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ARTICLE INFO ABSTRACT

Keywords: Purpose: Molecular imaging of the D3 receptor is widely used in neuropsychiatric research. Non-displaceable
[**11IBZM binding potential (BPyp) is a very popular quantitative index, defined as the product of the receptor
SPECT concentration (B,y,;) and the radiotracer affinity for the receptor (1/appKg). As the appKj is influenced by
Dy/s receptor parameters such as the endogenous neurotransmitter dynamics, it often constitutes a confounding factor in
Rat research studies. A simplified method for absolute quantification of both these parameters would be of great
interest in this context. Here, we describe the use of a partial saturation protocol that permits to produce an in
vivo Scatchard plot and thus estimate B,y,; and appKy separately, through a single dynamic SPECT session. To
validate this approach, a multi-injection protocol is used for the full kinetic modeling of [***I]JIBZM using a 3-
tissue compartment, 7-parameter model (3T-7k). Finally, more “classic” BPyp estimation methods are also
validated against the results of the 3T-7k.
Methods: Twenty-nine male rats were used. Binding parameters were estimated using the 3T-7k in a multi-
injection protocol. A partial saturation protocol was applied at the region- and voxel-level and results were
compared to those obtained with the 3T-7k model. The partial saturation protocol was applied after an
adenovirus-mediated D, receptor striatal overexpression and in an amphetamine-induced dopamine release
paradigm. The Simplified Reference Tissue Model (SRTM), the Logan's non-invasive graphical analysis
(LNIGA) and a simple standardized uptake ratio (SUR) method were equally applied.
Results: The partial saturation experiments gave similar values as the 3T-7k both at the regional and voxel-
level. After adenoviral-mediated D,-receptor overexpression, an increase in B,y,; by approximately 18% was
observed in the striatum. After amphetamine administration, a 16.93% decrease in B,y.; (p <0.05) and a
39.12% increase (p < 0.01) in appK4 was observed. BPyp derived from SRTM, LNIGA and SUR correlated well
with the B,ya; values from the 3T-7k (r=0.84, r=0.84 and r=0.83, respectively, p < 0.0001 for all correlations).
Conclusion: A partial saturation protocol permits the non-invasive and time-efficient estimation of B,yaj1 and
appKy separately. Given the different biological phenomena that underlie these parameters, this method may be
applied for the in-depth study of the dopaminergic system in translational molecular imaging studies. It can
detect the biological variations in these parameters, dissociating the variations in receptor density (Bayai) from
affinity (1/appKq), which reflects the interactions of the receptor with its endogenous ligand.

1. Introduction in psychosis and addiction (Abi-Dargham et al., 2009; Murnane and
Howell, 2011). Molecular imaging enables a wide range of functional

Molecular imaging of the dopaminergic system has been a particu- studies ranging from D,,3 receptor quantification, receptor occupancy
larly useful tool in the study of neurobiological mechanisms of by medications to the effect of induced endogenous dopamine release
neuropsychiatric disorders. Single photon emission tomography across physiological and pathological conditions (Kugaya et al., 2000).
(SPECT) with [*2*I]IBZM permits the in vivo study of striatal Dyys3 Full pharmacokinetic modeling requires a complex scanning pro-
receptors in human and translational studies with a particular interest tocol to identify the absolute neuroreceptor density, available for
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binding (Bayai) and the kinetic constants governing the transfer of the
radiotracer between the plasma- and tissue compartments as well as its
interaction with the receptor. Furthermore, it is highly invasive.
Regarding the radiotracer-receptor interactions, the ratio of radiotracer
dissociation (kog) and association constants (k,,) provides the equili-
brium dissociation constant (appKg), which equals the inverse of
radiotracer affinity (1/appKgy) (Delforge et al., 1989, 1990). Because
of technical limitations inherent to the complexity of scanning proto-
cols and the limited parameter identifiability, pharmacokinetic models
are simplified with respect to the number of compartments and
parameters to be estimated: thus, B,y,; and appKy are jointly estimated
as the binding potential (BP=B,,.;1/appKq), perhaps the most popular
index of receptor density in in vivo imaging studies (Innis et al., 2007).
Beyond this simplification, the use of a brain region devoid of the
receptor under study as an index of non-displaceable binding abolishes
the need for arterial blood sampling and estimation of the model's
input function (Gunn et al., 1997; Lammertsma and Hume, 1996;
Logan et al., 1996). It is important to note that these simplified
approaches may introduce significant bias in biological studies if not
properly validated (Shrestha et al., 2012) against the “gold-standard”
quantitative neuroreceptor estimates obtained with full pharmacoki-
netic modeling.

The use of BP as a quantitative measure in in vivo molecular
neuroimaging may reflect the B,,,; of the receptor under study only if
the radiotracer's affinity for the receptor (thus the appKy) remains
stable across subjects of a given population in physiological conditions
and disease states. However, there is evidence pointing to variations in
a radiotracer's affinity for its target-receptor, violating this assumption.
For instance, a radiotracer and the endogenous ligand (e.g. the
neurotransmitter) present a competitive binding to the receptor.
Baseline neurotransmitter levels in the vicinity of the receptor as well
as challenge-induced neurotransmitter changes both vary with respect
to physiological parameters and pathological conditions (Kuwabara
et al., 2012; Narendran and Martinez, 2008; Vaessen et al., 2015;
Volkow et al., 2009a), thereby modifying appKy while changes in B.yai
may also occur in the same contexts. Using BP over-simplifies the study
of such complex phenomena. In other words, a simplified method of in
vivo estimation of B,.; and appKyq would be of utmost value,
particularly in studies of dopamine neurochemistry.

The in vivo separate estimation of B,..; and appKy has been
described by Delforge et al. (1996, 1997, 1993); Vivash et al. (2014)
for the quantification of benzodiazepine receptors in the human brain
using [''C]flumazenil positron emission tomography (PET). In this
approach, a quantity of unlabeled radiotracer compound is co-injected
with the labeled radiotracer to induce a partial saturation of the
receptor sites. The pharmacological properties of the radiotracer
permit the equilibrium to be rapidly installed. Delforge et al. proposed

Table 1
Repartition of rats into experimental groups.
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the saturation of at least 50% of receptor sites in order to permit a rapid
decrease in specific binding during the scan duration. Plotting the ratio
of specific to non-displaceable binding against specific binding forms a
Scatchard plot from which B,,,; and appKy can be deduced. Ideally,
receptor occupancy should not exceed 70% so that a relatively large
number of points are aligned within the regression line. A region
devoid of receptor gives an estimate of the non-displaceable binding,
further simplifying the quantification.

In this study, we describe a partial saturation approach for the in
vivo estimation of B,y and appKg with [12°1]IBZM SPECT using a
single-scan protocol in the region- and voxel-level. This method is
validated against the results of full pharmacokinetic modeling with a
multiple-injection protocol that provides the “gold-standard” estimates
of all kinetic parameters along with B,,,;; and appKgy. Other simplified
methods to estimate BP without input function estimation are vali-
dated against the aforementioned results.

2. Materials and methods
2.1. Animals and general SPECT scan protocol

Thirty-two male Sprague-Dawley rats (Janvier Laboratories, Le
Genet-St-Isle, France), weighing between 380 and 500 g were em-
ployed in the study. Of these, three rats were employed in an in vivo
multi-injection SPECT imaging protocol for absolute D3 receptor
quantification. One rat was employed in a long (180 min) single-
injection SPECT scan. Four rats were employed in an arterial plasma
analysis for the study of plasma kinetics of the radiotracer and the
estimation of the free parent radiotracer fraction. Fourteen rats were
employed in an ex vivo study to determine the dose-occupancy
relationship of the unlabeled IBZM when co-injected with the radi-
olabeled compound (described in Supplementary Materials and
Methods S1.2). Two rats were employed in a presaturation SPECT
study (described in detail in Supplementary Materials and Methods
S1.3). Seven rats were employed in a SPECT experiment with a partial
D,/3 receptor saturation design for the determination of Bay,; and
appKq4 parameters from an in vivo Scatchard plot. Two rats out of seven
of the partial saturation experiment were employed in an in vivo study
of the effect of amphetamine-induced dopamine release on the By
and appKy parameters as determined with two SPECT scans with a
partial saturation design, one before and one after amphetamine
administration. Finally, one rat was employed in an adenoviral-
mediated Ds-receptor overexpression experiment. The repartition of
rats is summarized in Table 1.

SPECT scans were performed with a U-SPECT-II camera (MiLabs,
Utrecht, Netherlands). In rats that underwent SPECT scans with the
multi-injection protocol, two polyethylene catheters (i.d.=0.58 mm,

Experiment n Methods Model/Outcome measures
Multi-injection protocol 3 SPECT scan and arterial blood sampling 3T-7k/ Bavail, appKa, K1, ka6
SRTM, LNIGA, SUR/BPnp
Single-injection protocol 1 SPECT scan of a long duration (180 min) SRTM, Full RTM, 2-TRM
Free parent radiotracer fraction 4 Serial arterial blood sampling after radiotracer injection and TLC Tri-exponential model of free parent radiotracer in
estimation arterial plasma
Dose- occupancy curve for 14  Ex-vivo whole-tissue radioactivity measurements after administration of Receptor occupancy
unlabeled IBZM various doses of unlabeled IBZM along with labeled radiotracer
Presaturation study 2 A 50-min long SPECT scan after administration of fully-saturating doses of Relationship between the non-displaceable binding

unlabeled IBZM
In vivo Scatchard analysis study 5
compound, along with labeled one

SPECT scan after co-injection of a partially saturating dose of unlabeled

in striatum and cerebellum (r factor)
Scatchard plot analysis/ Bayvail, appKa

1 SPECT scan as above after AAV-mediated overexpression of D, receptors in

unilateral striatum

2 Two SPECT scans as above, the second preceeded by administration of

amphetamine (15 mg/kg, i.v.)
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o.d= 0.96 mm) were inserted in the left femoral vein and artery for
radiotracer administration and blood sampling, respectively. SPECT
scans were performed under isoflurane anesthesia (3% for induction
and 1-2% for maintenance). In rats that underwent SPECT scans for
the partial saturation protocol or ex vivo imaging, radiotracer injection
was performed via a tail vein catheter. Body temperature was mon-
itored during the scans and maintained at 37+ 1 °C by means of a
thermostatically controlled heating blanket.

SPECT image reconstruction was performed using a pixel ordered
subsets expectation maximization (P-OSEM, 0.4-mm voxel size, 4
iterations, 6 subsets) algorithm using MiLabs image reconstruction
software. Radioactive decay correction was performed while correction
for attenuation or scatter was not. Following reconstruction, dynamic
images from the partial saturation experiment were denoised with
factor analysis (FA) using Pixies software (Apteryx, Issy-les-
Moulineaux, France) as previously described (Tsartsalis et al., 2014).
FA permits the decomposition of dynamic signal into a few elementary
components, termed factors (Di Paola et al., 1982; Millet et al., 2012;
Tsartsalis et al., 2014). In this study, four factors were retained and the
rest of the signal was discarded as noise.

All experimental procedures were approved by the Ethical
Committee on Animal Experimentation of the Canton of Geneva,
Switzerland.

2.2. Radiotracer preparation

1231 radioiodide was purchased from Heider AG (Schoftland,
Switzerland). ['?*I]JIBZM was obtained by incubation, for 15 min at
68 °C, of a mixture containing 5 ul of BZM precursor (24 nmol/ul in
ethanol), 2 ul of glacial acetic acid, 1 pl of 30% H>0, and 10 mCi of
carrier-free '?*I sodium iodide in 0.05 M NaOH. Radiotracer was
isolated by a linear gradient HPLC run (from 5% acetonitrile, ACN,
to 95% ACN, 10 mM H3POy, in 10 min).

HPLC was equipped with a reverse-phase column (Phenomenex
Bonclone C18, Phenomenex, Schlieren, Switzerland) and radiotracer
was eluted at a flow of 3 ml/min. Fractions containing [12I]IBZM were
diluted in water and loaded on a Sep-Pak cartridge (Sep-Pak C18,
Waters, Switzerland). [*2°1]IBZM was eluted with 0.5 ml of 95% ACN,
10 mM H3PO, and concentrated using a rotary evaporator, and the
final product was diluted in saline prior to animal administration.

2.3. SPECT single- and multi-injection imaging and quantification,
arterial plasma analysis and free parent radiotracer fraction
estimation

A multi-injection protocol for full kinetic modeling of [***I]JIBZM
was employed (Millet et al., 2006; Millet et al., 2012). The scan
protocol began with a first injection of the radiotracer (91.47 £2.91
MBq) at a high specific activity (934.04 + 114.37 GBq/umol), followed
by a second co-injection of [*2°IJIBZM (93.06 +7.11 MBq) and the
unlabeled compound (6.2 nmol/kg) at 120 min and a third injection of
the unlabeled compound only at 180 min (1.24 pmol/kg). The overall
scan protocol included 240 1-minute frames.

During dynamic SPECT acquisitions, forty arterial blood samples
(of 25 pul each) were withdrawn after each radiotracer injection at
regular time intervals. Radioactivity was measured in a gamma
counting system and expressed in kBq/ml after calibration. To estimate
the plasma input function in in vivo SPECT experiments, only whole-
blood radioactivity was measured individually.

Metabolite correction and plasma protein binding analysis for the
estimation of radiotracer plasma input function was performed in an
independent group of four rats, as previously described (Gandelman
et al., 1994; Millet et al., 2008, 2012; Mintun et al., 1984; Tsartsalis
et al, 2014, 2015). A detailed description can be found in
Supplementary Materials and Methods paragraph S1.1.

To evaluate the pharmacokinetic behavior of ['>*I]JIBZM in scans
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with a longer duration, a 180-min scan was performed using one rat.
The scan protocol began with an injection of the radiotracer (66.6
MBq) at a high specific activity (>900 GBq/umol). The overall scan
protocol included 80 2-minute frames.

2.4. In vivo Scatchard plot study

A partial saturation imaging experiment was designed to estimate
B.vaii and appKy as proposed by Delforge et al. (1996, 1997) and
optimized by Wimberley et al. (2014a, b). In theory, the original
Scatchard plot can be approached with an in vivo imaging experiment
by plotting the specifically bound fraction of radiotracer activity in a
given region (Cs) versus the ratio of specific-to-non-displaceable
binding in the same region (Cs/Cyp) during the time course of a single
imaging experiment. When a dose of unlabeled compound is co-
administered with the radiotracer at a concentration to occupy 50—
70% of the receptor binding sites, the natural decrease of radiotracer
binding over time permits to the different points of the plot to form a
straight line when equilibrium has been reached. B,y.; and appKyq may
be estimated from the intercept to the C; axis and the inverse of the line
slope, respectively.

SPECT scans and image reconstruction were performed in the same
conditions as in experiment 2.3. A single radiotracer injection (50.8 +
6.3 MBq) (containing a dose of unlabeled IBZM determined in the ex
vivo occupancy study, described in supplementary Materials and
Methods section S1.2 and leading to specific activities of 8.94 +0.33
GBq/umol) was followed by a scan composed of 90 frames of 1-min. No
arterial blood sampling took place and cerebellum was employed as the
reference region.

2.5. Simulation study, adenovirus-mediated D, receptor
overexpression and amphetamine-induced dopamine release
experiment

A simulation study was also performed to verify the validity of the
Scatchard equilibrium conditions across different B,y.; and appKg
parameters values: using the results of one multi-injection experiment,
we simulated striatal specific- and free-binding TACs corresponding to
a 30% higher and lower B,,; and appKy using a partially saturating
dose of unlabeled IBZM compound (see results section).

One animal was employed in the D,-receptor overexpression
experiment by a stereotactic viral injection. The DoR adenovirus was
generated using the pENTR directional TOPO cloning kit (Invitrogen)
and the pAD/CMV/V5-DEST gateway vectors kit (Invitrogen). Briefly,
the full-length ¢cDNA corresponding to the sequence of rattus D-R was
inserted into the pENTR vector. After plasmid purification from
transformed ToplO competent cells, the cDNA was transferred into
the pAd/CMV/V5-DEST vector by means of the Gateway system using
LR Clonase. Following propagation of plasmids in Topl0 competent
cells, the recombinant adenoviral DNA was digested with Pacl (New
England Biolabs) and purified (QIAquick nucleotide removal Kit,
Qiagen). Linear DR adenovirus was transfected into subconfluent
293 A cells according to the manufacturer's instructions (ViraPower
Adenovirus Expression System, Invitrogen). The 293 A cells were
cultured until regions of cytopathic effect are clearly observed (1-2
weeks). Cells and culture medium were centrifuge and freeze-thawed
twice (-80 °C overnight; +25 °C, 15 min) to obtain the adenovirus-
enriched supernatants. Aliquots of the crude viral stock were used to
amplify DoR adenovirus using fresh 293 A cell cultures. After ampli-
fication, DR adenovirus were purified using the Vivapure AdenoPack
500 kit (Sartorius) and titered using the QuickTiter Adenovirus Titer
Immunoassay Kit (Cell Biolabs). The DsR adenovirus titer was of 2 x
10'° infectious units per ml (Ifu/ml).

The animal was anesthetized with 2.5% isoflurane in O, and
preventively treated against postoperative pain with buprenorphine
(0.05 mg/kg, s.c.). Gel moisturizer (Lacryvisc) was applied on both eyes



S. Tsartsalis et al.

and a 2 mm diameter hole was carefully drilled through the skull at the
injection site. Two microliters of the D>R adenovirus were injected in
the left striatum (coordinates from bregma: anteroposterior = —0.5
mm; lateral = +3.0 mm; dorsoventral = —5.0 mm).

In two out of six rats of the partial saturation experiment of
paragraph 2.5, a second partial saturation experiment (under the exact
same conditions) took place two days after the first SPECT scan,
preceded by an amphetamine injection (1.5 mg/kg i.v.) at 30 min
before the radiotracer injection. This preliminary study aimed to
evaluate the efficacy of this partial saturation paradigm to detect
changes on the B,,,; and appKy parameters owed to the ampheta-
mine-induced dopamine release in the striatum.

2.6. Data analysis

SPECT images were processed with PMOD software v3.7 (PMOD
Technologies Ltd, Zurich, Switzerland). Averaged images correspond-
ing to the first ten frames of acquisition were co-registered to an MRI
template integrated in PMOD (Schiffer et al., 2006). Transformation
matrices were then applied to dynamic images. Tissue-activity curves
(TACs) from the striatum as a whole, from the striatal sub-regions
(Caudate-Putamen, CP, and Nucleus Accumbens, NAcc, bilaterally),
and cerebellum were extracted from dynamic images using the
predefined VOI template integrated in PMOD.

Several model configurations were employed for quantitative
analysis of radiotracer kinetics in the multi-injection experiments.
The whole multi-injection study TAC data was fitted with a two-tissue
compartment five-parameter model (2T-5Kk), to estimate Ky, ka, Kon, Kot
and B,y,; and a three-tissue compartment seven-parameter model (3T-
7k) in order to obtain Kj, ko, ko, Kog, ks, kg and B,y,; and the binding
potential (BP=B,y.i/appKg). Given the number of parameters to
estimate with the 3T-7k model and the subsequent low identifiability
of model parameters, k. was fixed at a pre-determined value after a
preliminary fit of the model on whole-striatum TACs from the three
rats, as previously described (Ginovart et al., 2001; Millet et al., 1995,
2006, 2000b). Average k. value was fixed for further application of 3T-
7k. The free, non-metabolized radiotracer fraction in the plasma was
used as the input function (Delforge et al., 1999). Analysis was
performed in Matlab software R2015b (Mathworks, USA). All other
models were applied using PMOD software. TAC data corresponding to
the first (high specific activity) injection of the multi-injection experi-
ments were fitted with the 1) Simplified reference tissue model (SRTM)
and the 2) Logan non-invasive graphical analysis (hereon, LNIGA),
using a pre-defined k»’ value estimated with the SRTM, to obtain BPxp
images (Innis et al., 2007). Cerebellum was used as the reference
region, given that no [>*I]JIBZM specific binding is observed. Finally,
the standardized uptake ratio (SUR) was obtained by normalizing
delayed activity images to the activity in the reference region. For all
methods of quantification, analysis was performed on TACs from the
whole-striatum VOI as well as from the four sub-regions.

For SRTM and LNIGA, we evaluated the minimum duration of scan
required to obtain stable binding parameters. BPyp was estimated in
whole-striatum TACs of diminishing duration (by 10-min decrements).
The mean deviation of the BPyp value, across the three rats, for a given
scan duration from the value corresponding to the maximal duration
was used as the evaluation criterion. A mean estimation within 5% of
the parameter value at maximum duration with a coefficient of
variation (CV) <10% was considered a stable estimate. For SUR,
BPyp values were estimated over different fragments of data with a
fixed-duration (10 min).

TACs from the long-duration single-injection study were first fitted
with SRTM. To explain a misfit in the last time-points (see Results
section), the full reference tissue model (Full-RTM) (Lammertsma
et al., 1996) and the 2-tissue reference model (2-TRM) (Millet et al.,
2002; Watabe et al., 2000) were also employed in PKIN. 2-TRM
considers a second compartment in the reference region, correspond-
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ing either to specific or non-specific binding. Kinetic constants
corresponding to this compartment were fixed with average values
extracted from the multi-injection study.

TACs from the partial saturation experiments (whole- and sub-
regional striatal VOIs) were processed in a Matlab R2015b code. Data
corresponding to the linear part of the Scatchard plot were used for the
estimation of B,y, and appKy as previously described (Delforge et al.,
1996). Cerebellum TAC was employed as an index of the non-displace-
able binding in striatum. As described in Supplementary Materials and
Methods section S1.3, the ratio (r) of striatal-to-cerebellar non-
displaceable binding was used to correct the cerebellar TAC (Ceer)
before it was used in the Scatchard plot analysis, so Cyp=rxCeer
(Wimberley et al., 2014b). In addition, the Matlab R2015b code was
employed to estimate B,,,;; and appKy at the voxel level in the striatum,
after masking the extrastriatal voxels, using the TAC from the
cerebellum as the non-displaceable binding index as in the VOI-level
estimation. To evaluate the validity of voxel-wise application of the in
vivo Scatchard analysis, we averaged the B,,,; and appKy values in the
striatum of each rat and compared it to the VOI-wise estimated value.

2.7. Statistical analysis

B.vai, appKg and BPyp values resulting from fitting the data of the
whole duration of the multi-injection protocol were used as the “gold
standard” for comparison of estimations with the non-invasive quanti-
fication approaches by means of regression analysis. Comparisons of
average B,y and appKy values from the multi-injection study and the
partial saturation experiments were performed by means of a two-
samples t-test.

3. Results
3.1. Arterial plasma input function estimation

The mean percentage of non-metabolized radiotracer in the plasma
was fitted with a triexponential function resulting in the following
values: A;=0.035, B;=0.0064, A,=0.1097, B,=0.3597, A3=0.8546,
B3=42. Average percentage of radiotracer bound to plasma proteins
was 87.3%.

3.2. Full kinetic modeling of [*2*I]JIBZM with the multi-injection
approach

Fit of the 3T-7k models is shown in Fig. 1. 3T-7k provides excellent
fits, while 2T-5k failed to fit, especially in cerebellar TACs: this is due to
a non-negligible amount of non-specific binding, requiring the inclu-
sion of the k5 and kg parameters in the model that are the constants of
radiotracer exchange between the free ligand and non-specific binding
compartments. We thus only consider the results of 3T-7k fits for
further comparisons in our study. Average B,y.; values (in pmol/ml)
were 13.41+2.35 in left and 15.30+1.35 in right NAcc. In the
respective CP regions values were 20.28 +4.75 and 19.96 +1.87.
appKy values (in pmol/ml) were 6.21 + 0.48 in left NAcc and 5.44 +
0.45 in right NAcc. In CP, values were 7.20 + 2.00 and 7.63 + 2.87,
respectively.

Cerebellar TACs from the multi-injection protocol showed no
radiotracer displacement with the third injection (unlabeled IBZM).
The ratio of non-displaceable binding between the striatum and
cerebellum was found equal to r=1.55+0.08 (Supplementary
Materials and Methods S1.3 and Results S2.1). Regarding the non-
specific binding, given by the ratio of ks/ke kinetic constants, it took
values of 0.56 + 0.21 in the whole-striatum VOI and 1.83 + 0.50 in the
cerebellum. The respective kinetic parameter values estimates in the
individual sub-regions of the striatum are presented in Table 2.
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12 . --Free radiotracer
--Non-specific Binding
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200
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Time (min)
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Fig. 1. TACs extracted from the striatum of one multi-injection dynamic SPECT scan,
along with 3T-7k model fit and the kinetics specific, free and non-specific binding. Note
the remnant striatal radioactivity at the end of the scan and after a displacement with
unlabeled IBZM, explained the presence of non-specific binding.

3.3. BPyp estimation using non-invasive approaches

SRTM and LNIGA, using cerebellum as reference region, provided
excellent fits to data corresponding to the first injection (120 min) of
the multi-injection scanning protocol. Average BPyp values across the
three rats are presented in Table 3. Application of both these models on
TACs of diminishing duration revealed BPyp values within 5% of the
value at 120 min with a SD of <10% for duration up to 70 min.
Average striatal SUR values obtained from time fragments within the
time window between 80 and 110 min of acquisition satisfied this
stability criterion, thus, SUR values were estimated over data between
the 80" and the 110" minute of acquisition for further comparisons in
our study. Comparison of the quantitative estimates from all three non-
invasive methods gave excellent correlations with B,y values of the
multi-injection protocol data (r=0.84 for SRTM, r=0.84 for LNIGA and
r=0.83 for SUR, p < 0.0001 for all correlations) (Fig. 2).

The application of SRTM on TACs with a long duration ( > 120 min)
failed to provide an optimal fit (Fig. 3) as did the Full RTM. In contrast,
only the 2-TRM provided an excellent fit to the whole range of data.

3.4. Partial saturation experiments

An injected dose between 12 and 24 nmol/kg occupies 50—70% of
the receptors in the striatum as demonstrated in the ex vivo dose-
occupancy study in 14 rats (see supplementary section S1.2 and
supplementary Figure S1). 12 nmol/kg was the concentration of
unlabeled compound that was co-injected with the radiotracer for the
partial saturation scans.

Fig. 4a shows representative TACs obtained from the striatum and
the cerebellum of a partial saturation experiment on one rat. The
corresponding Scatchard plot is shown in Fig. 4b. The time-points that

Table 2
Mean and standard deviations of binding parameter estimates Obtained from 3 rats.
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Table 3
Mean and standard deviations of binding parameter estimates obtained from 3 rats.

VoI BPND-srRTM +SD BPnp-Lnica +SD SUR +SD
Acb L 1.52 0.16 1.53 0.15 3.46 0.76
AcbR 139 0.20 1.39 0.19 3.17 0.34
CPL 2.63 0.28 2.61 0.29 6.04 0.89
CPR 2.58 0.24 2.57 0.26 5.83 0.58

Acb: nucleus accumbens, CP: caudate-putamen, BPyp values are unitless

were employed for the Scatchard analysis, for all rats were found
between then 10" and the 45™ minute post radiotracer injection. They
provided a sufficiently high number of points to be used for tracing the
regression line. Average B,,; values (pmol/ml) were 11.99 + 8.47 in
left and 16.36 + 7.89 in right NAcc. In the respective CP regions values
were 30.44 + 7.57 and 28.77 + 7.49. appKq values (pmol/ml) were 8.38
+4.18 in left NAcc and 9.84 + 3.16 in right NAcc. In CP, values were
10.57 £ 1.63 and 9.67 + 1.60, respectively (Table 4). B,ya; and appKq
values from the partial saturation experiment were in accordance with
the respective values from the multi-injection study (p > 0.05 in two-
sample t test). Fig. 5 shows a parametric image of B,y.i;, as estimated at
the voxel level. Averaged voxel values correlated with VOI-wise
estimates in an excellent manner (r=0.96, p < 0.0001).

3.5. Simulation study and application of the partial saturation
protocol in adenoviral-mediated D,-receptor increase and
amphetamine-induced dopamine release

The results of the simulation study are shown in Fig. 6a. Both a 30%
increase and decrease in B,,,; and appKy did not alter the validity of
the Scatchard equilibrium conditions thereby permitting the extraction
of unbiased parameter values from the Scatchard plot. The results of
the partial saturation study in the rat that participated in the
adenovirus-mediated D»-receptor overexpression experiment are
shown in Fig. 6b. The ipsilateral striatum has a B,y,; of 19.56 pmol/
ml versus 16.58 pmol/ml in the contralateral striatum (an increase of
18%). appKy values were 5.40 pmol/ml and 5.56 pmol/ml, respec-
tively. Finally, a coronal section of the parametric B,,,; image of this
rat is shown in Fig. 6¢. In two of the six rats that were employed in the
partial saturation study, a second SPECT scan under the same
conditions was performed two days after the first one. Amphetamine
(0.15 mg/kg) pretreatment led to an average 16.93% decrease in B,ya;
(p < 0.05 in a paired t-test comparison) and a 39.12% increase in appKy
(p <0.01), as shown in Figs. 7a and 7b, respectively.

4. Discussion

4.1. Full quantitative modeling of [*?’IJIBZM and validation of non-
invasive approaches

The present study presents and validates a wide range of applica-
tions of molecular imaging of the D,/3 receptor in fundamental and -
potentially- clinical research. To the best of our knowledge, this is the
first description of full pharmacokinetic modeling of [2’IJIBZM in

VOI Bavail +SD appKp +SD Ky +SD ko +SD Kon +SD Kosr +SD ks +SD ke +SD
Acb L 13.41 2.35 6.21 0.48 1.09 0.32 0.09 0.02 0.06 0.005 0.4 - 0.04 0.02 0.04 0.02
Acb R 15.30 1.35 5.44 0.45 1.00 0.31 0.10 0.03 0.07 0.01 0.4 - 0.04 0.03 0.04 0.02
CPL 20.28 4.75 7.20 2.00 1.20 0.34 0.06 0.01 0.06 0.01 0.4 - 0.013 0.01 0.07 0.04
CP R 19.96 1.87 7.63 2.87 1.21 0.35 0.06 0.02 0.06 0.02 0.4 - 0.02 0.02 0.10 0.04
Cer - - - - 1.06 0.29 0.23 0.03 0.06 0.03 0.4 - 0.02 0.01 0.01 0.00

Acb: nucleus accumbens, CP: caudate-putamen, Cer: cerebellum, B,y,; and appKq are in pmol/ml, K; in mL.cm™3.min-1, ky, ks,

465

Ko, ks and ke in min™



S. Tsartsalis et al.

Q0
w

25

(ml/ml)

ND-SRTM

BP
&

(ml/ml)

ND-LNIGA

BP

700

20
Bavail (pmol/ml)

25

25

N

-
o

Neurolmage 147 (2017) 461-472

c 7
6
E
> 5
E
g
72 4
o
=
o
o0
3
10 15 20 25 10 15 20 25

Bavail (pmol/ml)

BMiI (pmol/ml)

Fig. 2. Linear regression plots of comparisons between B,y and BPyp estimated with (a) SRTM, (b) LNIGA and (c) SUR.

Table 4

Mean and standard deviations of By, and appKy estimates obtained from the partial
saturation protocol in 7 rats.
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Fig. 3. TACs extracted from the striatum and cerebellum of data from the 180-min long
single injection study. SRTM, Full-RTM and 2-TRM fits to the striatum. Note that SRTM
and Full-RTM produce a misfit, especially during the latest time-points. 2-TRM fits well
to the whole duration of data. In the magnified field, note the fits of the different models
in detail.

vivo. B,yan values in Caudate-Putamen and Nucleus accumbens are in
accordance with values previously described by our group Millet et al.
(2012) and others (Mauger et al., 2005; Wimberley et al., 2014b),
despite an apparent underestimation, probably due to a different
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Acb: nucleus accumbens, CP: caudate-putamen, B,y,; and appKy are in pmol/ml

delineation of VOISs in the two studies. appKy values of this size range
correspond to the modest affinity of ['>*I]IBZM and are comparable for
respective estimations for [*'CJraclopride in small animals (Mauger
et al., 2005; Wimberley et al., 2014b). As expected, no displaceable
binding was observed in regions other than the striatum. The cere-
bellum was an exception, given that radioactivity binding in this
“reference” region is used as an estimate of non-displaceable binding
in striatum.

The mutli-injection approach can be considered a “gold-standard”
in modeling radiotracer kinetics in the brain, permitting an in-depth
decomposition of the radioactive signal and full quantification of
kinetic parameters, to our knowledge more than any other approach.
Its use to validate simpler quantitative methods is invaluable (Dumas
et al., 2015; Millet et al., 2002, 2000a, 2006, 2012). However, the
estimation of a high number of parameters through a very complex
protocol naturally comes at a cost. Indeed, the full quantification of the
kinetic parameters may sometimes be difficult and some assumptions

b

20 25
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10
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0 5

Fig. 4. (a) TACs extracted from the striatum and cerebellum of a partial saturation dynamic SPECT scan in one rat. (b) Corresponding Scatchard plots along with linear fit.
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Fig. 5. (a) Coronal, (b) sagittal and (c) axial planes of a parametric B,,,; images (the image presented here is the average image of 6 rats that underwent the partial saturation protocol
and is filtered with a Gaussian kernel with a FWHM of 0.6x0.6x0.6 mm?®). (d) After extraction of the average Bqy,;; values in each of the four sub-striatal VOIs, they were compared to the

VOI-wise estimated By, values by means of linear regressions.

and simplifications may need to be applied: a fundamental assumption
is that the kinetics of the unlabeled ligand are identical to this of the
labeled one (Delforge et al., 1990). Fixing k. to reduce uncertainty in
parameter estimations is also necessary for this radiotracer, which,
nevertheless, as described elsewhere, does not induce bias in B,y,; or
appKq estimates (Millet et al., 1995). Measuring the arterial plasma
input function also is an invasive and technically difficult procedure,
especially in small-animal SPECT and an overestimation of K; values
may occur, as is the case in the present study (this does not influence
B.vail and appKd values, as discussed elsewhere (Dumas et al., 2015)).
Despite criticism, the interest of accurately estimating B,y.; and appKg
is well accepted (Morris et al., 1999). In this context, the partial
saturation method is much more interesting for routine research
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application given its simplicity and robustness, especially for voxel-
wise estimations, as discussed in Section 4.3, especially compared to
the multi-injection protocol.

Using cerebellum as reference region for the estimation of BPyp
with all three methods (SRTM, LNIGA and SUR) gave excellent
correlations with B,y,; values estimated from full kinetic modeling,
the “gold-standard” of kinetic parameters in molecular neuroimaging,
thus validating the use of these non-invasive methods. Despite other
studies having employed non-invasive approaches before and mainly
the SUR with inconsistent time-windows (Crunelle et al., 2012; Meyer
et al., 2008a, b, c¢; Nikolaus et al., 2011; Scherfler et al., 2005; Verhoeff
et al., 1991), the present is the only one validating these results against
B.vail- SRTM and LNIGA applied on scans as short as 70-min long and

@ Striatum ipsilateral to D2-adenovirus injection
@ Contralateral striatum

10 12 14 16 18 20
Cs(pnuﬂ/nﬂ)

Fig. 6. (a) Scatchard plots corresponding to simulated specific and non-displaceable binding from striatum. Note that the Scatchard equilibrium condition is satisfied in all simulated
variations of B,y,; and appKy, permitting accurate estimation of these parameters. (b) Scatchard plots from a partial saturation experiment in the rat that participated in the adenovirus-
mediated D,-receptor overexpression experiment. Red points correspond to the left striatum, ipsilateral to adenovirus injection, while the blue points correspond to the contralateral
striatum. Note the augmentation of B,y,; whilst appK4 remains virtually stable. (c) Parametric image of B,y (pmol/ml), the injection point is on the left side of the image.
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Fig. 7. (a) Bayan and (b) appKy of partial saturation experiments in all four sub-striatal
VOIs in two rats. CTRL (in blue color) describes baseline values and AMPH (red), the
corresponding values from a second partial saturation study in the same rats, two days
after the first and 30 min post-amphetamine administration. Statistically significant
differences in B,ya; and appKy values after the amphetamine challenge are marked (*, p
<0.05 and **, p<0.01).

the SUR, estimated at 80—110 min post radiotracer injection, accu-
rately reflect B,y,; in rat imaging.

4.2. Impact of non-specific binding on BPyp

An apparent bias in the absolute values of BPyp, when compared to
BP values of the 3T-7k likely originates from the difference in non-
displaceable binding between striatum and cerebellum. In addition, BP
values obtained from the 3T-7k model are quite homogenous across the
four striatal subregions, an observation that differs from BPyp values.
BPyp values present a difference between CP and NAcc, the latter
having consistently lower BPyp. The kinetic pattern of non-specific
binding was identified in the multi-injection data using the 3T-7k
model (Fig. 1). Non-specific binding is more important in late time-
points, in terms of proportion of the total tissue-radioactivity. Thus, the
impact of this difference between striatum and cerebellum is only
observable in late time-points. This may be clearly observed in the
quality of SRTM fits in striatum as a function of the duration of SPECT
acquisition: the SRTM fits are excellent and BPyp values are stable
when applied on data corresponding to 70—120 min of acquisition. For
a scan-duration of more than 120 min, the SRTM model fails to fit the
natural decrease in radioactivity in striatum (Fig. 3). To confirm that
this misfit derives from the difference in non-specific binding between
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striatum and cerebellum, we fitted the data with reference tissue
models other than the SRTM, that do not depend on the assumption
that the target and reference region present a one tissue-compartment
kinetics: the Full-RTM includes a two tissue-compartment model in the
target region and a one tissue-compartment in the reference region.
Thus, if the misfit were due to the striatal kinetics, Full-RTM would
correct it, which is clearly not the case. On the other hand, the 2-TRM,
which assumes a two tissue-compartment model kinetics in the
reference region, perfectly fits the data for the whole duration of the
scan and gives BPyp values that are virtually identical to SRTM-derived
values extracted from TACs shorter than 120-min long. As the presence
of a specific binding in the cerebellum is excluded by the multi-
injection, the second compartment in the cerebellum may conclusively
be considered as non-specific binding and the misfit in striatum with
SRTM on data longer that 120 min are most probably due to the non-
negligible difference in non-specific binding between this region and
the cerebellum.

This difference in non-displaceable binding between striatum and
cerebellum and within the striatal subregions does not impede the use
of these simplified methods, provided that it is stable across different
subjects of a given population and independent of the experimental
conditions of a biological study. Indeed, the striatal-to-cerebellar non-
displaceable distribution volumes (Vyp) ratios (1.55 + 0.08) present a
minimal variability, thus supporting this argument for [*2*IJIBZM. The
excellent correlation of BPyp values with B,,,; further confirms that
BPyp values reflect the absolute receptor concentration. Simplified
quantification models generally provide robust kinetic parameters with
a lower variability than invasive models that use the plasma-derived
input function (Lyoo et al., 2015; Tsartsalis et al., 2016b). BPyp values
obtained with the SRTM, LNIGA and SUR present a reasonable
variability and may thus be employed as an index of D,,3 receptor
expression in preclinical biological studies.

4.3. Non-invasive estimation of Bg,q; and appKy using a partial
saturation experiment

A simple method for the estimation of both parameters would be of
great interest in the context of translational and clinical molecular
imaging. To date, only few biological studies have considered both
parameters because their separate estimation is very complicated. This
is frequently cited as a limitation of imaging studies of brain physiology
and pathology. For instance, regarding normal brain function, Wooten
et al. (2012, 2013), after having showed a lack of correlation between
Bavail and BPyp for the 5-HT;, PET radiotracer [1®F]mefway (Wooten
et al., 2012), demonstrated that sex-based differences in BPyp in
rhesus monkeys, that could have otherwise been attributed to differ-
ences in 5-HT;, receptor concentration (B,y.j), were actually due to
differences in appKy (Wooten et al., 2013), probably reflecting the
endogenous serotonin level. Modifications both in the absolute recep-
tor concentration and endogenous neurotransmitter levels are probably
implicated in addiction (Hillmer et al., 2014; Martinez et al., 2012;
Wang et al., 1997). Similarly, Vivash et al. (2014) demonstrated that
both [*®F]flumazenil-measured GABA, receptor density and affinity
are diminished in epileptic rats. In this case, a reduced appKy could be
attributed, according to the authors, to differences in endogenous
ligand concentration (GABA) or into a modified composition of GABA,
receptor subunits. In other words, if appKq can be robustly dissociated
from By, valuable information is extracted, which is otherwise only
subject to speculation when only BP is estimated. A robust appKyg
measurement may permit a more direct study of endogenous ligand
level and the detection of more subtle variations across the spectrum of
normal and pathological brain function. This is probably not the case in
the way the study of endogenous neurotransmitter level is actually
performed, that is by evaluating the impact of pharmacologically
induced ligand release (e.g. using amphetamine in the case of
dopamine) on BPyp. Interestingly, a recent study associated person-



S. Tsartsalis et al.

ality traits with endogenous serotonin levels as reflected on 5-HT,
receptor BPyp (da Cunha-Bang et al., 2016). In this type of studies,
using the partial saturation protocol described here could potentially
significantly enhance precision when simultaneously estimating ser-
otonin levels (using appKy) and By, that is clearly a confounding
parameter in BPyp because it may as well vary according to study
conditions.

In this paper, we present and validate such a simplified method that
employs a partial saturation protocol. This method has been developed
by Delforge et al., for the estimation of B,.; and appKyq of ['!C]
flumazenil (Delforge et al., 1996, 1997) and has been employed in
clinical research ever since (Bouvard et al., 2005; Freeman et al., 2015).
It requires no blood sampling as it relies on cerebellar kinetics for the
estimation of the non-displaceable radioactivity fraction in the stria-
tum. Another advantage is that Scatchard equilibrium is rapidly
established after injection of a partially saturating dose of unlabeled
radiotracer with the radiolabeled one, thus requiring only short scans
of a maximum duration of less than 60 min. A preliminary ex vivo
study demonstrated that a dose between 12 and 24 nmol/kg of
unlabeled IBZM, when injected with labeled radiotracer, occupies
between 50 and 70% of striatal D,,3 receptors. We chose to use the
lowest concentration of the spectrum (i.e. 12 nmol/kg) because we
considered that saturation of a higher percentage of receptors would
lead to very few data-points in the Scatchard equilibrium, given that
[*2*1]IBZM has already a rapid kinetic behavior. Such a dose of
unlabeled IBZM induces a rapid decrease in specific binding (Fig. 4a)
for a sufficient period of time in order to trace the Scatchard plot.

The results of the partial saturation experiments are in accordance
with the B,y and appKy values obtained with the 3T-7k model on the
multi-injection data. B,,,; values in CP present an apparent over-
estimation compared to the respective values from the 3T-7k on multi-
injection data. Applying the partial saturation method is based on the
assumption that the free binding in the region of interest is described
by the kinetics of radioactivity in the reference region after proper
correction (Delforge et al., 1996; Wimberley et al., 2014b). As with all
simplified methods that use the kinetics in a reference region as an
input to the pharmacokinetic model (Slifstein et al., 2000), such a bias
in the absolute values is acceptable, as for all other simplified methods
of quantification. Regarding the estimation of the r factor that scales
the TAC from the cerebellum to better represent the striatal non-
displaceable binding, two approaches were employed: in the first one
the r value was estimated by the ratio of the Vyp values between the
striatum and cerebellum (in this case r=1.55), as estimated with the
multi-injection approach. The ratio of Vyp is in fact not identical to the
actual ratio of the Cyp in the striatum to the Cyp in cerebellum, which
is not even perfectly stable during the scan. However, in equilibrium
and even in a pseudo-equilibrium condition (that is approached by the
Scatchard equilibrium during the partial saturation scan) the ratio of
Vnp is the best approximation of the striatal-to-cerebellar Cyp. The
second method that we employed, a presaturation study (Wimberley
et al., 2014b) gave an average r value (r=1.68) very close to those
estimated with the first method. As discussed by Delforge et al., the
presaturation experiment may lead to biased estimates of the non-
displaceable binding kinetics (Delforge et al., 1996, 1993) given the fact
that the totality of specific binding sites is occupied by the unlabeled
ligand, whereas in the partial saturation experiment the occupation is
between 50% and 70%. In any case, the simulation study
(Supplementary Figure S2) demonstrates that 1) as with all simplified
“reference-tissue” methods (Salinas et al., 2015), a difference in the
non-displaceable binding leads to biases in the binding parameter
values (in this case mainly in B,y,;;) and 2) this bias is virtually identical
for a range of simulated B,,; values meaning that an existing
difference in B,ya; or appKy will still be detected regardless of this bias.

To demonstrate the feasibility of performing biological studies of
the dopaminergic system with [*23I]JIBZM with this partial saturation
protocol we first performed a simulation study. 30% variations in B,yaj
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and appKq that are comparable, if not superior, to any biological
variation expected in the context of a molecular imaging study were
simulated. As the objective of the simulation study was to verify the
validity of the Scatchard equilibrium condition, free ligand kinetics was
directly extracted from the striatum and not from cerebellum. The
results of a partial saturation experiment, considering a fixed dose of
unlabeled compound (12 nmol/kg), demonstrated that virtually no bias
is introduced in B,y or appKg. The only considerable parameter that
changed in this study was the duration of the Scatchard equilibrium
condition. The number of time points that form the Scatchard plot is
diminished for lower B.,.; values.

As a preliminary evaluation of the sensitivity of the partial satura-
tion approach, we induced a unilateral overexpression of D, receptors
in the striatum of one rat. This permitted a direct comparison of the
Scatchard plots from the two regions (shown in Fig. 6b). Do-receptor
overexpression induced an increase in B,,; of about 18%, while appKyg
remained stable. This finding seems justifiable, as the overexpression of
the receptor should increase its concentration. Of course, this experi-
ment is a mere demonstration of the sensitivity of the partial saturation
approach. A statistical analysis in a sufficiently large groups of rats
should examine the changes in B,,,; and appKy after adenovirus
injection, to answer in two important questions: 1) whether an over-
expression of the receptor actually translates into an increase in the
receptor concentration in the brain (so this increase in B,,; found here
may be confirmed) and 2) whether the increase in receptor concentra-
tion follows the cellular and sub-cellular distribution of the receptor at
baseline conditions. In this case, no modification of appK4q should be
detected (Laruelle, 2000).

Next, we evaluated the feasibility of studying amphetamine-induced
dopamine release in striatal sub-regions. This paradigm is widely
employed to assess the function of presynaptic dopaminergic terminals
(Ginovart, 2005; Laruelle, 2000). Dopamine is thought to act on [12°I]
IBZM binding by direct competitive antagonistic binding to the Dy/3
receptor (thereby augmenting the appKy) as well as by provoking
receptors’ endocytosis, thereby diminishing receptor concentration that
is available for binding (Ginovart et al., 2004; Jongen et al., 2008;
Skinbjerg et al., 2010; Sun et al., 2003). Given the complexity of this
phenomenon and the potential biological implications, the partial
saturation protocol could provide a simple method to assess the impact
of the amphetamine challenge on both B,y,; and appKg. Our results
demonstrate that the partial saturation study is robust enough to detect
such changes even at the sub-striatal level. Moreover, they are in
accordance with previously reported effects of amphetamine on [''C]
raclopride in vivo binding in cats, where a 28% decrease in B,y,; and a
36% increase in appKy were found (Ginovart et al., 2004). The partial
saturation approach permits perhaps a more efficient study of this
phenomenon, especially in the light of the results of microdialysis
studies that have assessed the kinetics of amphetamine-induced
dopamine release (using equivalent administration schemes). Indeed,
dopamine concentrations peak rapidly (> 1000-fold) after ampheta-
mine administration and return to baseline, very rapidly at early and
more slowly at late time-points (Breier et al., 1997; Butcher et al.,
1988; Kuczenski and Segal, 1989; Laruelle et al., 1997; Shoblock et al.,
2003; Tsukada et al., 1999). The time-window in which our experi-
ments are performed (that is roughly at 40—75 min after amphetamine
administration) falls within a period during which dopamine concen-
trations decrease relatively slowly and are certainly still significantly
higher than baseline. Based on current literature and quantification
methods, the partial saturation method seems to be one of the most
appropriate for this purpose, at least in terms of simplicity and timing.
Previous studies of this phenomenon that dissociated B,y,; from appKy
estimates have employed complex and long scan protocols composed of
three or four scans overall (because of the need to perform scans with
different specific activities) with a total duration well beyond the
temporal window in which the dopamine release can be captured
(Ginovart et al., 2004) while an important effect of timing of scans after
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induction of dopamine release has been demonstrated (Doudet and
Holden, 2003a, b; Doudet et al., 2003; Doudet et al., 2006).

The partial saturation method in [*?*IJIBZM imaging has potential
applications in clinical SPECT imaging. The arguments exposed in
previous paragraphs, in favor of the separate study of B,,.; and appKyq
are even more prominent in clinical imaging studies of the dopami-
nergic system. The complexity of the human brain may not be
diminished to the study of animal models that only approach some
of the aspects of brain physiology and disease while others remain
totally out of reach (to cite only few of them; higher cognitive processes
and pathological conditions such as perception and thought disorders).
In addition, brain neurochemistry underlies a plexus of functional and
pathological properties that compose the clinical picture: for instance,
psychiatric pathologies are often present in several dimensions going
from acute “diseases” to permanent traits of personality that potentially
interact with both the quantity of a neurotransmitter receptor and the
endogenous neurotransmitter concentration that may not be assessed
with the BP. That said, the development of clinical molecular imaging
has been a capital step towards a better understanding of how the brain
functions and dysfunctions. The possibility for a more in-depth study
with the partial saturation protocol, which is as technically feasible as
currently employed methods to estimate BPyyp is highly promising to
alleviate the confounding effect of appKy on By, and vice versa. To
date, variations BP may not be conclusively attributed to differences in
actual receptor concentration or in endogenous dopamine quantity and
this confounding effect (to cite only a few relevant studies; (Egerton
et al., 2009; Howes et al., 2009, 2012; Tomasi et al., 2016; Vaessen
et al., 2015; Volkow et al., 2007, 2009b, 2008; Wiers et al., 2016)) is
only approached theoretically. Assessing appKy may also permit the
(indirect) evaluation of the level of endogenous dopamine without
relying on the stimulant-induced dopamine release paradigm that not
only involves the administration of the stimulant agent but also
presents an important biological complexity per se (Laruelle, 2000).
Currently employed methods to separately estimate B,y and appKyg
are very difficult to employ in routine clinical research and are
practically limited to animal and very rarely in human studies
(Delforge et al., 1993; Doudet et al., 2003; Ginovart et al., 2004;
Millet et al., 2000a, 2006). Regarding the feasibility of applying the
partial saturation protocol in clinical [**3I]JIBZM SPECT, it should not
be problematic, in theory. Indeed, occupying 50-70% of striatal Dy/3
receptors for the application of the partial saturation approach induces
little, if any, adverse effects. Indeed, this level of blockade is identical to
the one induced by antipsychotic agents at therapeutic doses and it is
accepted that adverse events appear when blockade is higher that 80—
85% (Ginovart and Kapur, 2012). Proper validation of safety of
administering partially saturating doses of unlabeled IBZM through
animal and clinical studies could thus permit the application of this
protocol in clinical imaging where its impact in the understanding of
brain function and disease would be invaluable.

4.4. Denoising of [**°IJIBZM SPECT images with FA

SPECT images are particularly noised. Employing raw images for
analysis was in fact particularly difficult, even when TACs extracted
from the whole-striatal VOI were considered. Indeed, the variability of
3T-7k-derived parameters from the multi-injection study was high in
raw images (data not shown). In the case of partial saturation scans,
noise induced important deviations from linearity in Scatchard plots
and a high uncertainty in estimations as linear fits were of poor quality
(data not shown). We thus employed FA, as previously described (Di
Paola et al., 1982; Millet et al., 2012; Tsartsalis et al., 2016a), retaining
four prevalent factors that efficiently removes noise while inducing
negligible bias (if any), given that is a relatively “conservative”
configuration, compared to a two- (Tsartsalis et al., 2016a) or three-
factor analysis applied before (Tsartsalis et al., 2014). FA notably
permits to construct valid parametric images of B,y,; using the partial
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saturation method, as demonstrated by the quality of parametric
images and the excellent correlation of the voxel-wise estimated results
with their VOI-estimated counterparts. It is important to note that FA
application may also correct for the contamination of brain structures
under study with radioactivity from adjacent structures due to partial
volume effects (Millet et al., 2012).

5. Conclusion

In conclusion, we validate here the use of simplified methods for the
estimation of either BPxp or B,y and appKg. SRTM and LNIGA
applied on 70-minute long scans and SUR applied on data correspond-
ing to a static scan between 80 and 110 minutes after radiotracer
injection may robustly provide BPyp estimates that accurately reflect
the Bayai estimation after full kinetic modeling of [12*I]IBZM. We also
describe here a simplified and robust method for the separate estima-
tion of B,y and appKy, at both the VOI- and the voxel-level for a more
in-depth study of the absolute receptor quantity in striatum and the
interactions between receptor and endogenous ligand. This method
may thus be used for more technically demanding studies of the
dopaminergic system, such as the amphetamine-induced dopamine
release effect in translational and, potentially, in clinical imaging
studies.
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