rapidly to about 20%
and 10% at 60 and 120 min, respectively. (B) Relative distribution of
lipophilic plasma components at selected times as determined by
reverse-phase HPLC, shown as relative response of the radioactive
detector normalized so that the sum of the area under the peak

equais 100%. The parent compound eluted at retention time (i) 8.9
min. Two lipohilic metabolites were detected at t; 4.3 and 5.1 min.

+ 18 ml/g with an identifiability of 3.6% + 1.4%. V; was
2.44 + 0.52 ml/g.

Graphic Analysis. Because the relationship appeared to
be linear over the entire duration of the studies (Fig. 5B),
every point was included in the regression. The values of
V, as derived by graphic analysis (55 + 20 ml/g) were
virtually identical to V, values estimated by kinetic analy-
sis (54 + 18 ml/g). Graphically derived values of K, and k,
were also very close to the kinetically derived values
(Table 3).

Basal Ganglia

Basal ganglial activities peaked at 50 + 25 min. In sub-
jects with slow peripheral clearance, the basal ganglial
activity exhibited a prolonged plateau. In subjects with fast
clearance, the basal ganglial activity showed an earlier and
sharper peak followed by a faster washout. The ratio of
basal ganglial-to-occipital activities were 1.96 = 0.34,
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Demographic Data and Plasma Analyses <
Age Weight ['Z1)IBF dose Voot Terminal halt-ife
Study no Sex om (kg) (mCj) (% body weight) (Wer/hr) (min~") f,
1 F 23 73 6.1 54 39.0 104 0.070
2 F 24 48 56 145 205 349 0.048
3 F 24 77 6.0 79 63.9 68 0.054
4 F 33 53 56 72 534 47 0.065
5 M 2 57 6.0 77 740 35 0.024
6 M 23 89 6.1 64 20.7 136 0.064
7 M 28 80 58 6.2 418 74 0.046
8 M 43 75 6.0 36 15.1 110 0.027
Mean + s.d. 287 69=x15 5902 7432 4121 115 + 100 0.050 = 0.017

= initial arterial plasma volume of distribution, expressed as percent body weight; C, = arterial plasma clearance of the parent

ascdculatadby

compound,
fit, terminal haif-iife = longest half-life of the arterial plasma clearance; f, = free fraction of ['>{]IBF in arterial

plasma, measured by in vitro ultrafitration; ['21]IBF = iodine-123-iabeled iodobenzofuran.

2.64 + 0.42 and 3.54 = 0.71 at 30, 60 and 150 min, respec-
tively (Fig. 4). Basal ganglia curves were analyzed with
kinetic, graphic and empiric methods (Tables 4 and S, Fig.
5).

Kinetic Analysis. Basal ganglial time-activity curves
were fit to a three-compartment model with the K;-to-k,
ratio constrained to the occipital V; value. The mean value
of K, in the basal ganglia (0.123 + 0.03 ml g~! min~") was
significantly higher than in the occipital (0.086 + 0.0161 ml
g~! min~; repeated-measures ANOVA; for subjects, p =
0.03; for regions, p = 0.02), but the identifiability was
comparable (6.1% = 2.1%). The mean value of k; and k,
were 0.087 + 0.049 and 0.035 + 0.020 min~". As opposed
to K, individual values of k; and k, were poorly identified
(34% + 25% and 38% + 24% for k; and k,, respectively).

The mean V, (= BP) value was 129 + 51 ml/g and was
well identified (5.6% * 4%). Thus, the k;-to-k, ratio was

10
€
3 1
3
5
0.1
g
'-'g 0.01
(-]
@ 0.001 . y r — y \
_ o S0 60 90 120 150 180
Time (min)

FIGURE 3. Peripheral clearance of ['Z1]IBF after injection of 5.6
mCi in a 33-yr-old female (Subject 4). The measured total parent
compound concentrations (closed circles) were fit to a sum of three
exponentials (solid fine) by nonfinear least-squares regression
(Equation 1). Regression parameters were: initial volume of distri-
bution, 3.7 liters; a,, 1.15; a5, 0.111; &y, 0.0422; A,, 1.70 min~"; A,,
O1&3mh" A,,00146nh“ terminal half-iife, 47 min and clear-
ance, 53 liters/hr.
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better identified than the individual values of k; and k,. The
mean V; (= BPf;) was 6.0 = 1.8 ml/g, and the mean V7 (=
BP/V,) was 2.51 * 0.73. No linear relationship was found
between V; and V} (2 = 0.07, p = 0.50). The source of
variance in V, was investigated by multiple regression with
f, and V; as factors. The f; factor was significant (p =
0.043) but not the V; factor (p = 0.16). Thus, the variance
in binding potential between subjects was the result of
variance in f; more than in V;.

Graphic Analysis. All points were included in the
regression. The basal ganglia V1 as estimated by the slope
of the graph (184 = 59 ml/g) was in agreement with the
basal ganglia V., as derived by kinetic analysis (186 + 62
ml/g). The graphic V; value, calculated as the difference
between basal ganglia and occipital slope was 129 + 51
ml/g, in close agreement with the kinetically derived V,
(132 £ 51 ml/g). Individual determinations of BP by kinetic
and graphic methods were in good agreement. The rela-
tionship between kinetic and graphic BP was linear with
a slope (1.13) and r* (0.94) close to unity (p = 0.0001,
Fig. 6A).

Empiric Method. For each acquisition, specific binding
was estimated by the difference between basal ganglial and
occipital activities. The mean peak time of the specific
binding was 95 = 32 min. Because the model predicts that
the specific-to-nonspecific ratio is equal to V3 at the peak
time of specific binding, the 80- to 120-min period was
chosen as the period during which an empiric specific-to-
nonspecific ratio should approximate the V3, as estimated
by model-based methods. Over this period, the specific-to-
nonspecific ratio was 2.24 + 0.53 (Table 5), a value close to
V3 (2.52 £ 0.73). However, linear regression between this
empiric ratio and V3, although significant (p = 0.010), had
a slope (0.60) and a correlation coefficient (0.68) far from
unity (Fig. 6B). The largest discrepancy was noted in the
subjects who exhibited both slow clearance and high BP.
Excluding these two subjects, the slope and r* would have
been 1.13 and 0.88, respectively.
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TABLE 3
Occipital Region: Kinetic and Graphic Analyses*

Kinetic analysis Graphic analysis
K, (mig™ A\ Vo K, (mig™ ka Vv, V.  Difference
Study no. min~") kz (min~") (mVg) (mVg) min~") (min™") (mVg) (mlig) (%)
1 0.1158 0.0373 43 3.10 0.1016 0.0322 379 25 1.82
2 0.0920 0.0355 54.0 259 0.0947 0.0364 54.2 26 0.46
3 0.0893 0.0304 54.4 294 0.0768 0.0278 513 28 5.74
4 0.0954 0.0387 379 248 0.0835 0.0321 61.2 28 5.71
5 0.0703 0.0324 90.3 217 0.0616 0.0267 28.7 1.8 6.27
6 0.0812 0.0442 287 184 0.0758 0.0410 61.0 16 0.61
7 0.0880 0.0321 59.7 2.75 0.0818 0.0290 95.9 23 253
8 0.0633 0.0385 60.9 1.64 0.0594 0.0361 451 3.2 0.15

Mean =+ s.d. 0.0869 + 0.0161 0.0361 = 0.0045 53.8 + 18.5 2.44 + 0.52 0.0794 + 0.0146 0.0326 + 0.0049 54.4 = 20.1 2.5 + 0.5 2.91 + 2.60

*Difference between the two methods was calculated as the absolute value of the difference between kinetic V,, and graphical V,, expressed as

the percentage of kinetic V,.

K, and k, = fractional rate constants of the tracer transport in and out of the brain; V,, = equilibrium distribution volume relative to free tracer in
arterial plasma; V, = equilibrium distribution volume relative to total tracer in arterial plasma.

Simulations

To investigate relationships between empirically and ki-
netically derived outcome measures further, we compared
the brain response with various input functions (i.e., vari-
ous plasma clearances) while maintaining the parameters
of the impulse response function constant. The parameters
of the impulse response function were average parameters
measured in this study: occipital: K;, 0.087 ml g~ min~;

[1231]1BF HEALTHY SUBJECT

FIGURE 4. Activity distribution of ['?*I]IBF after injection of 5.5
mCi in a 28-yr-old female (Subject 2). Acquisitions were obtained for
10 min with the CERASPECT camera at 5, 30, 60 and 120 min
postinjection and reoriented so that the canthomeatal plane corre-
sponded to the transaxial axis of the dataset. The four contiguous
images, including the highest level of basal ganglial activities, were
summed to generate these images. Basal pital ratios
were 1.6, 2.0, 2.9 and 4.3 at 5, 30, 60 and 120 min, respectively.

Kinetic Analysis of ['21)IBF Binding in Humans * Laruelle et al.

Kz, 0.036 min~! and Vj}, 2.44 ml/g and basal ganglia: K,
0.120 ml g~! min~?; k,, 0.050 min’; k;, 0.088 min~’; k,,
0.035 min~"; V3, 6.10 ml/g; Vi, 8.55 ml/g and V3, 2.49. The
control input function had a clearance equal to the mean
C. (41 = 22 liters/hr) in this population: Vi, 3.8 liters; a,,
0.83; a,, 0.082; as, 0.030; A,, 1.69 min~"; A,, 0.082 min~!
and A;, 0.0071 min™" (corresponding to a terminal half-life
of 96 min).

The brain response to the control input function was
compared with the brain responses to input functions char-
acterized by fast or slow clearance. Fast and slow clear-
ance input function corresponded to clearance 1 s.d. above
(63 liters/hr) or 1 s.d. below (19 liters/hr) the population
mean clearance and were obtained by setting A; to 0.0135
and 0.0028 min~", respectively (Fig. 7A). The time of peak
specific binding was 82, 96 and 125 min in the fast, control
and slow clearance simulation, respectively (Fig. 7B). At
the peak time, the specific-to-nonspecific ratios of the three
curves were identical (2.49) and corresponded to the true
value of V73 (2.49, Fig. 7B). When this ratio was calculated
between 80 and 120 min, as in the studies presented here,
the control curve yielded a ratio (2.50) similar to V3. How-
ever, ratios obtained from the fast and slow clearance
simulations (3.11 and 2.14, respectively) resulted in over-
and underestimations of the true V3.

DISCUSSION

These studies support the feasibility of kinetic measure-
ment of dopamine D2 BP in humans with ['?IJIBF. This
approach requires the measurement of the metabolite-cor-
rected arterial input function, because marked differences
were noted in the population in the rate of both peripheral
metabolization and peripheral clearance.

Two model-based methods (kinetic and graphic) were
used to derive the BP. Both methods used the same as-
sumption, i.e., that the occipital equilibrium distribution
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FIGURE 5. Kinetic and graphic analyses of time-activity curves in
basal gangiial (closed circles) and occipital (open circles) regions
following injection of 6.0 mCi ['2]IBF in a 23-yr-old female (Subject
3). (A) Kinetic analysis. Measured values (circles) were fit to a two-
and three-compartment model (Fig. 1) in occipital and basal gangiial
regions, respectively, with basal ganglial V,, value constrained to the
value of occipital V. Solid lines represent the fitted values. Values of
rate constants are given in Tables 3 and 4. Occipital V, was 54 ml/g,
basal ganglia V5 and Vy were 139 and 195 ml/g, respectively. (B)
Graphic analysis. /5 Croy(t)dt/Crox(t) was plotted versus J5 f;C,(t)dt
Crai(t), where Co(t) was the activity concentration in the ROI for
each acquisition and f,C,(t) was the integrated free tracer concen-
tration during each acquisition. Because of the linear aspect of the
curves, all data points were included in the linear regression: occip-
ital lobe: y = —36 + 51x; basal gangiia: y = —90 + 183x. Occipital
V, and basal ganglial V; were given by the slopes (51 and 183 mlg,
respectively). Basal gangiial V, was calculated as 185 — 51 = 132
ml/g. Graphically and kinetically derived volumes of distribution were
in excellent agreement.

volume was equal to that of the nondisplaceable compart-
ment in the basal ganglia. Both methods yielded a similar
estimation of BP. Thus ['ZI]IBF satisfies the condition of
reversibility needed for implementation of this graphic
method, which is computationally simpler and faster than
the kinetic modeling approach.

K, and k, were well identified by kinetic modeling and
relatively stable across subjects. Using Equation 8 and an
average basal ganglial blood flow of 0.65 ml - g~! - min™!
(33), the mean basal ganglial K, estimates E as 0.18, PS as
0.13ml- g™! - min~! and the PS product relative to the free
compound (PS/f;; 17,34) at 2.72 ml - g' - min~". Thus, the
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relatively low extraction is compatible with the high level
of binding to plasma proteins measured in vitro. Occipital
K, values were lower than striatal K, values, reflecting the
lower blood flow in white matter compared with that in
gray matter and the larger white matter contribution to the
occipital ROI compared with that in the basal ganglia.

Individual values of k; and k, exhibited high covariance,
but their ratio was well identified by the regression. As
previously described (18, 20), the identifiability of k; and k,
values increases as k, became much lower than k,. When
k4 is equal to or greater than k,, the eigenvalue of the
second exponential of the impulse response function be-
comes relatively insensitive to k, if the kj-to-k, ratio was
fixed.

Basal ganglial peak uptake occurred later in humans
(52 %= 24 min) than in baboons (20-40 min, 15). This dif-
ference appeared related to the slower peripheral clearance
in humans (0.63 + 0.38 liter/hr - kg) compared with that in
baboons (1.42 * 0.66 liter/hr + kg, n = 10, unpublished
data). The mean value of k, in human was 0.035 + 0.020
min~", corresponding to a dissociation half-life of 19 + 11
min. This value compares favorably with the ['ZIJIBF
dissociation half-life measured in baboons (28 + 18 min, n
= 3) with a similar constrained three-compartment model
(unpublished data). In baboons, ['ZI]IBF in vivo equilib-
rium binding was decreased by drugs such as dextroam-
phetamine, which increase dopamine intrasynaptic con-
centrations (16). Because the in vivo k.4 appears to be the
critical factor determining the sensitivity of a tracer to this
type of challenge (35), these data suggest that such a par-
adigm might be implemented in humans with [*ZI]IBF to
study dextroamphetamine-induced dopamine release.

Three outcome measures were proposed to characterize
the equilibrium distribution volume of the receptor com-
partment. The first outcome measure, Vj, is theoretically
equivalent to the molecular binding potential. Combining
experiments performed at high and low specific activity,
the authors recently measured the in vivo ['2IJIBF K, in
baboons as 0.09 nM (unpublished results), a value in close
agreement with the in vitro ['*IJIBF K, measured at 37°C
(0.11 nM, 7). Assuming a similar in vivo K, in humans, a
BP of 129 + 51 would correspond to a B,,,,, of 11.6 * 4.6
nM.

This in vivo ['2IJIBF By, value is in excellent agree-
ment with the in vitro D2 B, value of 11.5 + 3.6 nM, as
measured with [*H]spiperone in postmortem human basal
ganglia samples (n = 246, age range 43-93 yr, 36). How-
ever, this comparison may be misleading for two reasons.
First, the D2 B, for benzamides such as [*H]emonapride
or [*H]raclopride was shown to be 1.5- to 2-fold higher than
the D2 B, for [*H]spiperone in D2 cloned cell lines (37),
and a D2 B,,,, value of 16.5 = 4.7 nM in human postmor-
tem caudate samples was recently reported for the benza-
mide ['®I]epidipride (n = 6, age range 65-89 yr, 38). Sec-
ond, postmortem and PET studies show a decline in D2
receptor density with age (39-44). PET experiments per-
formed with [*'C]raclopride in subjects between their sec-
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TABLE 4

Basal Ganglia: Kinetic and Graphic Analyses*
Kinetic analysis Graphic analysis
K, (mig™ kz ks Ke Vs Vs Vs ks Ke Vs, A Vs  Difference
Swdyno.  min"Y)  (min"") (min~") (min"") (mig) (Mig) (Mi) (Min~") (min~') (mig) (Mg (M (%)
1 0.170 00550 00742 00208 110 773 249 00348 00144 109 765 242 10
2 0.143 0.0550 0.0937 0.0280 181 8668 335 00624 00180 188 9.01 346 40
3 0.165 00548 00740 00298 139 749 248 00188 00073 132 714 258 47
4 0.122 0.0499 0.1940 0.0833 88 57 233 00321 0.0137 88 5.71 234 0.0
5 0.087 00400 00302 00196 139 334 154 00820 00678 116 278 121 16.6
6 0.093 0.0509 0.1060 0.0429 70 450 246 00979 0.0378 70 450 259 0.0
7 0.112 00408 00425 00246 103 474 173 027268 0.1726 97 445 158 6.1
8 0.090 00551 00883 00238 226 609 372 00679 001868 222 6.01 3.65 14
Mean 0.123 00502 00878 00352 132 603 251 00836 00438 128 5.91 248 424
+sd. 0.033 0.0064 0.0499 0.0206 51 183 073 00809 0.0556 52 200 0.83 5.51

*Difference between two methods was calculated as the absolute value of the difference between kinetic V, and graphical V,, expressed as

percentage of kinetic V.

K, and k, = fractional rate constants of the tracer transport in and out of the brain; ks and k, = tracer-receptor association and dissociation rate
constants; V,; = equilibrium distribution volume of receptor compartment relative to free tracer in arterial plasma, equal to binding potential; V; =
equilibrium distribution volume of receptor compartment relative to total tracer in arterial plasma; V3 = equilibrium distribution volume of receptor

compartment relative to occipital equilibrium distribution volume, equal to ky/k,.

ond and fourth decades provided B, estimates of 14.4 +
1.9 nM (45), 22 = 6 nM (46) and 25 to 45 nM (43). Thus,
[*21)IBF B,,,, as measured here, may be underestimated,
presumably because of the partial volume effects associ-
ated with the use of a relatively large ROI.

The large range of V, estimated by this study (70-226
ml/g) is in accordance with the range of D2 densities re-
ported in PET studies in this age group: 5 to 30 nM (47), 15
to 40 nM (46) and 25 to 45 nM (43). However, between-
subject variations in BP were strongly influenced by vari-
ations in f,. This observation raised concerns about error
propagation from the f; measurement to the final outcome

TABLE 5§
Basal Ganglia: Kinetic and Empiric Analyses*
Empiric method
Kinetic analysis (specific-to-nonspecific ratio Difference
Study no. V3 (mlig) from 80-120 min) (%)
1 249 233 7
2 3.35 2.90 13
3 248 2.38 4
4 233 252 8
5 1.54 1.46 5
6 2.46 238 3
7 1.73 1.64 5
8 3.72 253 32
Mean +sd. 251 +0.73 227 + 048 10+ 10

*Difference between the two methods was calculated as the absolute
value of the difference between the outcome measures, expressed as
percentage of V3.

V3 = equilibrium distribution volume of receptor compartment relative
to occipital equilibrium distribution volume, calculated as ky/k,; specific-
to-nonspecific ratio = ratio of basal ganglial minus occipital counts to
occlipital counts, averaged for four acquisitions between 80 and 120 min.

Kinetic Analysis of ['ZI]IBF Binding in Humans * Laruelle et al.

measure. Because only a small fraction (about 5%) of
['ZI]IBF is not bound to plasma proteins, small differences
between subjects in the percent free have a significant
impact on the calculation of V,. Under these conditions,
the equilibrium distribution volume relative to the total
plasma tracer (V3) might be a better outcome measure.
Indeed, the majority of PET studies looking at measure-
ments of D2 receptor density neglected potential f, differ-
ences between subjects (17,43,45,48,49). It should, how-
ever, be noticed that this question is only of concern when
BP is chosen as the outcome measure. When B, and K,
are derived with paired high and low specific activity ex-
periments, differences in f; affect the K, but not the B, .

An alternative solution is to express the outcome measure
in terms of BP/V, (= k;-to-k, ratio or = V3). This outcome
measure, also designed as the equilibrium partition coeffi-
cient (50), presents several advantages. Because f; is in-
cluded in both the numerator and denominator, this ratio is
independent of f; and protected both from potential experi-
mental errors and between-subject variations in f; that may
bias the measurement. In addition, V3 is protected from
potential errors in the cross calibration between the brain and
plasma counting devices. The underlying assumption is the
uniformity of the nondisplaceable compartment across sub-
jects. This assumption appears to be reasonable because V,
showed the lowest between-subject variation of all the cal-
culated outcome measures. It is likely that the protection
from experimental errors associated with the choice of V3 as
the outcome measure exceeds the error introduced by the
assumption of between-subject uniformity of V,. Assess-
ment of between-experiment reproducibility for each out-
come measure with a test/retest paradigm is needed to ad-
dress this issue further and ultimately to select the method
most sensitive to alterations in D2 BP (49,51).
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An analytic method that does not require repeated scan
acquisitions and plasma measurements significantly de-
creases the cost of the studies and increases patient com-
pliance. In theory, V3 could be directly estimated from the
specific-to-nonspecific ratio at the peak time of the specific
binding. A 40-min time interval (80-120 min), centered
around the average specific binding peak time, was thus
chosen as the period during which the specific-to-nonspe-
cific ratio was most likely to be in agreement with V3. The
average difference between this ratio and V3 was 10%, and
most of the difference was caused by two subjects who
combined slow clearance and high BP. The use of a later
time interval in these two subjects would have reduced this
error. These data, and the simulations performed with the
kinetic parameters derived from the present study, illus-
trated the potential error associated with the use of a pre-
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FIGURE 6. Relationship between kinetically, graphically and em-
pirically derived outcome measures. The solid line represent the
ideal situation in which the outcome measures would be linearly
related with a slope of one. The broken line represents the linear
regression of the measured values. (A) The relationship between the
graphic BP and the kinetic BP was linear with a slope of 1.13 (2 =
0.94, p = 0.0001). (B) The relationship between the empiric specific-

ratio averaged from 80 to 120 min and the kinetic V3
was linear (p = 0.01) but had a siope of 0.060 and a r? of 0.68. The
two points in the upper right were affected by the highest residuals
and corresponded to Subjects 2 and 8 who combined slow clear-
ance (Table 2) and high BP (Table 4). In these subjects, specific
binding equilibration (time of peak specific uptake) occurred after
120 min.
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FIGURE 7. Simulated curves to investigate effect of peripheral
clearance on empirically measured distribution volume. (A) Basal
ganglial and occipital time-activity curves were obtained by convo-
luting occipital and basal ganglial average impulse response func-
tions (see parameter values in text) by three input functions. These
input functions were characterized by control peripheral clearance
(equal to population sample mean value, 41 liters/hr, solid lines), fast
clearance (63 liters/hr, dotted lines) and slow clearance (19 liters/hr,
broken lines). As plasma clearance becomes slower, the

peak uptake time is delayed, and the regional washout rate de-
creases. (B) Empiric analysis. Specific binding (left y-axis, three
upper curves) was measured as the difference between basal gan-
glial (BG) and occipital (Occ) activities and plotted as a function of
time for the control, fast and slow clearance situations. Specific-to-
nonspecific ratios were then calculated for each time (right y-axis,
three lower curves). At specific binding peak time (79, 96 and 120
min in fast, control and slow plasma clearance simulations, respec-
tively), the specific-to-nonspecific ratio was equal to 2.49 (= true
value of V3 used in the impulse response function parameters).
Hence, an empiric outcome measured based on this ratio between
80 and 120 min would overestimate the true V3 in case of a fast
clearance and underestimate the true V3 in case of a slow clear-
ance.

defined and limited scanning interval. Whether or not this
10% error is acceptable for clinical investigations depends
on multiple factors, such as the expected magnitude of the
D2 density alteration and the number of subjects. Thus,
this question should be addressed by a power analysis prior
to such an investigation.

The error associated with the empiric ratio method ulti-
mately derives from the fact that the basal ganglia-to-oc-
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cipital ratio is only linear with the receptor density at equi-
librium, i.e., at the peak time of the specific binding. After
a single bolus injection, this equilibrium state is only es-
tablished for a short time. As previously described with
["'CJcyclofoxy (52) and ['*I]iomazenil (53), this difficulty
can be circumvented by the administration of the tracer as
a constant infusion. During a tracer constant infusion, a
prolonged state of equilibrium can be established and main-
tained for a prolonged period (52,53). Preliminary studies
in baboons suggested that a constant infusion paradigm
could be implemented for ['ZIJIBF (16), and the feasibility
of this approach in humans is currently under investiga-
tion.

The average equilibrium specific-to-nonspecific ratio
measured in this study was 2.51 + 0.75. This value is four-
to fivefold higher than the corresponding values reported
for ['ZI]IBZM in humans, ranging from 0.5 to 0.75 (54, 55).
Thus, in accordance with previous reports in rodents
(7,10,56), ['2I)IBF has a higher target-to-background ratio
than does ['ZIJIBZM in humans.

Studies based on one high specific activity injection are
limited to the derivation of BP and do not provide explicit
derivations of B_,, and K,. Paired high and low specific
activity injections are required to measure these parame-
ters. Toxicologic studies are needed to evaluate the safety
of injection of pharmacologic doses of IBF before imple-
menting ['?I]IBF low specific activity injections in hu-
mans. The potential sensitivity of the BP to the endoge-
nous dopamine level is one limitation of the use of BP as an
outcome measure. However, the explicit derivation of
B..x and Ky might not be sufficient to protect the D2
measurement from the effects of endogenous dopamine.
Because of the existence of high and low affinity states of
the D2 receptors, the interaction between dopamine and
dopamine antagonists is pseudononcompetitive (57),
which means that dopamine affects both the apparent B,
and K, of the antagonists (58-60).

In conclusion, ['ZI]IBF provided high basal ganglial-to-
occipital ratios and good reversibility. Both of these qual-
ities are needed for quantitative measurement of D2 BP
with SPECT in humans. Kinetic and graphic analyses
could be implemented and yielded identical results. Sev-
eral outcome measures were proposed, and test/retest
studies are needed to define their reproducibility.
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