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A B S T R A C T

Purpose: SPECT imaging with two radiotracers at the same time is feasible if two different radioisotopes are
employed, given their distinct energy emission spectra. In the case of 123I and 125I, dual SPECT imaging is not
straightforward: 123I emits photons at a principal energy emission spectrum of 143.1–179.9 keV. However, it also
emits at a secondary energy spectrum (15–45 keV) that overlaps with the one of 125I and the resulting cross-talk of
emissions impedes the accurate quantification of 125I. In this paper, we describe three different methods for the
correction of this cross-talk and the simultaneous in vivo [123I]IBZM and [125I]R91150 imaging of D2/3 and 5-HT2A
receptors in the rat brain.
Methods: Three methods were evaluated for the correction of the effect of cross-talk in a series of simultaneous,
[123I]IBZM and [125I]R91150 in vivo and phantom SPECT scans. Method 1 employs a dual-energy window (DEW)
approach, in which the cross-talk on 125I is considered a stable fraction of the energy emitted from 123I at the
principal emission spectrum. The coefficient describing the relationship between the emission of 123I at the
principal and the secondary spectrum was estimated from a series of single-radiotracer [123I]IBZM SPECT studies.
In Method 2, spectral factor analysis (FA) is applied to separate the radioactivity from 123I and 125I on the basis of
their distinct emission patterns across the energy spectrum. Method 3 uses a modified simplified reference tissue
model (SRTMC) to describe the kinetics of [125I]R91150. It includes the coefficient describing the cross-talk on
125I from 123I in the model parameters. The results of the correction of cross-talk on [125I]R91150 binding po-
tential (BPND) with each of the three methods, using cerebellum as the reference region, were validated against
the results of a series of single-radiotracer [123I]R91150 SPECT studies. In addition, the DEW approach (Method
1), considered to be the most straightforward to apply of the three, was further applied in a dual-radiotracer
SPECT study of the relationship between D2/3 and 5-HT2A receptor binding in the striatum, both at the voxel
and at the regional level.
Results: Average regional BPND values of [125I]R91150, estimated on the cross-talk corrected dual-radiotracer
SPECT studies provided satisfactory correlations with the BPND values for [123I]R91150 from single-radiotracer
studies: r¼ 0.92, p< 0.001 for Method 1, r¼ 0.92, p< 0.001 for Method 2, r¼ 0.92, p< 0.001, for Method 3.
The coefficient describing the ratio of the 123I-emitted radioactivity at the 125I-emission spectrum to the radio-
activity that it emits at its principal emission spectrum was 0.34 in vivo. Dual-radiotracer in vivo SPECT studies
corrected with Method 1 demonstrated a positive correlation between D2/3 and 5-HT2A receptor binding in the rat
nucleus accumbens at the voxel level. At the VOI-level, a positive correlation was confirmed in the same region
(r¼ 0.78, p< 0.01).
Conclusion: Dual-radiotracer SPECT imaging using 123I and 125I-labeled radiotracers is feasible if the cross-talk of
123I on the 125I emission spectrum is properly corrected. The most straightforward approach is Method 1, in which
a fraction (34%) of the radioactivity emitted from 123I at its principal energy spectrum is subtracted from the
measured radioactivity at the spectrum of 125I. With this method, a positive correlation between the binding of
[123I]IBZM and [125I]R91150 was demonstrated in the rat nucleus accumbens. This result highlights the interest
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of dual-radiotracer SPECT imaging to study multiple neurotransmitter systems at the same time and under the
same biological conditions.
Introduction

Molecular neuroimaging permits the study of brain function in health
and disease. Radiotracers targeting a wide panel of neurobiological
processes have been developed: regarding the neurotransmitter systems,
single-photon emission computed tomography (SPECT) and positron
emission tomography (PET) studies provide knowledge on neuroreceptor
levels, receptor-neurotransmitter-interactions, endogenous neurotrans-
mitter levels etc. (Frankle et al., 2005; Laruelle, 2000). With the advent of
modern small-animal scanners, molecular imaging is now employed in
the study of animal models of neuropsychiatric diseases. The advantage
of using the same techniques in fundamental as in clinical research lies on
the fact that animal models may provide insight into mechanistic aspects
of human disease while the knowledge obtained from small-animal im-
aging may be more directly implemented in human research (Cunha
et al., 2014; Frankle and Laruelle, 2002; Meikle et al., 2005; Nestler and
Hyman, 2010; Xi et al., 2011).

Given the arsenal of radiotracers available in molecular neuro-
imaging, multiple biological targets may be studied on the same subject
and permit a more thorough evaluation of brain physiology and pa-
thology (Cselenyi et al., 2004; Fakhri, 2012). For example, a joint eval-
uation of D2/3 and 5-HT2A receptors would be of interest for the study of
schizophrenia as both receptors are implicated in the pathophysiology of
the disease and a target for multiple antipsychotic agents (Ginovart and
Kapur, 2012; Howes et al., 2012; Selvaraj et al., 2014). Another highly
interesting example of joint exploration of multiple biomarkers would be
in dementia imaging (Jack et al., 2013). However, studying multiple
targets on the same animal is technically difficult. Multiple scan sessions
are time-consuming as theymay need to be separated by various amounts
of time for the radioisotope of the first scan to decay before the second
scan and thus prevent bias in the radioactivity measurements. However,
studying two or more biological phenomena using scan sessions that are
separated by hours or even days may induce variability and bias due to
the dynamic nature of most of biological phenomena that may rapidly
evolve or even depend on each other (Fakhri, 2012). For instance, results
from neuroreceptor studies may be subject to the effect of endogenous
ligand binding to the receptors (Laruelle, 2000), which is a dynamic
phenomenon, subject to physiological variations. Other parameters, such
as the effect of anesthetic agents may alter the radiotracers' binding
(McCormick et al., 2011) and thus hamper the joint interpretation of two
phenomena under study unless they are studied at the exact same time,
thus under the exact same conditions. Furthermore, multiple scan ses-
sions may reduce the throughput of small animal imaging studies. Given
the limitations described above, the development of simultaneous,
dual-radiotracer molecular imaging could optimize biological studies
both in terms of technical feasibility and of biological understanding of
brain function (Fakhri, 2012).

Simultaneous, dual-radiotracer molecular imaging is theoretically
feasible in SPECT. Each radioisotope used in SPECT emits photons in a
particular energy spectrum. Two (or more) radioisotopes may thus be
simultaneously employed in a single scan session and their respective
radioactive signals be distinguished based on their emission spectra
(Akutsu et al., 2009; Antunes et al., 1992; Bruce et al., 2000; Ichihara
et al., 1993). This is the case for two iodine isotopes used in SPECT. 123I
has a principal energy emission spectrum of 143.1–179.9 keV and 125I an
energy spectrum of 15–45 keV. The majority of radiotracers used in
SPECT studies of the central nervous system (CNS) is radioiodinated
(Baeken et al., 1998; De Bruyne et al., 2010; Dumas et al., 2014, 2015; Ji
et al., 2015; Kessler et al., 1991; Kung et al., 1989; Mattner et al., 2008,
2011; Ordonez et al., 2015; Pimlott and Ebmeier, 2007; Sehlin et al.,
2016; Tsartsalis et al., 2014a, 2015) and the possibility to perform
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dual-radiotracer SPECT using 123I and 125I would thus be of interest for a
wide spectrum of in vivo studies in animal models of neuropsychiatric
conditions. Nevertheless, distinction of 123I- and 125I-emitted photons is
not straightforward: 123I emits at a secondary energy spectrum that
overlaps with the one of 125I and the resulting cross-talk of emissions
impedes the accurate quantification of 125I.

In this paper, we compare three different methods for the correction
of cross-talk between 123I and 125I and apply them to the simultaneous
quantification of D2/3 and 5-HT2A receptors, using the [123I]IBZM and
[125I]R91150, respectively. Furthermore, we apply this methodology to
study the relationship between the [123I]IBZM and [125I]R91150 binding
in the rat striatum and thus illustrate the potential of dual-radiotracer
imaging for in vivo biological studies of brain function and pathology.

Materials and methods

123I and 125I phantom SPECT studies

Eighteen groups of three cylindrical phantoms each (2ml Eppendorf®

tubes) were prepared. In each group, one tube was filled with a solution
containing 123I (GE Healthcare, Eindhoven, Netherlands), one with the
same radioactive concentration of 125I (Perkinelmer, Schwerzenbach,
Suisse) and a third tube with a mixture of equal concentrations of both
radioisotopes (each radioisotope at half the quantity of radioactivity in
the adjacent single radioisotope-containing tube). Attention was paid for
the tubes to be filled with the exact same radioactive concentration so
that the measurement in the single-radioisotope containing tubes to be
exactly twice the radioactivity of the same radioisotope in the tubes
containing both. In this way, the measurements in the single
radioisotope-containing tubes could serve as controls for the measure-
ment in the dual-radioisotope containing tubes after correction for cross-
talk. Radioactive concentrations varied from 0.9 to 3.5 MBq/ml. The
tubes of each group were positioned along the longitudinal axis of the U-
SCAN-II SPECT camera (MiLabs, Utrecht, Netherlands) on a rectangular
polystyrene scaffold. A 10-min static SPECT acquisition was performed.

Radiotracer preparation

All chemicals were purchased from Sigma-Aldrich (Buchs,
Switzerland) with the highest purity available, unless otherwise speci-
fied. [123I]IBZM was obtained by incubation, for 15min at 68 �C, of a
mixture containing 5 μL of BZM precursor (ABX, Germany, 24 nmol/μl in
ethanol), 2 μL of glacial acetic acid, 1 μL of 30% H2O2 and 10mCi of
carrier-free 123I sodium iodide in 0.05M NaOH (GE Healthcare, Eind-
hoven, Netherlands). The radiotracer was isolated by a linear gradient
HPLC run (from 5% acetonitrile, ACN, to 95% ACN, 10mMH3PO4, in
10min).

For R91150 radiolabeling, 300 μg of R91150 precursor in 3 μL
ethanol was mixed with 3 μL of glacial acetic acid, 15 μL of carrier-free
123I or 125I (Perkin Elmer) sodium iodide (10mCi) in 0.05M NaOH,
and 3 μL of 30% H2O2. [123I]R91150/[125I]R91150 was isolated by an
isocratic HPLC run (ACN/water 50/50, 10mM acetic acid buffer) with a
reversed-phase column (Bondclone C18 10 μm 300� 7.8mm, Phenom-
enex, Schlieren, Switzerland) at a flow rate of 3ml/min. Radiochemical
purity, assessed by HPLC, was above 98% (Dumas et al., 2014).

In vivo SPECT studies and scan procedures

Thirty-two male Mdr1a KO rats (SD-Abcba1tm1sage, Sigma Advance
Genetic Engineering Labs, USA), weighing 370–573 g were used. Their
repartition was as follows: 1) Three rats were used in a single-radiotracer
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[123I]IBZM SPECT study. This study allowed the estimation of the α co-
efficient describing the relationship between the emission of [123I]IBZM
at the 15–45 keV spectrum and the emission of the same radiotracer at
the 143,1–179,9 keV spectrum (see section 2.5.1 for more detail). 2) Four
rats were used in a single-radiotracer [123I]R91150 study and the results
of the quantification were used as “ground truth” for the validation of the
results of cross-talk correction in dual-radiotracer SPECT studies. 3)
Three rats were employed in a simultaneous, dual-radiotracer SPECT
study to validate the three different methods of correction of the cross-
talk between [123I]IBZM and [125I]R91150 by comparing the results of
quantification with the results of study 2. 4) Ten rats were used in a dual-
radiotracer [123I]IBZM and [125I]R91150 study to evaluate the test-retest
reliability of the quantification of D2/3 and 5-HT2A receptors with this
protocol. In addition, with these ten rats, the correlation between these
two receptors in the nucleus accumbens (NAcc) was studied. 5) In a
supplemental study, one rat was employed in a dual-radiotracer study in
which [123I]R91150 was labeled with 123I and [125I]IBZM with 125I. 6)
Finally, eight rats were used in a supplemental in vitro study of D2/3 and
5-HT2A quantification in the NAcc to validate the results of the in vivo
study. Table 1 summarizes the above description. All experimental pro-
cedures were performed in accordance with the Swiss Federal Law on
animal care under a protocol approved by the Ethical Committee on
Animal Experimentation of the Canton of Geneva, Switzerland.

SPECT scans were performed under isoflurane anesthesia (4% for
induction, 2.5% for maintenance). Body temperature was maintained at
37� 1 �C by means of a thermostatically controlled heating blanket. A
polyethylene catheter (22G) was inserted in the tail vein for radiotracer
injection, at a volume of 0.6ml over a 1-min period using an infusion
pump. The scan protocol, regarding the number of image-frames is pre-
sented for each study in Table 1.
Table 1
Repartition of rats into experimental groups.

Experiment n SPECT protocol Objective/Outcome
measures

1. Single-radiotracer
[123I]IBZM study

3 120 x 1-min frames Estimation of α
coefficient
Estimation of BPND
(SUR)

2. Single-radiotracer
[123I]R91150 study

4 120 x 1-min frames Estimation of BPND
(SUR)

3. Dual-radiotracer [123I]
IBZM/[125I]R91150
validation study

3 240 x 1-min frames,
(125I]R91150 injected
at t¼ 0 and [123I]IBZM
injected at t¼ 20min)

Validation of BPND
estimation with SUR
after cross-talk
correction with DEW/
Spectral FA/SRTMC

4. Study of the D2/3-5-
HT2A binding in
striatum and test-retest
variability assessment

10 4� 10-min frames
scan, initiated at
t¼ 80min after the
simultaneous injection
of [123I]IBZM/[125I]
R91150

Estimation of BPND
(SUR) after DEW-
correction for cross-
talk/Test-retest
variability/
correlation between
D2/3-5-HT2A

5. Supplemental
experiment Dual-
radiotracer [123I]
R91150/[125I]IBZM
validation study

1 240 x 1-min frames,
(125I]IBZM injected at
t¼ 0 and [123I]R91150
injected at t¼ 20min)

Evaluation of a
possible bias of [123I]
R91150 on [125I]
IBZM

6. Supplemental
experiment Single-
radiotracer [125I]
R91150 study

3 1� 20-min frame,
(initiated at
t¼ 100min after [125I]
R91150 injection)

Evaluation of a
possible bias in BPND
due to the use of 125I

7. Supplemental
experiment In vitro
autoradiography study
of D2/3 and 5-HT2A

binding

8 – Estimation of 1) D2/3

binding in brain slices
from frontal cortical
and striatal regions
and 2) 5-HT2A binding
onto immediately
adjacent slices
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SPECT image reconstruction, co-registration and regional radioactivity
measurement extraction

SPECT image reconstruction from phantom and in vivo rat studies
(single- and dual-radiotracer) was performed using a pixel ordered sub-
sets expectation maximization (P-OSEM, 0.4 mm voxels, 4 iterations, 6
subsets) algorithm using MiLabs image reconstruction software. Recon-
struction of dynamic SPECT images was performed using the radioac-
tivity measured at each radioisotope's principal energy spectrum, that is
at 143,1–179,9 keV for 123I and at 15–45 keV for 125I. Reconstruction of
static SPECT images was performed at the aforementioned energy spectra
but also over the whole energy spectrum from 0 to 200 keV, with 5 keV-
wide windows (in this case, image-volumes containing the re-
constructions of a static SPECT image over the whole spectrum are
termed “spectral images”). In this way, the pattern of emission of each
radioisotope over the whole energy spectrum is studied. Radioactive
decay correction was performed while correction for attenuation or
scatter was not.

SPECT images were processed using PMOD software (version 3.8,
2014, PMOD Technologies Ltd, Zurich, Switzerland). Radioactivity from
the phantom study (section 2.1) was extracted from the SPECT image by
means of an ellipsoid volume-of-interest (VOI) manually placed at the
center of the tube (2 cm3). In vivo SPECT scans were manually co-
registered to a rat MRI and a VOI template (including 57 VOIs), incor-
porated in PMOD (Schiffer et al., 2006). In the case of dynamic SPECT
images, manual co-registration was performed on images of average
radioactivity over many frames of acquisition, to enhance the visualiza-
tion of the brain. Co-registration parameters of these averaged images
were then applied to individual frames of the dynamic images and
time-activity-curves (TACs) were generated.
Simultaneous dual-radiotracer SPECT signal separation

For the dual-radiotracer study, a 240 x 1-min frame SPECT acquisition
started immediately after a [125I]R91150 injection at t¼ 0
(62.88� 19.14 MBq), while [123I]IBZM was injected at t¼ 20min
(66.33� 26.02 MBq). The protocol for the dual-radiotracer studies is
presented in Fig. 1. For the single radiotracer studies, a 120 x 1-min frame
SPECT acquisition was initiated upon radiotracer injection. Radioactive
concentration at the time of injection was 100.45� 34.15 MBq for the
single-radiotracer [123I]R91150 study and 90.45� 3.27 MBq for the
single-radiotracer [123I]IBZM study. Three different methods of signal
separation in dual-radiotracer SPECT were employed in this paper:
Fig. 1. The protocol employed in the dual-radiotracer experiments (as described
in section 2.3). The SPECT scan starts with an injection of [125I]R91150, fol-
lowed by the injection of [123I]IBZM, 20min later. The [125I]R91150 TAC is
unbiased until the moment of [123I]IBZM injection. The time-windows on which
the BPND values for the two radiotracers is estimated, are indicated with the
vertical lines.
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Method 1: correction of the cross-talk between 123I and 125I by subtracting the
123I-derived contamination from the 125I radioactive signal (hereon, dual
energy window method)

Lee and colleagues (Lee et al., 2013, 2015) proposed a dual energy
window (DEW)method, exploiting the fact that the emission of 123I at the
principal (high) energy spectrum at 143,1–179,9 keV and the emission at
the secondary (low) energy spectrum at 15–45 keV (this one producing
the cross-talk with 125I) have a linear relationship, described by the
following equation:

123Ilow ¼ α* 123Ihigh (1)

where 123Ilow and 123Ihigh denote the radioactivity of the low and high-
energy emission spectra, respectively and α is an unknown coefficient.
The α coefficient was estimated from the 123I phantom study (section 2.1)
and the in vivo single-radiotracer [123I]IBZM SPECT study (section 2.5). It
was given by fitting equation (1) to the scatter plot of the radioactivity
measured at the high-energy spectrum and the corresponding measure-
ment at the low-energy spectrum, across 123I phantoms. For the in vivo
imaging study, the α coefficient was estimated by fitting equation (1) to
the radioactivity measured at the high-energy spectrum and the corre-
sponding measurement at the low-energy spectrum, in each of the 57 VOIs
over the three rats of the single-radiotracer [123I]IBZM study (section 2.3).

Knowing the α coefficient permits to correct the total radioactivity
measured at the low-energy window (125/123I), where the cross-talk be-
tween 123I and 125I is observed. Indeed, in this case, the radioactivity
emitted by 125I only (125I) will be given by the following equation:

125I ¼ 125=123I � α * 123Ihigh (2)

all other parameters are known, including the radioactivity measured at
the high-energy spectrum (123Ihigh), which is not influenced by cross-talk
and directly quantified. After application of the DEW method, the non-
displaceable binding potential (BPND) (Innis et al., 2007) was estimated
on static images corresponding to acquisitions between the 80th and the
110th min after injection for the [123I]IBZM studies and between the
100th and the 120th min after injection for [125I]R91150. These
time-windows correspond to pseudo-equilibrium conditions and permit a
simple specific uptake ratio method (SUR) to be used for BPND estima-
tion, as previously demonstrated (BPND¼Radioactivity in target
region/Radioactivity in reference region-1) (Dumas et al., 2015; Tsart-
salis et al., 2017). These time-windows where employed whenever the
estimation of BPND was performed over static SPECT images with the
SUR method in this paper.

Method 2: spectral factor analysis (FA)
As described in section 2.4, static images from phantom and in vivo

experiments were reconstructed across the energy spectrum in 5 keV-
wide energy windows and all these reconstructed images were combined
in a single volume, termed a spectral image, one for each phantom or rat.
Spectral images were processed in the Pixies software (Apteryx, Issy-les-
Moulineaux, France) as previously described (Di Paola et al., 1982; Millet
et al., 2012; Tsartsalis et al., 2014a). In this paper, FA is used for the
decomposition of spectral images into a few elementary
component-images, each one of them representing the emission pattern
of one radioisotope over the emission spectrum. The decomposition is
based on the distinct spectral pattern of each component-image and is
performed at the voxel level. The objective is to distinguish the radio-
active signal with respect to the radioisotope (123I or 125I) that emitted it.
Thus, the emission pattern of radioactivity in each voxel (i) of an original
(raw) spectral image, Vraw

i ðrÞ (where r is the energy window at which
reconstruction was performed), is expressed as a function of a finite
number (k) of curves called factors fk, each one corresponding to a
distinct radioactivity emission pattern across the energy spectrum and a
set of factor-images Мk that represent the spatial distribution of the
531
factors. Overall, the decomposition of the radioactive signal may be
expressed using the following equation:

Vraw
i ðrÞ ¼

XK

k¼1

MkðiÞfkðrÞ þ eiðrÞ (3)

where ei(r) represents the error term for each voxel (i) at energy (r)
including both noise and modeling errors. In the present study, K¼ 3,
given that we know a priori that the whole radioactive signal is emitted
by two radioisotopes and the third factor corresponds to the data that is
not attributed to either 123I- or 125I-emitted signal. In addition, the
distinct pattern of emission from each radiotracer over the energy spec-
trum is known from the reconstruction of the single-radiotracer images
(section 2.1) that contained only one of the radioisotopes at a time. This a
priori known pattern of emission was employed as a constraint of simil-
itude in FA, i.e. obliging the software to extract factors similar to the
known patterns of emission of 123I and 125I. For a more detailed
description of FA and the application of a constraint of similitude, please
see (Millet et al., 2012). After FA, the images corresponding to the factor
representing 125I and more precisely its emission spectrum at 15–45 keV
were extracted and considered cross-talk-corrected. BPND was estimated
over [123I]IBZM and [125I]R91150 SPECT images with the SUR method.

Method 3: inclusion of the effect of cross-talk in the compartmental analysis
Correction of the effect of cross-talk was also performed by including

it in the equation of the simplified reference-tissue model (SRTM)
(Lammertsma and Hume, 1996; Wu and Carson, 2002), as previously
described (Carson et al., 2003; Tsartsalis et al., 2014b). The SRTM
equation is the following:

CVOIðtÞ ¼ R1CREFðtÞ þ ðk2 � R1k2=ð1þ BPNDÞÞCREFðtÞ � e�k2=ð1þBPNDÞt (4)

where CVOIðtÞ and CREFðtÞ are the TACs in the VOI and the reference
region, respectively, R1 is the relative delivery of the radiotracer in the
VOI with respect to the reference region (K1=K '

1), k2 are tissue efflux
constants in the VOI.

In the present study, the radioactive signal measured at 15–45 keV
corresponds to [125I]R91150 and a part of the [123I]IBZM signal as a
result of cross-talk. Taken equation (2) into account, at any time point

C125
VOIðtÞ ¼ Ctotal

VOI ðtÞ � α C123
VOIðtÞ (5)

and

C125
REFðtÞ ¼ Ctotal

REFðtÞ � α' C123
REFðtÞ (6)

where C125
VOIðtÞ and C125

REFðtÞ are the true TACs corresponding to [125I]
R91150 in the VOI and reference region, Ctotal

VOI ðtÞ and Ctotal
REF ðtÞ correspond

to the measured TAC, that includes the cross-talk from [123I]IBZM,
C123
VOIðtÞ and C123

REFðtÞ are measured radioactivities at the 123I principal
emission spectrum in the VOI and reference region, respectively. The α
parameter, corresponding to the VOIs, is fitted. On the other hand,
considering the reference region (α'Þ it is fixed with the value estimated
as described in section 2.5.1.

Combining equations (4)–(6) gives the operational equation of the
“corrected” SRTM or SRTMC:

Ctotal
VOI ðtÞ ¼ R1

�
Ctotal

REFðtÞ � α' C123
REFðtÞ

�þ ðk2 � R1k2=ð1þ BPNDÞÞ
�
Ctotal

REFðtÞ

� α' C123
REFðtÞ

�� e
� k2
ð1þBPNDÞt þ α C123

VOIðtÞ
(7)

that was implemented in PMOD software, as previously described
(Tsartsalis et al., 2014b). Thus, the number of parameters to fit with
SRTMC is one more than in the SRTM, which is the α coefficient for every
VOI (given that for the reference region it is fixed (Tsartsalis et al.,
2014b)).
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Statistical analysis

In phantom experiments, radioactivity measurements from cross-talk
corrected images of phantoms that contained both radioisotopes were
compared to measurements from the respective adjacent phantoms
containing a single radioisotope. In rat experiments, regional BPND values
resulting from the quantification of cross-talk-corrected dual-radiotracer
images, were compared with corresponding values from single-
radiotracer images of in vivo experiments. Comparisons in both cases
were performed by means of linear regression analysis and paired-
sampled t-test. Statistical significance was set to p< 0.05.
Evaluation of the relationship between striatal D2/3 and 5-HT2A-receptor
binding at the voxel and VOI level

The relationship between D2/3 and 5-HT2A binding in the striatum has
been evaluated in an independent group of ten Mdr1a KO rats, weighing
370–520 g. SPECT scans and image reconstruction were performed as
described in sections 2.3 and 2.4, respectively, with the difference that a
shorter scanning protocol was employed: a scan composed of four,
10min-long frames was initiated at t¼ 80 after a concurrent injection of
30.42� 8.92 MBq of [123I]IBZM and 24.6� 5.63 MBq of [125I]R91150.
In this experiment, no time interval was left between the injections of the
two radiotracers, contrary to the dual-radiotracer studies described in
section 2.3. In that case, the interval served in the dynamic SPECT pro-
tocol and the SRTMC method, to demonstrate the effect of cross-talk on
the radiotracer's kinetics. Dual-radiotracer imaging was performed using
the DEW method (Method 1 in section 2.5.1) and BPND was estimated as
in section 2.5.1 with the SUR over frames corresponding to 80–110min
post radiotracer injection for [123I]IBZM and 100–120min for [125I]
R91150. A test-retest analysis of BPND estimations using this approach is
described in the supplemental material. To perform voxel-wise linear
regression analysis between D2/3 and 5-HT2A receptor binding across the
group of six rats, static SPECT images corresponding to 80–110min post
radiotracer injection for [123I]IBZM and 100–120min for [125I]R91150
were spatially normalized as follows: at first, a [125I]R91150 template-
image was created with the Small Animal Molecular Imaging Toolbox
(Vallez Garcia et al., 2015) (SAMIT, Groningen, Netherlands) using the
static [125I]R91150 SPECT scans mentioned above, in Matlab (R2016,
Fig. 2. (A) A static SPECT image from three phantoms filled with 123I, 125I and both (“
radioactive emissions across the energy spectrum are shown in (B–D). The double em
spectrum and is at the origin of the cross-talk.
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Mathworks Inc, USA). Then, spatial normalization of the [125I]R91150
SPECT images of each rat was performed in PMOD, which implements
methods according to SPM5 software (Wellcome Trust Center for Neu-
roimaging, UCL, London, UK). The resulting transformation matrix was
applied to the corresponding [123I]IBZM images. Then, voxel-wise
regression analysis of [123I]IBZM and [125I]R91150 binding was per-
formed in Matlab (estimated using the SUR) and images of the Pearson's r
coefficient and associated p-values were produced. Linear regression
analysis was also performed at the VOI level (in the NAcc and the cau-
date/putamen nucleus, CPu, bilaterally) on these same parametric im-
ages of BPND. An experimental and simulation study to validate that the
observed correlation between D2/3 and 5-HT2A binding is not due to any
residual cross-talk activity from [123I]IBZM on [125I]R91150 images is
described in the supplemental material.

Results

In Fig. 1, the protocol used in the dual-radiotracer experiments (see
section 2.3) is presented. The [125I]R91150 TAC is unbiased until the
20th min, when [123I]IBZM is injected. From this moment on, the [125I]
R91150 TAC is considerably biased for the whole duration of the
experiment. The effect of cross-talk on the radioactivity measurements at
the low-energy spectrum is also presented in Fig. 2. Indeed, in Fig. 2A, the
SPECT image of the three phantoms was reconstructed at the low-energy
window, in which both 123I and 125I are visualized. The emission from the
123I-containing phantom shows that 123I emits a considerable radioactive
signal at this energy spectrum thus producing the cross-talk phenomenon
with the 125I-derived radioactivity.
Correction of the cross-talk between 123I and 125I with the DEW method

Fig. 3 A depicts the radioactivity measured in a 123I-phantom SPECT
experiment across the energy spectrum. The radioactive counts measured
from the 123I phantoms at the high- (123Ihigh) and the low-energy spectra

(123Ilow) highly correlated with each other (Fig. 3B, r¼ 0.99, p< 0.001).
The α coefficient was found to be 0.58 in the phantom experiments.
Fig. 3C depicts an image of three of the dual-radiotracer phantoms
reconstructed at the low-energy spectrum before the correction for cross
talk. In Fig. 3D, the images have been reconstructed at the high-energy
Mixed”) radioisotopes, reconstructed at the low energy spectrum. The respective
ission of 123I, at the high and low spectra, the latter one overlaps with the 125I



Fig. 3. (A) The radioactivity emission of 123I, across the
energy spectrum. The radioactivity measured at the high
(123Ihigh) and the low energy spectrum (123Ilow) is noted on

the plot. (B) linear regression between 123Ihigh and 123Ilow
for all the phantoms and estimation of the α coefficient
from the slope of the regression line (0.58). (C) An image
of three phantoms reconstructed at the low energy win-
dow. (D) the same image reconstructed at the high energy
window. (E) the same image reconstructed at the low en-
ergy window, corrected for cross-talk with the DEW
method.
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window, clearly demonstrating the disappearance of the 125I-containing
phantom and the diminution in the activity in the mixed-radioactivity
tube that contains both radioisotopes. In Fig. 3E, the image has been
corrected for cross-talk with the DEW method. This led to an almost-
disappearance of the 123I-containing phantom and a similar decrease in
the radioactivity measured in the phantom containing both
radioisotopes.
Fig. 4. (A) Coronal, sagittal and axial planes of a DEW-corrected in vivo [125I]R91150
IBZM at the high and the low energy spectra is plotted in blue dots. Each one of them
The correlation between the high and low energy emission of 123I as measured in p
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Fig. 4 A presents the corrected [125I]R91150 image from an in vivo
dual-radiotracer experiment. The images acquired correspond to the
window between the 100th and the 120th minute post-injection. The
predominance of binding in frontal cortical areas with respect to
subcortical structures is observed, along with a fronto-caudal gradient in
binding, a pattern typical of 5-HT2A distribution (Tsartsalis et al., 2016a).
In Fig. 4B, the good correlation between the radioactive counts emitted
SPECT image. (B) The correlation between the radioactivity emitted from [123I]
corresponds to the measurements in one of the 57 brain VOIs in three rats in vivo.
hantom experiments (shown in Fig. 3B) is also shown in red dots.
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by [123I]IBZM in vivo at the high- and the low-energy spectrum across the
brain VOIs is presented (r¼ 0.95, p< 0.001). The same correlation from
the phantom experiments is included for comparison. The α coefficient
was 0.34� 0.057 in vivo for all VOI and across the three rats. The vari-
ability of the α coefficient values was mainly due to some low-binding
VOI. On the contrary, high binding VOI, striatal VOI and the CER, had
less variable α coefficient values (0.33� 0.04 in the motor cortex, MC,
0.36� 0.04 in the medial prefrontal cortex, MPFC, 0.30� 0.02 in the
orbitofrontal cortex, OFC, 0.35� 0.04 in the somatosensory cortex, SSC,
0.31� .04 in the cingulate cortex, CC, 0.35� 0.03 in the NAcc,
0.33� 0.02 in the Caudate/Putamen, CPu and 0.34� .03 in the CER).

Correction of the cross-talk between 123I and 125I using spectral FA

Fig. 5 shows the result of the application of spectral FA to correct for
the effect of cross-talk on 125I signal in a phantom dual-radiotracer
experiment. The factor-images corresponding to the 123I- and 125I-
emitted radioactive signal and the third factor (Fig. 5A, C and 5E,
respectively) are presented along with their respective factor-curves
(Fig. 5B, D and 5F). In Fig. 5A, in which the 123I-emitted signal is
retained, the 125I-containing phantom virtually disappears and the
opposite is observed in Fig. 5C, where 125I-emitted signal is retained. The
third factor-image (Fig. 5E–F, respectively) and the associated curve
presents a negligible amount of radioactivity compared to the first two
Fig. 5. Image-factors (A, C, E) and associated factor-curves (B, D, E) corresponding
periments. Note the minimal radioactivity attributed to the third factor (E and F) as
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factors. The magnitude of the associated radioactivity concentration is
hundreds of times lower than the radioactivity of the first two factors.

Fig. 6 shows the result of the application of FA for cross-talk correc-
tion in one in vivo dual-radiotracer experiment ([123I]IBZM in Fig. 6A and
[125I]R91150 in Fig. 6B) and the three factor curves (Fig. 6C). The images
acquired in vivo correspond to the window between the 80th and the
110th minute post radiotracer injection for [123I]IBZM and between the
100th and the 120th minute post-injection for [125I]R91150. The cor-
rected in vivo brain images present a predominant binding in striatum,
compatible with the known spatial distribution of the [123I]IBZM. The
spatial distribution of [125I]R91150 binding is as described in section 3.1.
The third factor curve represents the rest of the radioactive signal that is
negligible compared to the factor-images described above, as was the
case for the phantom experiments. Both in the phantom and in vivo ex-
periments, the two predominant factors have a visually similar spectral
distribution pattern as the spectral patterns of energy emission extracted
from single-radiotracer experiments (Fig. 2).

Correction of the cross-talk between 123I and 125I using the SRTMC

Fig. 7 shows the TACs extracted from a dynamic dual-radiotracer in
vivo SPECT experiment using a VOI corresponding to the OFC (average of
bilateral VOIs), a high 5-HT2A binding region. The TAC extracted from
the image reconstructed at the high-energy spectrum is shown in red
to 123I, 125I and the third factor, obtained from FA application in phantom ex-
opposed to the radioactivity from the first two factors.



Fig. 6. Coronal, sagittal and axial planes of a FA-corrected in vivo [125I]R91150 (A) and [123I]IBZM (B) SPECT image. (C) the associated factor-curves.
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color. This TAC corresponds to D2/3 binding and is unaffected by any
cross-talk effect. In black color is the uncorrected TAC extracted from the
image reconstructed at the low-energy spectrum. It is important to note
that the initial part of the TAC (first 20min) that corresponds to the scan
duration before the injection of [123I]IBZM overlaps completely with the
blue TAC, which is the corrected TAC with the SRTMC method. The in-
jection of [123I]IBZM at the 20th minute induces a steep increase in the
radioactive signal of [125I]R91150 and produces an important deviation
from the normal kinetic pattern of this radiotracer. The SRTMC fitted the
[125I]R91150-derived TACs in an excellent manner (data not shown).
The α’ coefficient in CER, the reference region, was fixed at 0.34, the
average value estimated in the series of rats that received only [123I]
IBZM, as described in 2.5.1. The coefficient values for the brain VOIs,
which were fitted with SRTMC had an average value of 0.29� 0.07,
which was close to the average value of the α coefficients estimated in the
series of rats that received only [123I]IBZM, as described in 2.5.1.

Comparison of the methods for cross-talk correction

The radioactive concentrations obtained after cross-talk correction of
the images of the phantoms containing both 123I and 125I were compared
with the values obtained from the corresponding adjacent single-
radioisotope containing tubes, which served as controls. For the DEW
method, the linear regression for 125I provided an excellent correlation
(r¼ 0.998, p< 0.001, with a slope of the regression line of 0.96). Simi-
larly, the 125I measurements after FA correction of cross-talk were
excellent (r¼ 0.998, p< 0.001, with a slope of 0.916). The 123I mea-
surement after FA correction of cross-talk gave equally good results
(r¼ 0.999, p< 0.001, with a slope of 1.03).
Fig. 7. TACs extracted from a dynamic dual-radiotracer in vivo SPECT experi-
ment using a VOI corresponding to the OFC. The TAC extracted from the image
reconstructed at the high-energy spectrum is shown in red color. In black color is
the uncorrected TAC extracted from the image reconstructed at the low-energy
spectrum. The blue TAC corresponds to the corrected [125I]R91150 TAC with
the SRTMC method.
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Table 2 presents BPND values extracted from in vivo experiments.
Examples of high- and low-binding VOIs for 5-HT2A (MC, MPFC, OFC)
and D2/3 receptors (NAcc and CPu) are included. The SUR approach was
applied over static dual-radiotracer images corrected with the DEW
method and FA. The same approach was applied to single-radiotracer
SPECT images for comparison. BPND values extracted from dynamic
dual-radiotracer images using the cross-talk correction in the SRTMC are
also included. BPND values from frontal cortical regions estimated from
DEW-corrected dual-radiotracer images ranged from 3.86� 0.24 in the
MC to 4.75� 0.96 in the OFC. FA-corrected images provided similar
values ranging from 3.77� 0.29 to 4.77� 0.93, respectively. SRTMC-
derived BPND values were found in a similar range, i.e. from 3.78� 0.11
in the MC to 5.18� 1.73 in the OFC. Regarding the high-5-HT2A binding
VOIs, all correction methods provide overestimated values, compared to
values estimated using the same methods from single-radiotracer ex-
periments and in the case of the DEW- and FA-derived BPND values
reached statistical significance (as evaluated by means of paired-samples
t-test). The extraction of [123I]IBZM images from dual-radiotracer ex-
periments using FA provides average BPND values which are very close to
the values estimated from [123I]IBZM images that were directly recon-
structed at the high energy window (shown in the last column of
Table 2).

Furthermore, an evaluation of the cross-talk correction methods was
performed. BPND estimations from the dual-radiotracer experiments,
corrected with each one of the three methods were compared to the es-
timations from single-radiotracer [123I]R91150 experiments by means of
linear regression analysis. BPND values were averaged in every VOI across
the rats of the same group and regression analysis was performed using
average these VOI values. Average BPND values estimated in cross-talk
corrected [125I]R91150 images using the DEW method correlated well
with average BPND values from single-radiotracer [123I]R91150 experi-
ments (r¼ 0.92, p< 0.001, Fig. 8A). Similarly, BPND values from [125I]
R91150 images corrected with FA correlated equally well (r¼ 0.92,
p< 0.001, Fig. 8B). BPND values from the spectral FA-extracted [123I]
IBZM images from dual-radiotracer experiments were compared to BPND
values from the exact same images that were reconstructed at the high-
energy spectrum, where only unbiased 123I-emitted radioactivity is
detected (r¼ 0.99, p< 0.001, Fig. 8C). A similar same level of agreement
was observed using the SRTMC to account for the impact of cross-talk on
[125I]R91150 kinetics (r¼ 0.92, p< 0.001, Fig. 8D).

Evaluation of the relationship between striatal D2/3 and 5-HT2A-receptor
binding at the voxel and VOI level

Fig. 9 A presents a coronal section of a parametric image of Pearson's r
coefficients. Linear regression analysis was performed to compare D2/3
and 5-HT2A binding across the six rats of the experiment at the voxel
level. Parametric images of associated p values of statistical significance
reveal that two small clusters of voxels (<20 voxels) in each NAcc reach



Table 2
BPND (ml/ml) values extracted from dual- and single-radiotracer studies. Values are presented as mean� standard deviation. The unbiased (control) values were
obtained from a single-radiotracer [123I]R91150 experiment (4 rats) while the unbiased [123I]IBZM values were obtained after the reconstruction of the images of the
dual-radiotracer experiments at the high energy window, which is not affected by any cross-talk. No BPND values outside the striatum are presented for [123I]IBZM.

VOI Dual radiotracer-experiments Unbiased (control) experiments

[125I]R91150 [123I]IBZM [123I]R91150 [123I]IBZM

DEW (SUR) FA (SUR) SRTMC FA (SUR) SUR SUR

MC 3.86� 0.24 3.77� 0.29 3.78� 0.11 – 2.85� 0.21 –

MPFC 4.20� 1.13 4.76� 0.87 4.28� 0.74 – 3.48� 0.48 –

OFC 4.75� 0.96 4.77� 0.93 5.18� 1.73 – 3.34� 0.24 –

NAcc 1.94� 0.66 2.26� 0.64 2.04� 0.45 2.61� 0.29 2.55� 0.43 2.59� 0.6
CPu 2.51� 0.54 2.66� 0.57 2.94� 0.42 5.12� 0.59 2.53� 0.34 4.93� 0.92

Fig. 8. Scatterplot of average (across rats) regional [125I]R91150 BPND values (vertical axis) from the dual-radiotracer in vivo experiments corrected with the (A) DEW
(Method 1) and (B) spectral FA (Method 2). They are plotted against average [123I]R91150 BPND values from the single-radiotracer experiments (horizontal axis). (C)
Correlation between average [123I]IBZM BPND values obtained after the application of FA (vertical axis) and the average BPND values from the direct reconstruction of
[123I]IBZM at the high-energy spectrum (which is unbiased) from the same experiments (horizontal axis). SRTMC (Method 3). (D) Scatterplot of average [125I]R91150
BPND values (vertical axis) obtained with the SRTMC method plotted against the average [123I]R91150 BPND values from the single-radiotracer experiments (hori-
zontal axis).
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significance at p< 0.05. Linear regression analysis was also performed
for the comparison of D2/3 and 5-HT2A binding across these six rats at the
VOI level in bilateral CPu and NAcc. A statistically significant correlation
is observed (r¼ 0.78, p< 0.01, Fig. 9B) in NAcc, but not in CPu (data not
shown).

Discussion

BPND estimation from dual-radiotracer SPECT studies

The present paper evaluates three different methods for the simul-
taneous, dual-radiotracer imaging using a 123I- and a 125I-labeled mole-
cule. These methods correct the effect of cross-talk on radioactivity
measurements of 125I. All three methods provide BPND values of [125I]
R91150 that correlate highly with values obtained from single-
radiotracer [123I]R91150 experiments and are similar to values from
the literature (Dumas et al., 2015; Tsartsalis et al., 2016b, 2017). Using
one of the proposed methods (DEW), we also demonstrated that BPND
values from dual-radiotracer experiments have an acceptable test-retest
variability, which is 14% for [123I]IBZM and 14.10% for [125I]R91150
(see section S2.1). Indeed, in SPECT, [123I]R91150 BPND values'
test-retest variability ranges between 10 and 20% (Catafau et al., 2008).
In small animal imaging in general, a variability of 15–20% is considered
acceptable (Constantinescu et al., 2011), as is the case for the BPND values
presented here.

The DEW method (Method 1) provides the most straightforward
means of correction of the cross-talk between 123I- and 125I-labeled
molecules. It exploits the linear relationship between the 123I-emitted
activity on the 125I spectrum and thus its use has no statistical noise. To
our knowledge, the present paper is the first to employ this method in
brain imaging (Lee et al., 2013, 2015). The validity of this methods is
supported by the excellent correlation between BPND values from
DEW-corrected, dual-radiotracer and from single-radiotracer SPECT
studies. One disadvantage of this method is the variability of the α co-
efficient values across the brain regions, due to the interaction of photons
with matter. Indeed, this interaction is illustrated by the difference in the
value of the α coefficient as estimated in phantoms (where there is a
minimal interaction with matter) and in vivo. This is not surprising and
has been described for another pair of SPECT-employed radioisotopes,
111In111 and 177Lu (Hijnen et al., 2012). Importantly, in our experiments,
the effect of the interaction with matter is quite homogeneous across the
brain VOI and across rats with a coefficient of variation of α at 17%. This
variation in the α parameter values, albeit non-negligible per se, probably
has a little impact in the context of this study. Indeed, looking into the
value of this parameter in individual VOI across rats shows that in
cortical, receptor-rich regions, as well as in the striatum and the CER, α
values are less variable (with a coefficient of variation<10% as described
in section 3.1 and close to the average value that was used in the
application of the DEW method.

Using FA (Method 2) for the correction of the cross-talk resulted in
BPND values that correlated similarly well with the [123I]R91150 values
from the single-radiotracer group. As a further validation step, the BPND
values of [123I]IBZM extracted with FA was directly compared to the
corresponding values from [123I]IBZM images that were directly recon-
structed at the principal (hence cross-talk-free) emission spectrum of 123I.
The highly significant correlation proposes that FA does not considerably
bias the radioactivity measurements. The use of extra-striatal BPND
values in the linear regression analysis of 123I binding may appear odd,
given the lack of specific binding of [123I]IBZM out of the striatum.
However, the objective of this comparison was to assess the correction of
a physical phenomenon (cross-talk) that is little affected, if at all, by the
kind of binding (specific, free or non-specific). The application of FA is
not limited to dual 123I and 125I experiments but extends to dual 123I and
99mTc imaging, which may equally be applied in clinical neuroimaging.
Indeed, correction of cross-talk between 123I and 99mTc with independent
component analysis has been described in the literature (Chang et al.,
537
2006). In the same paper, this method proved superior to a simple
reconstruction using an energy spectrum at 15% around the 99mTc pho-
topeak. Model-based correctionmethods have also been proposed for this
correction (Du and Frey, 2009; El Fakhri et al., 2001). Another advantage
of FA is that it may potentially be used for triple-radiotracer SPECT using
123I, 125I and 99mTc and preliminary studies of our group on phantoms
show promising results (data not shown). FA is not as straightforward as
the DEW method and presents a statistical noise. In addition, in voxels
that have the highest binding of the 123I-labeled radiotracer and a
moderate or low binding of the 125I-labeled radiotracer, FA tends to
attribute all the radioactivity to the 123I, thus underestimate the
125I-associated binding. This seems to be the case for some striatal voxels,
as illustrated in Fig. 6B. This could be of little importance when BPND
values are studied in whole VOIs but could be a considerable limitation in
voxel-wise quantification.

Method 3, which implements the cross-talk correction in the kinetic
analysis with SRTM, provides a valuable alternative to the previous two
methods when kinetic modeling in dynamic images is required for
quantification. Indeed, using the first two methods, FA in particular, in
dynamic studies would be computationally challenging. One disadvan-
tage of the SRTMC method is the need for an interval between the in-
jections of each radiotracer. In addition, SRTMC necessitates an a priori
determination of the α coefficient in the reference region to optimize the
identifiability of the model's parameters. Nevertheless, an interesting
finding is that the estimates of the α coefficient with Method 3 have
comparable values to the ones found with Method 1 and this consistency
is, to our view, an argument in favor of the validity of the proposed
methods.

Given the fact that Method 1 (DEW) is the most straightforward and
computationally feasible to apply, while it has no statistical noise, it was
the method of choice for the study of the relationship of D2/3 and 5-HT2A
receptor binding in the striatum, as discussed further in this paper.
Dual-radiotracer imaging in PET and SPECT

Dual SPECT imaging is feasible when radiotracers are labeled with
radioisotopes with non-overlapping emission spectra (Akutsu et al.,
2009; Antunes et al., 1992; Bruce et al., 2000; Ichihara et al., 1993). Dual
[99mTc]pyrophosphate/Tl201 SPECT has been proposed in cardiac nu-
clear imaging to assess the viability of the myocardium and its irrigation,
respectively. Similarly, 201Tl/[123I]β-methyl-iodophenyl pentadecanoic
acid (BMIPP) dual-radiotracer SPECT has been described for a simulta-
neous assessment of cardiac perfusion (201Tl) and fatty acid metabolism
([123I]BMIPP) (Akutsu et al., 2004). In both cases, the energy emission
spectra of the combined radioisotopes had no considerable overlap, thus
no cross-talk correction was required. 111In/177Lu dual-radioisotope
SPECT has also been described, given the minimal overlap of their
respective emission spectra, with a DEW method to account for this
overlap (Hijnen et al., 2012).

Recently, a PET system that proposes dual (or higher) simultaneous
radiotracer imaging using pure positron and positron-γ emitters, has been
described (Fukuchi et al., 2017). In addition, discrimination of
positron-emitting radioisotopes based on their unique decay rate has
been described for 18F and 13N (Figueiras et al., 2011). Dual-radiotracer
PET has also been described in the case of brain tumor studies in which
tumor metabolism and proliferative activity are assessed with [18F]FDG
and [18F]FLT, respectively. In that paper, a joint-radiotracer pharmaco-
kinetic model was considered and all the kinetic parameters were esti-
mated from a PET dynamic study in which the two radiotracers were
injected with a 30-min delay from each other (Kadrmas et al., 2013). A
longer delay between the two radiotracers' injections may be appropriate
when short half-life radiotracers are used (Koeppe et al., 2001). Overall,
our study is the first among the aforementioned ones which proposes a
dual-radiotracer imaging methodology with radioiodinated molecules in
the brain and a direct biological application.



Fig. 9. (A) a coronal section of a parametric image of Pearson's r coefficients. Linear regression analysis was performed to compare D2/3 and 5-HT2A binding across the
six rats of the experiment at the voxel level. The color bar represents r values. (B) Linear regression analysis for the comparison of D2/3 and 5-HT2A binding across ten
rats at the VOI level (including average left and right NAcc for each rat).
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Simultaneous study of D2/3 and 5-HT2A binding in the striatum

The in vivo study of multiple receptors or proteins in general, is an
approach of great potential, as the understanding of brain physiology and
pathology may not be limited to the study of one molecular target. In the
present study, to emphasize on the feasibility of performing simulta-
neous, dual-radiotracer SPECT studies in vivo, we provide preliminary
evidence for an association of D2/3 and 5-HT2A receptors in the NAcc. We
employed Method 1 (DEW) to study the relationship between D2/3 and 5-
HT2A binding because it is the most straightforward. D2/3 and 5-HT2A
BPND values show a positive correlation, at the VOI level, in NAcc. In a
preliminary evaluation of the same relationship at the voxel level, we
find that D2/3 and 5-HT2A binding showed a good correlation in the NAcc
across the rats. Given the fact that this is an exploratory analysis, with a
primary purpose to validate the dual-radioligand approach (which is
intended to use with any couple of molecular targets in the brain and not
limited to D2/3 and 5-HT2A), with a limited number of rats and without
any correction for the effects of noise, we did not perform any correction
for multiple comparisons. In this context, formulating conclusions on the
biological underpinnings of this voxel-wise correlation is out of the scope
of this paper.

Evidently, one could hypothesize that there is no real correlation and
that [123I]IBZM contaminates [125I]R91150 radioactivity measurements
due to suboptimal correction of cross-talk. The simulation study
described in section S2.3 shows that even in the “worst-case” scenario
where both striatal and cerebellar α coefficient values have been mis-
calculated (by 20% that exceeds the variability of α coefficient estimates
from [123I]IBZM-only experiments as estimated in 2.5.1), the change of
the slope of the regression line does not produce an artificial correlation.
As a further proof, we performed the analysis in S2.3, in which radio-
labeling with 123I and 125I was inversed for IBZM and R91150. In this
case we evaluate the scenario where 123I radioactivity in high [123I]
R91150-binding VOIs (such as in cortical VOIs) highly contaminates the
signal from [125I]IBZM which is virtually inexistent in the same regions.
Knowing that no specific binding of [125I]IBZM is observed out of the
striatum, we safely assume that no correlation should be observed after
the correction for cross-talk whatsoever. Before correction, voxel-wise
BPND values between the two radiotracers correlated well (data not
shown). This is not surprising, given the high level of 123I-derived
radioactivity that is measured at the 125I energy spectrum. After correc-
tion for cross-talk, no voxel-wise correlation at any of the VOIs was
observed, thus further confirming the validity of the DEW method that
demonstrated this correlation between the two receptors. We also rule
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out the possibility that the observed correlation is in fact biased by the
partial volume effects on [125I]R91150 binding in NAcc from adjacent
high-binding cortical VOIs. Indeed, no correlations are observed between
D2/3 binding in NAcc and 5-HT2A binding in either of these cortical re-
gions (S2.3). In addition, our in vitro autoradiography study (see Sup-
plemental S1.4), shows that in NAcc, regional D2/3 binding correlates
with 5-HT2A binding, further supporting the in vivo study.

Evidence in the literature on D2 and 5-HT2A interactions already ex-
ists: they may be co-expressed on the same cells (Ma et al., 2006) or form
functional heterodimers (Albizu et al., 2011; Borroto-Escuela et al., 2014;
Lukasiewicz et al., 2010) in physiological or pathological conditions
(Varela et al., 2015). Nonetheless, the full extent of the biological im-
plications of such an interaction remains elusive. In this context,
dual-radiotracer imaging of D2/3 and 5-HT2A (as well as of other couples
of molecular targets) may constitute a complementary means for the
non-invasive, in vivo study of such complex biological phenomena.
Limitations

Our study has three main limitations. First, performing single- and
dual-radiotracer experiments on the same rat at different time-points
could provide a better comparison group for the validation of the
methods proposed for the correction of cross-talk between 123I and 125I
and further validation of the results with this approach is encouraged,
especially if other couples of radiotracers are employed in future exper-
iments. Indeed, averaging values across rats before comparison may
diminish the effect of BPND variability. Nevertheless, we chose to use
three independent groups of rats instead of using the same group and
multiple scans for each animal to minimize stress for the animals. In
addition, the use of the same rat at different time-points would still be
subject to the test-retest variability. The scanning protocol employed in
the study was quite long and this constituted a technical difficulty for
using the same rats twice. Despite this limitation, the linear regression
analysis results demonstrate a highly significant correlation between
[125I]R91150 values from dual-radiotracer and [123I]R91150 values from
single-radiotracer experiments.

Another limitation concerns the observed correlation between NAcc
[123I]IBZM and [125I]R91150 BPND values. Despite support from litera-
ture, there is no direct study of the biological implications of this finding.
However, this would be largely out of the scope of this paper, which
intends to illustrate that using dual-radiotracer SPECT in translational
research may reveal such relationships between different aspects of a
biological phenomenon, to permit an in vivo longitudinal assessment and,
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finally, to be coupled with studies at the cellular and molecular level.
Furthermore, in the present paper, no assessment of this relationship in
extra-striatal regions may be obtained given the absence of specific
binding of [123I]IBZM in these regions. Such a study may be performed
with [123I]epidepride, a high-affinity D2/3 radiotracer presenting specific
binding in extra-striatal regions. Our proposed methods may be directly
applied in a dual-radiotracer [123I]epidepride/[125I]R91150 study, as
with any couple of radio-iodinated molecules.

Finally, we did not perform either scatter or attenuation correction in
our in vivo imaging studies. Both corrections should be important
(Andersen et al., 2014), particularly with the DEW method (Lee et al.,
2015). 125I, in particular, is more subject to attenuation and scatter ef-
fects than 123I (Feng et al., 2007; Gregor et al., 2007). Correcting for the
effects of these phenomena should diminish the bias presented in BPND
values of [125I]R91150 compared to [123I]R91150, which is evident from
Fig. 8 and Table 2. In fact, despite excellent correlations, BPND values
from dual-radiotracer experiments were overestimated with all three
correction methods (with the values of the DEW and FA methods
reaching statistically significant difference from [123I]R91150 BPND
values). This overestimation is, at least in its greatest part, the result of
the effects of scatter and attenuation on 125I imaging per se and not of any
bias in the dual-radiotracer imaging approaches described here. As
shown in supplemental Fig. S2, [125I]R91150 BPND values from
dual-radiotracer experiments correlate well with [125I]R91150 BPND
values from single-radiotracer experiments and do not differ significantly
from them. Thus, it may be hypothesized that the origin of this over-
estimation, affecting both single- and dual-radiotracer studies with [125I]
R91150 is probably due to the aforementioned physical phenomena and
a more pronounced effect of them on the radioactivity in reference region
(CER) that in target VOI in the rat brain. As it may be observed in Fig. S5,
VOI situated on the basis of the skull (i.e. those highlighted in red on the
scatter plot) are less overestimated compared to [123I]R91150 BPND
values than the other, more superficial regions. This is probably due to a
more pronounced effect of scatter and attenuation in these VOI. How-
ever, without CT data from our experiments, attenuation correction
could not be performed. Regarding scatter correction, we performed a
preliminary correction with DEW on the three rats of the dual radiotracer
validation study (experiment 3 in Table 1) after having corrected data for
scatter with the triple-energy window (TEW). This resulted in BPND
values which correlated in an excellent manner with the corresponding
BPND values from studies uncorrected for scatter. Given this result, the
fact that scatter correction may be time-consuming and that scatter
correction alone without attenuation correction may add further bias
(Hutton et al., 2011), we chose not to implement scatter correction in our
DEW methodology. In any case, our proposed methods may be substan-
tially optimized with the correction of the scatter and attenuation effects
(Lee et al., 2015), which was out of the scope of this paper.

Conclusion

Dual- and potentially multiple-radiotracer imaging may prove to be
an invaluable tool in molecular imaging with both PET and SPECT.
Numerous studies in neuropsychiatry already employ multiple-
radiotracer imaging. Here, we provide three different methods for the
correction of cross-talk produced by the overlap between the emission
spectra of 123I and 125I. Among these methods, the DEW method is
considered the most straightforward and computationally feasible. This
applicability of this method was demonstrated in an experiment that
showed that NAcc D2/3 and 5-HT2A binding are correlated at the voxel
and VOI level.
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