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lodine-123-iomazenil binding to benzodiazepine receptors in hu-
man brain was measured with SPECT using kinetic and equilib-
rium methods. Methods: In the kinetic experiments (n = 6),
regional time-activity curves after a single bolus injection of the
tracer were fit to a three-compartment model to provide esti-
mates of the rate constants K, to k,. The binding potential (equal
to the product of the receptor density and affinity) was derived
from the rate constants. In the equilibrium method (n = 8), the
tracer bolus injection was followed by a constant tracer infusion
to induce a sustained equilibrium state. The regional equilibrium
volume of distribution was calculated as the ratio of the regional
brain concentration-to-the free parent tracer steady-state plasma
concentration. In three experiments, a receptor-saturating dose
of flumazenil was injected for direct measurement of the nondis-
placeable compartment distribution volume. Results: The ki-
netic and equilibrium method results were in good agreement in
all regions investigated. lodine-125-iomazenil binding potential
measured in vitro in 12 postmortem samples was found to be
consistent with SPECT in vivo measurements. Conclusion:
These studies demonstrated the feasibility of quantification of
receptor binding with SPECT.
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Alterations of central benzodiazepine receptors have
been described in several neuropsychiatric conditions, in-
cluding epilepsy (I-3), Alzheimer’s disease (4,5), Hunting-
ton’s chorea (6-8) and schizophrenia (9-11). Carbon-11-
flumazenil (Ro 15-1788), a benzodiazepine antagonist, has
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been used as a PET radiotracer for visualization and quan-
tification of benzodiazepine receptors in humans (2, 12-16).
Recently, an iodinated analog of flumazenil, iomazenil (Ro
16-0154), has been introduced as a SPECT radiotracer (17).
SPECT studies in nonhuman primates (/8) and healthy
human subjects (19) have shown that ['?I}iomazenil had a
high brain uptake (10%-12% of the injected dose). About
90% of this brain activity is displaceable and therefore,
associated with specific binding to benzodiazepine recep-
tors.

Analysis of SPECT neuroreceptor imaging studies have
been typically restricted to empirical, semiquantitative
methods such as the ratio of activities in regions of interest
(ROIs) or the ROI washout rates. Since these empirical
measures do not control for factors such as peripheral
clearance, binding to plasma proteins and cerebral blood
flow, the ability of these measures to provide quantitative
information about the receptors under study is question-
able (20). The goal of the studies reported here was to
develop model-based methods for SPECT measurement of
[**I}iomazenil binding to benzodiazepine receptors in the
human brain.

Model-based methods for in vivo quantification of neu-
roreceptors can be broadly divided into kinetic and equi-
librium methods. Kinetic methods yield quantitative infor-
mation about the receptors by estimating the rate constants
which characterize the transfer between plasma, brain and
receptor compartments (21). Equilibrium methods derive
this information by analyzing the activity distribution at
equilibrium, i.e., when the receptor-ligand association and
dissociation rates are equal (22). With both approaches,
the outcome measure of experiments performed at tracer
doses is a unitless number, the binding potential (BP),
which equals the product of the receptor density (B,ax,
nM) and affinity (1/Kp, nM~') (21). The BP is also the
equilibrium distribution volume of the receptor compart-
ment, i.e., the ratio of specific binding in the brain-to-
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plasma level of free parent tracer at equilibrium. Benzodi-
azepine receptors have been measured with ['CJflumazenil
and PET with kinetic (16,23,24) and various “‘equilibrium”
methods (2 25-28).

Among equilibrium methods used to measure [!!C]flu-
mazenil BP, it is important to distinguish the ‘“‘peak up-
take”’ equilibrium method (2) and the ““transient’ equilib-
rium method (25,27,29). ‘‘Peak equilibrium’> methods
measure the BP at peak uptake of the specific binding,
usually obtained by subtracting the activity in the white
matter (2) or the pons (26, 28) from the activity in the ROI.
At peak uptake, the BP is calculated as the ratio of activity
in the ROI-to-activity in a reference region. The difficulty
of this method is the proper identification of peak uptake
for ligands such as ['ZI}iomazenil which exhibit a pro-
tracted plateau phase (19). The ‘‘transient” equilibrium
method, also called quasi-equilibrium (27) or pseudo-equi-
librium (25), refers to the measure of the BP when the
specific-to-nonspecific ratio or the specific binding-to-
plasma tracer concentration ratio becomes constant over
time (i.e., when both are decreasing at the same rate).
Carson et al. (30) proposed the term ““transient’ equilib-
rium to describe these conditions. As opposed to the peak
uptake equilibrium method, the transient equilibrium meth-
ods do not satisfy the Michaelis Menten equilibrium equa-
tion and can result in an overestimation of the BP (30). To
overcome the technical and theoretical difficulties associ-
ated with the use of equilibrium methods after single bolus
injection of the tracer, we implemented in humans the
constant infusion/sustained equilibrium method (30-32)
that we previously described in baboons (33-35).

In the study reported here, benzodiazepine receptor BP
was measured in 14 healthy subjects with ['ZIJiomazenil
and SPECT using both a kinetic (i.e., bolus only) and a
sustained equilibrium (i.e., bolus plus constant infusion)
paradigm. Plasma clearance of the tracer estimated from
the single bolus experiments was used to design the tracer
administration protocol of the bolus plus constant infusion
experiments. A direct measure of the nonspecific compart-
ment was obtained in three of the eight constant infusion
experiments by injecting a receptor saturating dose of flu-
mazenil (0.2 mg/kg) at the end of the study. In addition, the
accuracy of SPECT measurements was confirmed with
['*I]iomazenil binding studies to postmortem human brain
samples.

METHODS

Radiolabeling

Iodine-123-iomazenil and ['*I}iomazenil were prepared by io-
dodestannylation of ethyl 7-(tributyistannyl)-5,6-dihydro-5-meth-
yl-6-oxo-4H-imidazo(1,5-a][1,4]benzodiazepine-3-carboxylate with
chloramine-T in methanolic acetic acid at 120°C (36). Radiolabeled
products were purified by reversed-phase HPLC (C-18 column,
3.9 x 300 mm, 55% CH,0H/H,0, 0.7 ml/min; R, 9.2 min), formu-
lated in 5% ethanol in normal saline containing 0.1 mM L-ascorbic
acid, pH 5-6, and filtered through a 0.2-x membrane filter into a
sterile 10-ml serum vial or sterile 10-ml syringe. The radiochemical
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yield of the ['?I}iomazenil preparations averaged 66.4% *+ 8.2%
(with these and subsequent data expressed as mean * s.d., n = 14)
and the radiochemical purity averaged 97.6% * 1.7% (n = 14). The
specific activity was determined by comparing the UV absorbance
of the labeled product with a standard curve generated from known
concentrations of nonradioactive iomazenil. The specific activity of
[*PI}iomazenil in these preparations was found to be greater than
5000 Ci/mmole and may be estimated to be on the order of 180,000
Ci/mmole (37). Sterility was assured by lack of bacterial growth in
two media and apyrogenicity was confirmed using the limulus ame-
bocyte lysate (LAL) test. The specific activity of ['*IJiomazenil was
estimated by UV detection to be 1090 Ci/mmole on the day of
labeling.

Healthy Subjects

Fourteen healthy subjects (age 26 + 6 yr, weight 75 + 7 kg, 11
males and 2 females) were recruited for these studies. Inclusion
criteria were: (1) absence of current medical conditions and (2)
absence of neuropsychiatric illness, alcohol or substance use. A
physical examination, EKG and routine blood and urine tests
were performed in the screening procedure. All subjects gave
written informed consent. Protocols were approved by the insti-
tutional human investigation committee. Subjects received potas-
sium ijodide (SSKI solution 0.6 g in the 24 hr period prior to
imaging).

Data Acquisition

SPECT data were acquired with the multislice brain-dedicated
CERASPECT camera (Digital Scintigraphics, Waltham, MA)
(38). The transaxial and axial resolution in air are 7.7 and 5.9 mm
FWHM, respectively (39). In water, the resolution is 10-12 mm in
the three planes.

Four fiducial markers filled with 10 uCi of [*™Tc]sodium
pertechnetate were attached on both sides of the subjects’s head
at the level of the cantho-meatal line to control positioning of the
head in the gantry before tracer injection and to identify the
cantho-meatal plane during image analysis.

Single bolus experiments were performed in six subjects (age
23 £ 0.7 yr, weight 78 + 11 kg). Iodine-123-iomazenil (12.8 + 4.2
mCi) was injected as a single bolus over 30 sec. Scans were
acquired in continuous mode every 2 min for 145 + 5 min. Arterial
blood samples (1-2 ml) were collected every 20 sec for the first 2
min with a peristaltic pump (Harvard 2501-001, South Natick,
MA) and then manually at 3, 4, 6, 8, 12, 16, 20, 30, 45 and 60 min.
After the first hour, samples were drawn every 30 min until the
end of the experiment.

Constant infusion experiments without flumazenil displace-
ment were performed in five subjects (age 26 * 9 yr, weight 75 +
4 kg). The dose was divided in a bolus of 3.89 * 0.39 mCi followed
by a constant infusion of 1.08 + 0.12 mCi/hr (IMED pump, Jemini
PC-1, San Diego, CA) given over 450 min, resulting in a bolus-to-
infusion ratio of 3.61 * 0.27 hr. Scans were acquired in continuous
mode every 5 min from 250 to 450 min postinjection. In three
subjects, data were also acquired from 0 to 150 min postinjection.
Arterial samples were collected in a pattern similar to the single
bolus experiments in the first three experiments, and every 15 min
starting 2 to 4 hr postradiotracer injection in the last five experi-
ments.

Flumazenil displacement during [**IJiomazenil constant infu-
sion was performed in three subjects (age 27 + 2.6 yr, weight
75 = 12 kg). The injection and acquisition protocols were similar
to the previous constant infusion studies (bolus 4.1 = 0.54 mCi,
infusion 1.12 + 0.16 mCi/hr resulting in a bolus-to-infusion ratio of
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3.64 = 0.13 hr), with the exception that a receptor-saturating dose
of flumazenil (0.2 mg/kg was given at 384 min, as an intravenous
infusion over 10 min (40).

A brain MR image was acquired in one subject on a 1.5 Tesla
Signa system (General Electric Co., Milwaukee, WI). Transaxial
T1-weighted, 3-mm contiguous images were obtained using a spin-
echo sequence (TE 26, TR 500, FOV 24, 2 nex with a 256 X 256
matrix). MRI was performed on the same day as the SPECT
experiment. Coregistration of MR and SPECT images was done
relative to a set of 10 common fiducial markers filled with 20 mM
CuSO, and approximately 10 uCi [*™Tc]sodium pertechnetate
(41). The complete datasets (32 SPECT and 45 MR images) were
resliced parallel to the cantho-meatal plane.

Image Analysis

Images were reconstructed from counts set on the iodine pho-
topeak (159 keV) with a 10% symmetric window using a Butter-
worth filter (cutoff = 1 cm, power factor = 10) and displayed on
a 64 X 64 x 32 matrix (pixel size = 3.3 mm X 3.3 mm, slice
thickness = 3.3 mm, voxel volume = 36.7 mm®). Attenuation
correction was performed assuming uniform attenuation equal to
that of water (attenuation coefficient u = 0.150 cm?/g) within an
ellipse drawn around the skull as identified by the markers. Im-
ages were reoriented so that the cantho-meatal plane, as identified
by the four fiducial markers, corresponded to the transaxial plane
of the dataset.

The level of highest occipital concentration was identified by
inspection of the 32 images of an acquisition obtained after peak
brain uptake, usually 30 min postinjection. This level was invari-
ably located 9-10 slices above the cantho-meatal plane. A set of
three slices, including one image below and one above the level of
maximal occipital activity, were then summed (upper slice). Three
slices were also summed at the level of the cantho-meatal plane as
defined by the markers (lower slice). Seven ROIs were drawn on
the coregistered MRI slices and applied to the corresponding
SPECT slices from the coregistration study. The same ROIs were
used, without shape or size modification, to analyze all experi-
ments. Pontine (1 cm?) and cerebellar ROIs (4.3 cm?) were posi-
tioned on the lower slice. Occipital (4.0 cm?), frontal (3.3 cm?),
temporal (2.8 cm?), striatal (1.5 cm?) and thalamic (0.8 cm?) ROIs
were positioned on the upper slice.

Average cpm/pixel ROI activities were measured, decay-cor-
rected for the time of injection and expressed in uCi/cc using a
calibration factor of 0.0069 xCi/cpm. This calibration factor was
measured with an '2] distributed source of 13.5 cm diameter (0.8
uCi/ml) acquired and reconstructed using the same protocol. The
sensitivity of the camera was monitored weekly between these
studies and varied by less than 5%. A ROI was also placed on one
marker to assess the uniformity of the sensitivity during the ex-
periments. No attempts were made to correct for the scatter
fraction within the photopeak window nor for partial volume
effects.

Arterial Plasma Analysis

Blood samples were analyzed as previously described (42).
Extraction (ethyl acetate) was followed by reverse-phase, HPLC
to measure the metabolite-corrected total plasma activity (Ca(t),
uCi/ml). Plasma protein binding was measured by ultracentrifu-
gation through Centrifree membrane filters (Amicon Division,
W.R. Grace & Co., Danvers, MA). The binding to plasma pro-
teins was assumed to be rapid as compared to the other processes
measured in these experiments. As a consequence, the free frac-
tion of plasma parent compound measured by ultracentrifugation
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(f, = free parent/Ca(t)) (21) was assumed to be constant for all
blood samples in a single experiment.

For single bolus experiments, the measured plasma free con-
centration data were fit to a sum of three exponentials

3
HGO) = X Coe ™, Eq. 1
i=1

where Cy, is the zero-time intercept («Ci/ml) of each exponential
and A; the elimination rate constant (min~') associated with each
exponential. Plasma concentration at time zero, C,, was related to
the injected dose, D (1Ci), and to the initial volume of distribution
of the tracer, V, (L), by

3
Co=2Coz=

P 2
Ve Eq.

The fraction of zero-time intercept associated with each exponen-
tial, fy;, was calculated as

foi = Co/Cor Eq.3
and the clearance (C,, liter/hr) was calculated as
D
CL= Pa— Eq. 4
> ColA;

i=1

The clearance parameters were used to derive the interpolated
values of the input function to the compartment model and to
estimate the bolus-to-constant infusion ratio for the constant in-
fusion experiments.

For bolus plus constant infusion experiments, the concentra-
tion of free parent compound is given by

3 3
G = Y Coe ™M +Cy D fo(l—e~*), Eg.5

i=1 i=1

where Cgg (1Ci/ml) is the free concentration at steady-state. Cgg
is related to C;_ and the rate of infusion R, (#Ci/hr), by

Css = Ry/Cr. Eq. 6

From Equation 5, in the absence of a bolus (G, = 0), the time to
reach steady-state is determined by the smallest exponent (A;),
i.e., the terminal half-life (In(2)/A;). Approximately 90% of Cgg is
reached after 3.3 half-lives. The time to reach 90% of Cgg can be
reduced if a bolus injection is given just prior to the initiation of
the constant infusion. The optimal bolus-to-hourly infusion ratio
(B/T) was calculated using the kinetic parameters derived from the
single bolus experiments.

Kinetic and Equilibrium Analysis

Compartmental Model. Equilibrium and kinetic analyses were
performed using the same three-compartment model (Fig. 1): (1)
the arterial compartment (C,); (2) the intracerebral nondisplace-
able compartment (C,) in which the tracer can be free or nonspe-
cifically bound; and (3) the specifically bound compartment (C;).

Equilibration of the nonspecifically bound tracer is assumed to
be rapid in comparison to the other processes so that the ratio of
the free-to-the total tracer concentration in the nondisplaceable
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FIGURE 1. The three-compartment model used for both kinetic
and equilibrium analyses. C, = arterial plasma concentration, me-
tabolite corrected; C, = tracer concentration in intracerebral nondis-
placeable compartment (free and nonspecific binding); C, = specif-
ically bound concentration; K, to k, = fractional rate constants
describing the kinetics of tracer transfer between compartments.

compartment (f,) is constant over time. The vascular activity
present within an ROI was estimated assuming a blood volume
equal to 5% of the ROI volume (21) and subtracted from the total
ROI activity prior to analysis. The activity concentration in the
ROI at time t, Cpoy(?), is the sum of the concentrations in the
second and third compartments:

Crorl?) = A1) + G4(0). Eq.7

The equilibrium volume of distribution of compartment i is the
ratio of the tracer concentration in compartment i to the free
tracer concentration in the arterial plasma at equilibrium, i.e.,
when no net transfer between the plasma and compartment i
exists: '

G

Vitias

V, is the equilibrium volume of distribution of the nondisplaceable
compartment and V, is the equilibrium distribution volume of the
specifically bound compartment. The total tissue equilibrium vol-
ume of distribution, V., is the sum of both compartments:

Cror
Vr=——=V,+V,;.
T=%c 2tV

Eq. 8

Eq.9

Passive diffusion is assumed to be the mechanism of transfer of
the tracer across the blood-brain barrier (BBB). When the non-
displaceable compartment is at equilibrium with the plasma, the
free concentration is assumed to be equal on both sides of the
BBB,

G =60, Eq. 10
which yields the inverse relationship between f, and V,:
fz = l/vz. Eq. 1

Kinetic Analysis. The tracer concentration over time in each
compartment is given by:
dCyr)
- K G(f) = kyCxlt) — ksCyfe) + kC5(¢), Eq. 12

dCy(0)

- kiCo(t) — kG5(0), Eq. 13

where the kinetic parameters K; to k, are defined as follows:
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Ki=FE=F(1-¢"™F) (ml-g~'-min~}),
Eq. 14
k=K/Vf, (min~?), Eq. 15
ks = KouBunf,  (min~?), Eq. 16
kg = ko (min "), Eq. 17
where F is the regional blood flow (ml - g~ - min~!); E the

unidirectional extraction fraction; PS the pcrmcabnhty surface

area product of the tracer (ml - g~! - min~); and k,,, and k.4 the

association and dissociation rate constants for ligand-receptor

binding. Equation 15 can be derived from Equation 12 by setting

kj, k, and the derivates to zero and multiplying both sides by f;.
At tracer doses, Equations 12 and 13 have constant coefficients

and can be solved analytically (43,44), and BP can be derived

from the rate constants using Equations 15, 16 and 17:

Buox _KooBowx _ ks _ Kiks

Ko ke Kb kokify’

Equilibrium Analysis. At equilibrium, the rate of association
and dissociation of the tracer-receptor complex are equal:

BP= Eq. 18

KonfCoBonex = kot Eq. 19
Thus,
B G G
=% THC G Ea. 20

which demonstrates that BP is equal to the equilibrium volume of
distribution of the bound compartment (V,, Equation 8).

At equilibrium, V. was calculated with Equation 9. For con-
stant infusion experiments followed by an injection of a saturating
dose of flumazenil, V, was calculated as the ratio of the nondis-
placeable activity-to-the plasma-free parent compound (from 15 to
45 min postflumazenil injection) and BP (V,) was calculated as the
difference between V. and V, (Equation 9).

Curve-Fitting Procedure. Rate constants for arterial clearance
and brain uptake of the tracer were estimated by nonlinear regres-
sion using a Levenberg-Marquart least-squares minimization pro-
cedure (45) implemented in MATLAB (The Math Works, Inc.,
South Natick, MA) on a Macintosh Quadra 950. The number of
exponential terms used to describe the plasma clearance was
determined by the F-test (46) and the AIC criteria (47). The
standard error of the parameters was given by the diagonal of the
covariance matrix (48) and expressed as percent of the parame-
ters (coefficient of variation, %CV). Thus, %CV indicates the
identifiability of the parameter by the least-squares procedure and
should not be confused with the standard deviation (s.d.) of the
distribution of the parameter among subjects.

in Vitro ['?*f)lomazenil Binding Experiments _
Twelve brains were collected from the District of Columbia
Medical Examiner’s Office. The brains were examined by a fo-
rensic pathologist or a neuropathologist for the detection of gross
abnormalities and were cut into 1-cm thick coronal slices. Sam-
ples were dissected on ice and immediately frozen at —70°C until
assayed. Inclusion criteria were absence of gross pathological
abnormalities on examination of the brain and absence of neuro-
psychiatric disorders as noted by review of the medical records.
Ages varied from 22 to 87 yr (50 £ 22 yr). Brains from four
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females and eight males were used. Time between death and
freezing of tissue was 24 + 10 hr. Preservation time at —80°C was
76 %= 12 mo.

On the day of the assay, brain samples were weighed, thawed
and homogenized with a Polytron (setting 6 for 10 sec) in 1/40 wet
weight in mgfvol in ml (w/v) of buffer (25 mM KH,PO,, 150 mM
NaCl, pH 7.4). After homogenization, tissues were centrifuged
(20,000 g, 4°C, 10 min). The supernatant was discarded and pellets
were resuspended and recentrifuged. This procedure was re-
peated twice. Incubation (22°C, 45 min) was initiated by the suc-
cessive addition of 100 ul of [***IJiomazenil, 100 ul of buffer or
unlabeled iomazenil and 800 ul of tissue solution. A final tissue
dilution of 1/2,400 w/v was selected so that total binding was
between 5% and 10% of total ligand concentration. Incubation
was terminated by rapid filtration though GF/B filters on a 48-
channel Cell Harvester (Brandel, Gaithersburg, MD). Filters were
rapidly washed three times with 5 ml of ice-cold buffer and
counted in a COBRA 5010 gamma counter (Packard, Meriden,
CT) with an efficiency of 80%. Saturation experiments (n = 12)
were performed by the isotopic dilution method (“‘cold”” satura-
tion) on the occipital cortex from each brain using one concentra-
tion of [**IJiomazenil (0.02 nM) and 15 concentrations of unla-
beled iomazenil ranging from 10~ to 10~® M. Saturation
experiments were analyzed by weighted nonlinear regression
analysis using the program LIGAND (NIH, Bethesda, MD) (49).

RESULTS

Single Bolus Experiments

After single bolus injection of ['Z’IJiomazenil, the six
subjects exhibited similar kinetics of plasma clearance of
the parent compound (Table 1). In all cases, a sum of three
exponentials provided a statistically significant improve-
ment in the fit as compared to a two-exponential fit. A
four-exponential fit provided a statistically significant im-
provement of the fit in only two of six subjects. Therefore,
a three-exponential model was chosen (Fig. 2A). Initial
volume of distribution was 0.44 + 0.14 liter/kg and clear-
ance was 7.4 * 1.1 liter/hr/kg. The average A; (0.013 = 0.01
min~") corresponded to a terminal half-life of 97 min. The
free fraction of the parent compound was between 20% and
30% of the total parent compound (f; = 0.23 + 0.02).

The occipital region showed the highest and latest up-
take, peaking at about 30 min (Fig. 2B). Other investigated

TABLE 1
Peripheral Clearance Parameters in Single-Bolus Experiments
Subject Voo C.
no. (liter/kg) (liter/hr/kg) f,
1 0.29 68 0.2
2 0.52 8.2 0.23
3 0.48 73 0.23
4 0.41 85 0.23
5 0.29 5.6 0.27
6 0.64 84 0.21
Meanzs.d. 044 +0.14 74+11 0.23 +0.02

Voo = initial volume of distribution in plasma; C_ = peripheral clear-
ance; and f, = free fraction in plasma.
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FIGURE 2. (A) Arerial time-activity curve of free parent
['ZI)iomazenil following a bolus injection of 12.5 mCi in a 22-yr-oid
male. Values were fit to a triexponential model (solid line) to derive
the peripheral clearance (Cl = 8.5 literhr/kg). (B) Regional brain
time-activity curves from the same subject as in panel A. Measured
values (circles, triangles and squares) were fit to a three-compart-
ment model! (solid lines). BP values were 272, 174 and 58 in the
occipital cortex, frontal cortex and cerebellum, respectively.

ROIs peaked earlier and at lower values (in decreasing
order temporal > frontal > striatum, thalamus, cerebellum
> pons). ROI time-activity curves were fit to the three-
compartment model (Fig. 2B). The iteration procedure
converged for all regions, providing estimates of the re-
gional rate constants (K, to k,) and values for the outcome
measures (V,, f,, BP and V, Table 2).

K, ranged from 0.385 ml - g~ - min~! (pons) to 0.546 ml
- g7' - min™' (occipital), with an average value for all
regions of 0.467 ml - g~ - min~!. This parameter was
reasonably identified in the frontal, occipital, temporal and
cerebellar regions (%CV between 5% and 6%) but was less
well identified in the striatum (%CV = s.d.; 16% + 9%),
thalamus (%CV = s.d.; 18% * 15%) and pons (%CV =+
s.d.; 19% = 7%). The rate constant k, showed a large
variation across regions, from 0.094 + 0.118 min~! (tem-
poral) to 0.300 + 0.214 (pons) with a mean regional value of
0.151 * 0.150 min~?, and was poorly identified in all re-
gions, with %CV ranging from 26.6% * 8.9% in the thal-
amus to 127% = 159% in the striatum. The value of k,
varied from 0.175 + 0.095 min~! (occipital) to 0.104 +
0.037 min~" (cerebellum) but was as poorly identifiable as
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FIGURE 3. Binding potential versus length of data analysis. Fol-
lowing bolus injection of 12.5 mCi of ['Ziliomazenil, the plasma and
brain data from Subject 3 were analyzed using the complete dataset
acquired over 155 min and for variably shorter intervals from time O
to that indicated on the x-axis. Values represent the kinetically de-
rived BP + s.e.e. These results show that BP would have been
overestimated if the scanning session had been less than 60 min
and reached 100% of the value determined from the complete study
by 80 min.

k,, with %CV ranging from 23.9 * 7.3 in the cerebellum to
142% + 84% in the thalamus. The rank order of k; was:
occipital > frontal = striatum > thalamus > pons > tem-
poral = cerebellum. Values of k, were low in all regions
(regional average = 0.022 + 0.009 min ™', corresponding to
a dissociation half-life of 31 min). Identifiability was better
than k, and k; but worse than K, (with %CV ranging from
9.5% + 2.9% in the cerebellum to 55% = 30% in the
thalamus).

BP values were significantly different among regions (oc-
cipital, 240 + 41; temporal, 189 % 3; frontal, 161 * 15;
cerebellum, 101 + 23; striatum, 81 + 12; thalamus, 78 +
27; pons, 30 + 11; ANOVA: p < 0.001), and %CV of
regional means varied from 36% in the pons to 2% in the
temporal. V1 also exhibited significant regional differences
(ANOVA: p < 0.001), with %CV ranging from 8% in
frontal to 30% in pons. No statistically significant regional
differences in V, were observed (ANOVA, p = 0.17). V,
regional average was 31 * 15. The kinetic analysis esti-
mated the average regional nonspecific binding at 20% =+
7% of the total activity. The extravascular free fraction
represented 7% * 4% of the nondisplaceable compart-
ment.

The minimal duration of scanning needed to derive sta-
ble BP values was evaluated by fitting the occipital ROIs
for various periods of time ranging from 0-50 to 0-150 min,
with 20-min incremental steps (Fig. 3). In the majority of
cases, the program did not converge for less than 80 min
and when it did, BP values were markedly overestimated.
After 80 min, BP values were within 5% of that derived by
fitting the entire experiment (0-150 min).
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Estimation of the Optimal Bolus-to-infusion Ratio for
Constant infusion Experiments

Simulations were performed to estimate the optimal bo-
lus-to-hourly infusion ratio needed to reach equilibrium
rapidly in all ROIs. The system was considered at equilib-
rium if both plasma and brain activity were within 5% of
the asymptotic equilibrium values (Cgg in plasma and V1 in
brain). Simulations were based on the average clearance
parameters and brain rate constants derived from the bolus
only experiments (n = 6, Tables 1 and 2). The first simu-
lation (mean clearance) was performed using the mean
values of the group (7.4 liter/hr/kg for a 70-kg subject, A; =
0.013 min~"). Additional simulations were performed with
clearance values corresponding to 2 s.d. below (slow clear-
ance) and 2 s.d. above (fast clearance) the average clear-
ance of the sampled group (398 liter/hr and 708 liter/hr,
respectively). These scenarios were implemented with the
corresponding A; values of 0.007 and 0.022 min ™' for slow
and fast clearance simulations, respectively. Simulations
were performed for two ROIs with high (occipital, BP =
215, V1 = 233) and low (cerebellum, BP = 91, V. = 108)
densities of receptors.

For each of the three clearance conditions, time-activity
curves were projected in the plasma, occipital and cerebel-
lar ROIs for various bolus-to-hourly infusion ratios ranging
from 1 to 5. Bolus-to-hourly infusion ratios between 3.2
and 4.0 fulfilled the equilibrium criteria in both ROISs in all
three situations. For example, with a ratio of 3.4, the value
of plasma-free parent activity integrated between 300 and
420 min was 101%, 103% and 100% of Cgg for the control,
slow clearance and fast clearance simulation, respectively
(Fig. 4A). The occipital total volume of distribution inte-
grated during the same period was 102%, 98% and 103% of
V. for control, slow and fast clearance, respectively. In the
cerebellum, the corresponding values were 105%, 102%
and 104% (Fig. 4B). Thus, based on these simulations,
equilibrium should be attained by 300-420 min in all ROIs,
with bolus-to-infusion ratios of 3.4:4. The average bolus-
to-infusion ratio used in the experiments reported here was
3.63 = 0.21 (n = 8).

Bolus Plus Constant Infusion Experiments

In the experiment depicted in Figure 5A, arterial sam-
ples were collected from 0 to 450 min and plasma values
were fit according to Equation 5. Parameters estimated
from the regression were: A; = 1.17; A, = 0.137; A; =
0.0246; £y, = 1.5; £y, = 0.0824; fy; = 0.0560; the clearance
was estimated as 6.7 liter/hr/kg and the Cgg was estimated
as 2.1 nCi/ml. The Cgg obtained by averaging the last four
values (over the last hour of the experiment), 2.2 nCi/ml
was fairly close to the Cgg estimated by the regression.
Measured activities in three representative ROISs (occipital,
temporal and cerebellum) from this experiment are shown
in Figure 5B. SPECT data were acquired from 0 to 150 min
and from 250 to 420 min. Plasma and ROI activity were
stable from 180 min until the end of the infusion (420 min).
Similar observations were made in two additional experi-
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TABLE 2
Kinetic Analysis of Single Bolus Experiments

Parameters Frontal Occipital Temporal Striatum Thalamus Cerebellum Pons
K, (mi-g~"-min~") 0.463 0.546 0.495 0.446 0.534 0.398 0.385
+s.d. 0.219 0.167 0.222 0.200 0.355 0171 0.172
Kk, (min~") 0.156 0.136 0.094 0.123 0.143 0.106 0.300
+ s.d. 0.194 0.098 0.118 0.134 0.212 0.080 0.214
ks (min~") 0.145 0.175 0.108 0.134 0.118 0.104 0.114
+ 8.d. 0.154 0.095 0.061 0.080 0.133 0.037 0.064
K, (min~") 0.017 0.014 0.017 0.034 0.029 0.018 0.024
+ sd. 0.005 0.004 0.008 0.027 0.010 0.004 0.008
BP 161.00 240.00 189.00 81.00 78.00 101.00 30.00
+8.d. 15.00 41.00 3.00 12.00 27.00 23.00 11.00
f. 0.07 0.05 0.04 0.05 0.05 0.06 0.17
+sd 0.09 0.03 0.03 0.03 0.04 0.03 0.09
V, 37.00 31.00 54.00 27.00 41.00 20.00 8.00
+ s.d. 25.00 30.00 54.00 19.00 30.00 11.00 4.00
Vr 198.00 271.00 242.00 108.00 119.00 121.00 37.00
+ s.d. 16.00 29.00 55.00 18.00 34.00 31.00 11.00
% NSB 18.00 11.00 19.00 24.00 33.00 16.00 22.00
+ s.d. 12.00 11.00 15.00 13.00 20.00 6.00 13.00

Values are mean = s.d. of six experiments.

K, to k, = transfer rate constants; BP = binding potential as derived from kinetic analysis; f, = free fraction in the nondisplaceable compartment;
V, = nondisplaceable equilibrium volume of distribution; V; = total tissue equilibrium volume of distribution; and % NSB = percent nonspecific

binding.

ments. Therefore, in subsequent experiments, arterial
plasma samples and scan data were acquired only from 250
to 450 min.

To quantify the stability of the plasma and brain uptake,
a linear regression was performed on plasma values (last 4
hr, mean number of points = 12) and on ROI values (last 2
hr of the experiment, mean number of points = 22). In the
plasma, the mean change was 2.5% + 2.1%/hr. With the
exception of the pons, all ROIs showed changes of less
than 5%}hr.

Regional V., was measured by calculating the ratio of the
averaged ROI activity and the free unmetabolized plasma
activity over the last 2 hr (Table 3).

Bolus Pius Iinfusion Plus Displacement Experiments

Flumazenil injection was well tolerated by all three sub-
jects with no side effects reported at the dose of 0.2 mg/kg.
Flumazenil induced 88% displacement of the tracer in the
occipital, 87% in the temporal, 86% in the frontal, 84% in
the thalamic and cerebellar, 81% in the striatal and 60% in
the pontine ROIs (n = 3). Plasma tracer activity exhibited
a slight (11% * 3%) and transient (5-15 min) increase after
flumazenil injection. At the time of the measurement of V,,
the plasma tracer concentration was back to baseline. Re-
gional V, varied from 34 (occipital) to 23 (pons, striatum
and thalamus; Table 3 and Fig. 6). The value of f,, calcu-
lated as 1/V,, varied from 0.043 (pons) to 0.030 (occipital
and temporal). An important observation was the presence
of 60% displaceable binding in the pons, indicating that the
pons cannot be used as an area devoid of benzodiazepine
receptors sites.
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in Vitro ['Z*f)iomazenil Binding in Postmortem
Human Brain

In the occipital cortex, ['*I}iomazenil B, was 162 + 52
nM and Kj was 0.59 = 0.14 nM (n = 12). These values
corresponded to a BP of 287 + 95. No significant correla-
tion was observed between age and ['*IJiomazenil B, or

Kp.

DISCUSSION

These studies demonstrated the feasibility of measuring
benzodiazepine receptors regional binding potential with
SPECT. Two methods were tested: kinetic analysis of a
single bolus injection and equilibrium analysis of bolus plus
constant infusion. With the exception of the pons (where
the low level of counts may have contributed to a higher
level of noise), both methods gave similar regional results.
For example, the occipital BP was 240 * 41 (n = 5) and 248
%= 53 (n = 3) for kinetic and equilibrium experiments,
respectively, and very close to the in vitro homogenate
binding value of 287 + 95.

The three-compartment kinetic analysis applied here
was comparable to the kinetic analysis developed for re-
versible PET tracers such as ['C}flumazenil (16,24). As
previously observed with PET, the rate constants K, to k,
were poorly identified (high standard errors due to covari-
ance) when unconstrained kinetic analysis was applied
(30,44). Furthermore, the values of the kinetic parameters
were inconsistent with their physiological interpretation.
Regional differences in K, and k, should reflect regional
differences in blood flow. Their ratio, V, should reflect the
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FIGURE 4. (A) Simulated plasma free ['Z[jiomazenil concentra-
tion after a bolus injection of 3.4 mCi followed by a constant infusion
of 1 mCihr for 420 min. The solid line the projected
time-activity curve in a 70-kg subject with ['“fjiomazenil clearance
of 553 liter/hr (= average clearance measured in six subjects). The
dotted line ( . . . . ) and the broken line (——-) are projected activities
in subjects with slow (398 liter/hr) and high (708 liter/hr) clearance,
respectively. In all cases, steady-statelsachlevedataoomh Sim-
ulaﬁonswetegenetatedushgﬂrefolonhgparamm ol = 34
lmarf,—wfm—on fm-ooesa,-nemin- A, =0.127
min~'; A; = 0.013 min~", 0.007 min~" and 0.022 min~" in mean,
sbnaMhstdeaaneemﬁos,mspecﬁveW.(B)S&mlﬂedvd—
umes of distribution (regional activity/free plasma activity) in the
occipital cortex and cerebelium. In both regions and in all three
clearance scenarios, the volume of distribution reached an equilib-
rium value (Vy) at 360 min. Parameters used for this simulation
were: f, = 0.231; K, = 0.546 ml-min~"'-g~"; k, = 0.136 min~"; k,
= 0.175 min~"' (occipital) and 0.104 min~' (cerebellum), k, =
0.0141 min~"; V, = 17; BP = 215 (occipital), 91 (cerebelium).

nonspecific distribution volume and is not expected to vary
much between regions. In fact, V,, as derived from kinetic
analysis (Table 2), showed more regional variation than V,
as measured directly by flumazenil displacement (Table 3).
According to the model, k; is the parameter that includes
the receptor density (B,,,x, Equation 16), leading theoret-
ically to a correlation between V; and k,. No such corre-
lation was observed (Table 2). The molecular dissociation
constant, k, (k.g) is expected to be similar across regions,
which was not the case (Table 2). Thus, the rate constants
did not reflect the physiological processes ascribed to them
by the model. However, the regional distribution of the
outcome measure V was better identified and in accor-
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FIGURE 5. (A) Arterial ime-activity curve of free unmetabolized
['Ziliomazenil after a bolus of 3.68 mCi followed by a constant
infusion of 1.12 mCihr (B/l ratio of 3.68 hr) in a 21-yr-old male.
Values were fit to a triexponential model (solid line) to derive the
peripheral clearance (Cl = 6.7 Iiter/hr/kg). (B) Regional ROl time-
activity curves. Total RO activity at equilibrium (average of the last
180 min) was 0.61 Ci/ml in the occipital cortex, 0.54 uCi/ml in the
temporal cortex and 0.19 xCi/ml in the cerebelium. The average

level of free parent radiotracer in plasma (2.2 nC/mi) during the last
2 hr was assumed to be equal to the free radiotracer in the brain. The
ratio of total brain activity to the free gave V. values of 276, 242 and

89 in occipital, temporal and cerebettar ROls, respectively.

dance with the known distribution of BDZ receptors in
human brain (50-52).

A similar situation is observed in plasma. Whereas it is
unclear if a defined physiological process is associated with
each exponential, the overall outcome measure, the clear-
ance of the compound from the plasma, is adequately de-
scribed by a three-exponential model. Similarly, the total
tissue volume of distribution is a well defined outcome
measure.

The identifiability and physiological meaning of the rate
constants can be improved by constraining the regression
process to values obtained in a region devoid of receptors
(16,44,53). K,, k, or their ratio can be derived from these
regions and used in fitting receptor-rich regions. This strat-
egy could not be implemented with ['?IJiomazenil due to
the absence of a region devoid of receptors. Flumazenil
displacement (n = 3) clearly showed that 60% of the activ-
ity measured in the pons was displaceable. This displace-
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TABLE 3
Equilibrium Analysis of Bolus Plus Constant Infusion Experiments

Frontal Occipital Temporal Striatum Thalamus Cerebefilum Pons
Bolus plus constant infusions (n = 5)
Vy 209.00 267.00 235 125 138 143 60
+ s.d. 28.00 32.00 39 10 28 34 19
Bolus plus constant infusion plus flumazenil displacement (n = 3) ’
Vr 234.00 281.00 266 127 152 170 63
+sd 35.00 53 55 23 25 35 27
V, 31.00 34 33 23 23 27 23
+sd. 5.00 5 1 3 4 1 4
f 0.032 0.030 0.030 0.043 0.044 0.037 0.043
+s.d. 0.005 0.004 0.001 0.006 0.008 0.002 0.007
BP 20300 248 232 103 129 143 39
+sd 38.00 53 56 20 29 36 24
% NSB 14.00 12 13 19 16 16 40
* sd. 4.00 3 3 1 6 5 10

Vy = total tissue equilibrium volume of distribution; V, = nondisplaceable equilibrium volume of distribution; f, = free fraction in the nondisplace-
able compartment; BP = binding potential as derived from equilibrium analysis; and % NSB = percent nonspecific binding.

able activity could be due to contamination by activity
originating in surrounding regions, due to the limited res-
olution of the SPECT device. However, the presence of
specific binding in the pons has previously been reported
with in vitro studies in the human brain (50,51). Our data
are consistent with these reports and clearly suggest that
the use of the pons as reference region is questionable.
In cortical regions, the nondisplaceable binding repre-
sented only 13% of the total binding. The total equilibrium
volume of distribution is thus primarily affected by recep-
tor density. Koeppe et al. (16) proposed a two-compart-
ment model for the analysis of [!!C]flumazenil PET data,
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FIGURE 6. Regional ROl time-activity curves from a constant
infusion experiment followed by flumazenil displacement in a 24-yr-
old female. Scanning started at 280 min and ended at 450 min.
Injection of flumazenil (0.2 mg/kg) resulted in 84% displacement in
the occipital, 82% in the frontal, 78% in cerebellar and 50% in
pontine ROIs. Specific binding was measured directly by subtracting
the nonspecific from the total activity. The ratio of the specific binding
to the free, measured in plasma over the last 2 hr, gave BP values
of 199, 163, 102 and 22 in the occipital cortex, frontal cortex, cere-
bellum and pons, respectively.
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with tissue distribution volume (including both specific and
nonspecific binding) as outcome measure. The kinetic
method proposed here is equivalent to this solution in the
sense that the total volume of distribution is the outcome
measure.

A constant infusion plus flumazenil displacement para-
digm was developed to provide direct measurements of
regional V,. V values as measured during constant infu-
sion were close to V. values derived from kinetic analysis.
This method presents several advantages over the kinetic
method:

1. Direct measurement of V, by flumazenil injection.
This displacement method was developed because of
the difficulties associated with the proper derivation
of V, by the kinetic method.

2. Direct measure of the free tracer. The prolonged
plasma steady-state allows the free tracer to equili-
brate on both sides of the BBB. The validity of this
method has been demonstrated in rodents and ba-
boons with CSF measurements (32,35) and microdi-
alysis (54).

3. Computational simplicity. The outcome measure is
obtained by a simple ratio. This would allow an easy
implementation of a pixel-by-pixel representation of
BP.

4. Prolonged acquisition time. At equilibrium, the activ-
ity level being stable, the image acquisition time can
be increased. Thus, this method appears to be well
suited to SPECT, which has a lower sensitivity than
PET.

5. Reduced scanning time. For proper derivation of V
with the kinetic method, the subject has to stay in the
camera for 100-120 min. With the equilibrium para-
digm, this time can be reduced to 60 min because only
one acquisition before and one after flumazenil injec-
tion is needed.
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6. No arterial sampling. At steady-state, the arterial and
venous plasma concentrations equilibrate, allowing
the measurement of tracer Cgg concentration from
one venous blood sample, which further facilitates
the experimental procedure.

Several disadvantages of the constant infusion technique
must be noted. Although scanning time is reduced, the
total experimental time is increased from 120 min to 500
min. There is a potential for pump failure and finally, if
subject peripheral clearance is extremely fast or slow, equi-
librium may not be reached by the time of scan acquisition.

Low specific activity ['ZIJiomazenil constant infusion
experiments were used in primates to derive in vivo
['ZIiomazenil Ky and B, (33,35). Derivation of these
parameters with kinetic analysis is complex since the
model becomes nonlinear at significant levels of receptor
occupancy. In contrast, Scatchard analysis can easily be
performed on equilibrium data. We are in the process of
extending these low specific activity experiments to hu-
mans.

Assuming an in vivo Ky, of 0.59 nM (value measured in
primates with low specific activity SPECT experiments)
(33), the occipital BP value of 244 reported here would
correspond to a B, of 141 nM. This value is close to the
B..x measured in vitro in 12 subjects (B, of 162 = 52
nM). In vitro and in vivo values were thus consistent.

In conclusion, both kinetic and equilibrium methods pro-
vide adequate measures of regional total equilibrium dis-
tribution volume of ['?IJiomazenil. Following establish-
ment of equilibrium tracer conditions, the injection of
receptor-saturating doses of flumazenil directly measures
the equilibrium distribution volume of the nonspecific com-
partment. The reproducibility of each method is currently
being tested.

In comparison to PET, quantitation of SPECT activity is
less well developed and more vulnerable to scatter and
attenuation. In light of these limitations, the SPECT results
reported here compare favorably with PET measurements
of benzodiazepine receptors in terms of absolute values
and identifiability of parameters. The decreased cost and
wider availability of SPECT technology may facilitate the
application of these research methods to clinical studies.
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