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Quantification of Neuroreceptors and Neurotransporters

Hiroshi Ito, Mika Naganawa, Chie Seki, Harumasa Takano,
lwao Kanno, and Tetsuya Suhara

Abstract

The binding potential relative to the concentration of nondisplaceable radiotracer in brain (BPnp),
corresponding to the ratio of the density of neuroreceptors or neurotransporters available to bind radio-
tracer in vivo (B,y,i) to the dissociation constant of the radiotracer (Kp), can be measured by positron
emission tomography (PET) with various radiotracers. PET measures the total radioactivity in brain
regions, and therefore the differentiation of specific binding from the background of nondisplaceable
binding is a fundamental problem in quantitative analyses of PET data. A true equilibrium condition can
be obtained only by continuous intravenous infusion of radiotracer. Equilibrium condition after bolus
injection of radiotracer can practically be defined as peak equilibrium at the transient moment when the
specific binding is maximal. For equilibrium condition, BPxp is expressed as the ratio of radiotracer
concentration of specific binding to nondisplaceable binding estimated using a reference region. Kinetic
analysis, which is based on the assumption that radiotracer binding can be described by the standard two-
tissue compartment model, allows the differentiation of the specific binding from the background of
nondisplaceable binding, therefore revealing BPnp. For radiotracers with no ideal reference region,
BPxp can be calculated only by kinetic analysis. Distribution volumes can also be estimated by several
graphic plot analyses, as well as by kinetic analysis. Graphic plot analyses can be used to distinguish
graphically whether radiotracers show reversible or irreversible binding. A graphic plot analysis recently
developed can also be used to distinguish graphically whether the radiotracer binding includes specific
binding or not. To avoid the measurement of arterial input function, several quantitative approaches based
on the use of a reference region have been developed. Both the simplified reference tissue model and
multilinear reference tissue model methods were widely used to calculate BPynp without the arterial input
function. For each radiotracer and each purpose of PET study, an adequate quantification method should
be employed.

Key words: PET, Neuroreceptor, Neurotransporter, Binding potential, Quantification

1. Introduction

There are several functions of neurotransmission in synapse (Fig. 1).
The endogenous neurotransmitter is synthesized in presynaptic
neuron and released into synaptic cleft. The released neurotransmit-
ter binds to the neuroreceptors in postsynaptic membrane and then
signalings are caused. The released neurotransmitter is removed
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Fig. 1. Schema for functions of neurotransmission in synapse.

from synaptic cleft through the neurotransporters in presynaptic
membrane. A neuroreceptor is a protein molecule in the cell mem-
brane of neuron. For transmembrane neuroreceptors, there are two
kinds of receptors, the metabotropic receptors including the G
protein-coupled receptors and the ionotropic receptors. The recep-
tors of dopaminergic and serotonergic neurotransmission system
which are of main interest in pathophysiology of neuropsychiatric
diseases, e.g., schizophrenia and depression, are categorized as the
G protein-coupled receptors. A neurotransporter is a membrane
protein in presynaptic neuron. Both pre- and postsynaptic functions
can be estimated by positron emission tomography (PET) with
various radiotracers. For instance, in dopaminergic neurotransmis-
sion system, the binding of dopamine receptors representing post-
synaptic functions can be measured for each of D; and D, subtypes.
The dopamine transporter binding and the endogenous dopamine
synthesis rate representing presynaptic functions can also be
measured (1). The parameters of specific binding of the radiotracer
to neuroreceptors or neurotransporters consist of the density of
neuroreceptors or neurotransporters available to bind radiotracer
in vivo (B,y.y1) and the dissociation constant between the radiotracer
and neuroreceptors or neurotransporters (Kp). The dissociation
constant Kp is expressed as kog/ %on, Wwhere ko, and kogare equilib-
rium bimolecular association and dissociation rate constants
between the radiotracer and neuroreceptors or neurotransporters,
respectively (2).

PET measures the total radioactivity in brain regions, and
therefore the differentiation of specific binding from the back-
ground of nonspecifically bound and free radiotracer is a funda-
mental problem in the quantitative analyses of PET data. To solve
this problem, a variety of approaches have been developed for the
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Fig. 2. The two-tissue compartment model with four rate constants and the one-tissue
compartment model with two rate constants to describe the kinetics of radiotracers.

analysis of radiotracer binding. One approach is to apply a kinetic
analysis that is based on the assumption that radiotracer binding can
be described by the standard two-tissue compartment model
(Fig. 2) (3-5). The rate constants obtained from the two-tissue
compartment model can be used to calculate the curve for radio-
tracer concentration of specific binding (Cs) and the nonspecifically
bound and free radiotracer concentration, i.e., radiotracer concen-
tration of nondisplaceable binding ( Cyp) in a brain region. Other
approaches are based on the use of a reference region such as the
cerebellum, a brain region almost devoid of neuroreceptors or
neurotransporters (5, 6). The radiotracer concentration of specific
binding, Cs, is defined as the difference between the total radio-
tracer concentration in a brain region ( Cr) and the concentration in
the reference region with negligible specific binding (Cg). This
approach is based on the assumption that the radiotracer concen-
tration in the reference region, Cg, is a valid estimate for that of
nondisplaceable binding, Cyp, in a brain region with neurorecep-
tors or neurotransporters. In this chapter, we introduce several
quantitative methods for specific binding of radiotracers to neuror-
eceptors or neurotransporters.

2. Equilibrium
Analysis

2.1. Continuous Infusion
of Radiotracer

Theoretically, a “true” equilibrium condition with constant concen-
tration of Cr, GCs, and Cyp can be obtained only by continuous
intravenous infusion of radiotracer (7, 8). For equilibrium condition,
the ratio of B,y to Kp is expressed as follows:

JND Bayail _ Gs _ Cr — Gap (1)
Kp Cnp Cyp

where fup is the free fraction of radiotracer in the compartment of
nondisplaceable binding. fypBavai/Kp is defined as the binding
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Fig. 3. The equilibrium condition obtained with an initial rapid bolus injection of radiotracer
followed by continuous infusion.

potential relative to the concentration of nondisplaceable radio-
tracer in brain (BPnp) (2, 3). When the radiotracer concentration
in the reference region, Cg, is a valid estimate for Cyp in a brain
region with neuroreceptors or neurotransporters, BPyp is
expressed as follows:

_ DBy Cr — Cr 2)
- Kp &R

The equilibrium condition can practically be obtained with an
initial rapid bolus injection of radiotracer followed by continuous
infusion using the optimal proportion between the initial rapid
bolus injection and continuous infusion (Fig. 3) (8).

The concept of distribution volume has been proposed to
quantitate the uptake of radiotracers in the brain during equilib-
rium condition. For equilibrium condition, the distribution
volume is defined as the ratio of radiotracer concentration in
brain to that in plasma (Cp), as follows (7):

BFnp

_ GO
Vr = Co (3)
Vs = Co (4)
_ Gup
o = Co (5)

where V7 is the total distribution volume, and Vs is the distribution
volume with specific binding in a brain region. Vxp is the distribu-
tion volume with only nondisplaceable binding in a brain region
and thus is devoid of specific binding sites. Using distribution
volumes, BPnp is expressed as follows:

V=T Vr—-W
Vb VR

BPnp = (6)



2.2. Bolus Injection
of Radiotracer
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Fig. 4. The condition of peak equilibrium after bolus injection of radiotracer defined as
occurring when the derivative for specific binding is zero.

where Vg is the total distribution volume in the reference region
defined as Cgr/ Cp. When interindividual and regional differences in
Vnp are negligibly small, Vr can be used as an indicator of BPyp.

Equilibrium condition after bolus injection of radiotracer can
practically be defined in several ways. One approach is to assume
equilibrium condition at the transient moment when the specific
binding is maximal (“peak” equilibrium) (5, 6). The condition of
peak equilibrium is theoretically defined as occurring when the
derivative for specific binding is zero, and BPnp is expressed as
follows (Fig. 4):

. Gs dcs(t) .
BPnxp = Cn when T 0 (7)

When the radiotracer concentration in the reference region,
Cr, is a valid estimate for Cyp in a brain region with neuroreceptors
or neurotransporters, BPxp is expressed as follows:

Cr— G G dGs(2)
e G N Tar ®)
Another approach is to assume equilibrium condition at a late
time point of scan duration after rapid bolus injection of radio-
tracer, at which the ratio of Cs to Cyp is expected to approach an

approximate plateau. In this condition, BPxp is expressed using the
radiotracer concentration in the reference region, Cy, as follows:

Or-G_G
Gk &

In PET study with rapid bolus injection of radiotracer, the total
distribution volume, V7, is defined as follows (7):

_ Iy Gr(r)de
—Jgo Cp(t)dt

BPxp =

BPnp = (at a late time point after injection) (9)

VT (10)
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3. Kinetic Analysis

The time-activity curves after bolus injection of several radiotracers
with high specific radioactivity have been described by the standard
two-tissue compartment model with four first-order rate constants
(Fig. 2) (3-5). The rate constants K and %, describe the influx and
efflux rates for radiotracer diffusion through the blood-brain bar-
rier, respectively. The rate constants %z and %4 describe the radio-
tracer transfer between the compartments for nondisplaceable
radiotracer and specific binding. Using equilibrium bimolecular
rate constants, k3 is expressed as fupkonBavai, and k4 is equal to
koge. This model can be described by the following equations:

dGCp (2
4—%&—):1(1@(;) — (ks + k3)Cup () + ks Cs(7)  (11)
dGs(z

Cist( ) = kgCND(t) — l’c‘4cs(t) (12)
G]j(t) = CND(Z‘) + Cs(t) (13)
The distribution volumes and BPnp are expressed as follows (2,9):

K
Vap = (14)

2

K ke3

VT—-—l—g(l +7k;) (15)
BPxp = ks (16)

ND =

Using the reference region, BPnp can be expressed as follows:

VT_VND: Vr—Tr
125 Vr

Vg is expressed as follows:

BPxp = (7)

(18)

where Ky’ and k' are the influx and efflux rate constants, respec-
tively, for the reference region with negligible %3 and %4. The rate
constants (K, kp, k3, and k4) can be estimated by applying a
conventional nonlinear least-squares fitting procedure to the
regional time-activity curves measured by PET (Fig. 5). For radio-
tracers with no ideal reference region, BPxp can be calculated only
by (16) (10). However, BPnyp calculated by (16) is sensitive to
noise in the PET measurements as compared with that by (17)
due to an interdependency of rate constants.

Binding potentials are measures of specific binding as a ratio to
some other reference radiotracer concentrations. In addition to BPyp,



Quantification of Neuroreceptors and Neurotransporters 155

700

¢ o

600+ ° Cq

— Fitted curve

o
i)
s
1= -
S 500
2=

400+
8 £
>0
= 300
=<
°
g 200+
B 1004 °© % 0 0 4 o
o

O T T T T T

Time (min)

Fig. 5. Typical time—activity curve in a brain region with specific binding (Cr) and fitted
curve to calculate the rate constants, Kj, ko, ks, and k;. Time-~activity curve in the
reference region (Cg) is also shown.

the binding potential relative to the free radiotracer concentration in
plasma (BPg) and the binding potential relative to the total parent
radiotracer concentration (free plus protein bound) in plasma (BPp)
are defined as follows (2):

Byt Vr—Vap  Kiks
Kp fr frkaks

JoBavail Ky k3
BPp — 2oaval _ oy e L)
P T Vr — Vap Yy

where fp is the free fraction of radiotracer in plasma.

BPp = (19)

(20)

4. Graphic Analysis

4.1. Graphic Plot
Analysis by Logan et al.

The distribution volumes can also be estimated by several graphic
plot analyses. An early approach was developed by Logan et al. (11,
12). The time—activity curves of radiotracers for neuroreceptors or
neurotransporters have also been described by the one-tissue com-
partment model with two rate constants (13, 14) (Fig. 2). The rate
constants K and k. describe the influx and efflux rates for radio-
tracer diffusion through the blood-brain barrier, respectively. This
model can be described by the following equation:

dCr(2)

T K GCp(t) — ko Cr(2) (21)
In this model, Vr is defined as follows:
K
Vr=-- (22)
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4.2. Graphic Plot
Analysis by Ito
and Yokoi et al.
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Fig. 6. Graphic plot analysis developed by Logan et al. The slope represents ; after the
equilibrium time.

The integration of (21) gives the following linear relationship:

Y(¢) = Ve X(2) ——ki(t>t*) (23)
where
_ Jg Cp(t)dr
X0 ="
B fg Cr(r)dz
="

¢" is the equilibrium time. The plot of 1{#) against X(¢) reveals the
slope representing Vr after the equilibrium time (Fig. 6). For
radiotracers with irreversible binding, the slope becomes infinite
in this analysis.

A recent approach of graphic plot analysis has been developed by
Ito and Yokoi et al. (15). In this approach, the following linear
relationship is obtained from the integration of (21):

Y(t) = K — ko X (2) (£>17) (24)
where
_ b Gr(@m)de
X(#) = fot Cp(t)dr
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Fig. 7. Graphic plot analysis developed by Ito and Yokoi et al. When ¢ — 0, the y- and
X-intercepts of the regression line represent K; and Vyp, respectively. After the equilibrium
time, the x-intercept of the regression line represents 4. When BPyy is zero, the plot
yields a straight line with a siope of —k,, a y~intercept of K;, and an x-intercept of Wy
through all plot data.

Cr(z)
fot Cp(1)dr

t" is the equilibrium time. When # — oo, X(#) equals Vi (7). There-
fore, the plot of ¥{#) against X(#) reaches the x-intercept represent-
ing Vr with a y-intercept for K; after the equilibrium time (Fig. 7).
In this analysis, linear regression of the plots becomes horizontal for
radiotracers with irreversible binding (16).

The following equations are also obtained from the integration
of (11) and (12):

Y(z) =

Cr(t) . Jo Cup(t)de
FGr(rydr o=k JE Gp(r)de @)
When ¢ — 0, Cr can be considered equal to Cyp.
Y(t) =K — kX(2) (r—0) (26)
where
B fg Cr(r)dz
X = fot Cp(t)dz
G
T = fot Cp(r)dr
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. Baseline  Drugchallenge

Fig. 8. Typical images of BPyp in studies with [''CJraclopride for baseline and drug
challenge using the antipsychotic drug risperidone. After adminisiration of antipsychotic

drug, BPyp decreased.

The plot of 1{¢) against X(#) yields a straight line with a slope
of —k, and a y-intercept equal to Kj when ¢ — 0. Therefore, the
x-intercept of the line represents Vyp (Fig. 7). In this analysis, both
Vrand Vyp, and therefore BPyp, can be estimated.

When BPnp is zero, the plot of 11{#) against X(#) yields a straight
line with a slope of —k;, a y-intercept of K, and an x-intercept of Vnp
through all plot data (Fig. 7) (16). Thus, this analysis can be used to
distinguish graphically whether the radiotracer binding includes
specific binding or not.

5. Reference Tissue
Model Analysis

5.1. Simplified
Reference Tissue Model

To avoid the measurement of radiotracer concentration in plasma
(arterial input function), several quantitative approaches based on
the use of a reference region have been developed. Using the
simplified reference tissue model (SRTM), the time-activity curve
in the brain region is described by that in the reference region with
no specific binding, assuming that both regions have the same level
of nondisplaceable radiotracer binding (17, 18):

_ Rik, kot
Gr(t) = RICR(t) + (kz 11 BPND) CR(t) ® CXp( 1t BPND>
(27)
where Ry is the ratio of K3 /Ky’ (K, influx rate constant for the

brain region; K;’, influx rate constant for the reference region). k; is
the efflux rate constant for the brain region, and ® denotes the

10



5.2. Original Multilinear
Reference Tissue Model
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convolution integral. In this analysis, three parameters (BPxp, Ry,
and k,) are estimated by a nonlinear least-squares fitting procedure.
With the basis function method, these parameters can be calculated
on a voxel-by-voxel basis (19, 20).

Multilinear reference tissue model (MRTMo) is one of the graphic
approaches based on the use of a reference region. After the
equilibrium time zhe following linear relationship is obtained
(21, 22):
Jo Cr(z)de G Jo Cr(t)de N Vr / Cr(r) 1 (=) (28)
Gr(t) TR Gf(lf) Vel G[‘(t) by,
where Vg is the total distribution volume for the reference region,
and %, is the efflux rate constant for the reference region. In this
analysis, three parameters (Vr/Vg, k, and k'), and therefore
BPnp, are obtained by multiple regression analysis.

6. Occupancy of
Neuroreceptors or
Neurotransporters
by Psychotropic
Drug

The effects of antipsychotics or antidepressants have been considered
to be mediated by blockade of dopamine D, receptors or serotonin
transporters, respectively. The occupancy of dopamine D, receptors
or serotonin transporters by antipsychotics or antidepressants can be
measured by PET studies under resting condition (baseline study)
and administration of psychotropic drug (drug challenge study)
(23-25). The occupancy of neuroreceptors or neurotransporters is
calculated as follows:

BP aseline) — BP ru
Occupancy(%) = 100 x ——2(Bascline) ND(Drug) (29)

BPND(Baselinc)

where BPNp(Baseline) 18 BPnp in the baseline study, and BPxp(prug) 1
BPunp in the drug challenge study. Because almost all psychotropic
drugs show reversible binding to neuroreceptors or neurotranspor-
ters same as radiotracers, BPnp(prug) i expressed as follows (26):

SND Bavail
Ko (1 + g2ee)

I{D (Drug)

(30)

BPnD(Drug) =

where D(pryg) is the concentration of psychotropic drug in brain
tissue, and Kp(prug) is the dissociation constant between the
psychotropic drug and neuroreceptors or neurotransporters. Typ-
ical images of BPxp for baseline and drug challenge studies with
[*!C]Jraclopride, a radiotracer for dopamine D, receptors, are
shown in Fig. 8.
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7. Conclusion

We introduced several quantitative methods for specific binding of
radiotracers to neuroreceptors or neurotransporters. A true equi-
librium condition can be obtained only by intravenous continuous
infusion of radiotracer. Equilibrium condition after bolus injection
of radiotracer can practically be defined as peak equilibrium at the
transient moment when the specific binding is maximal. During
equilibrium condition, BPyp can be calculated using a reference
region. Kinetic analysis, which is based on the assumption that
radiotracers’ binding can be described by the standard two-tissue
compartment model, allows us to differentiate specific binding
from the background of nondisplaceable binding, therefore reveal-
ing BPnxp. The distribution volumes can also be estimated by
several graphic plot analyses, besides the kinetic analysis. Graphic
plot analyses can be used to distinguish graphically if radiotracers
show reversible or irreversible binding. To avoid the measurement
of arterial input function, several quantitative approaches based on
the use of a reference region have been developed. Both the SRTM
and MRTMo methods were widely used to calculate BPyp without
the arterial input function. For each radiotracer and each purpose
of PET study, an adequate quantification method should be
employed.
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Abstract -

Introduction A physical 3-dimensional phantom that
simulates PET/SPECT images of static regional cerebral
blood flow in grey matter with a realistic head contour has
been developed. This study examined the feasibility of
using this phantom for evaluating PET/SPECT images.
Methods The phantom was constructed using a trans-
parent, hydrophobic photo-curable polymer with a laser-
modelling technique. The phantom was designed to contain
the grey matter, the skull, and the trachea spaces filled with
a radioactive solution, a bone-equivalent solution of
K;HPO,, and air, respectively. The grey matter and bone
compartments were designed to establish the connectivity.
A series of experiments was performed to confirm the
accuracy and reproducibility of the phantom using X-ray
CT, SPECT, and PET.

Results The total weight was 1997 £ 2 g excluding the
inner liquid, and volumes were 563 &+ 1 and 306 & 2 mL,
corresponding to the grey matter and bone compartments,
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respectively. The apparent attenuation coefficient averaged
over the whole brain was 0.168 =+ 0.006 ¢cm ™! for Tc-99 m,
which was consistent with the previously reported value for
humans (0.168 & 0.010 cm™!). Air bubbles were well
removed from both grey-matter and bone compartments, as
confirmed by X-ray CT. The phantom was well adapted to
experiments using PET and SPECT devices.

Conclusion The 3-dimensional brain phantom constructed
in this study may be of use for evaluating the adequacy of
SPECT/PET reconstruction software programs.

Keywords Brain phantom quality control - SPECT -
PET - Attenuation correction

Introduction

SPECT and PET can provide volumetric images of radio-
labelled ligands’ distributions in living organs, reflected by
biological and/or biochemical functions. Several proce-
dures need to be adequately taken into account, in order to
achieve quantitative reconstruction, including corrections
for inhomogeneous detector sensitivity, dead time, attenu-
ation and scatter in the object [1-5], motion of the object
[6-8], systematic errors attributed to limited spatial reso-
Iution of the imaging devices relative to the object size (or
partial volume effect, PVE) [9, 10], etc. Adequacy of the
entire procedures can be evaluated using physical phan-
toms that simulate geometrical configurations. The Hoff-
man 3-dimensional brain phantom [11] has also been
utilized for this purpose, as this phantom simulates the
static cerebral perfusion of the grey and white matter. The
digital design of the cortical grey matter in the phantom is
referred as a gold standard of the reconstructed images.
Inter-institutional reproducibility is also an issue, as Joshi
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et al. [12] intended to minimize the inter-institutional
variation of images of Hoffman 3-dimensional phantom in
a multicentre clinical study using PET devices supplied
from different vendors.

The Hoffman 3-dimensional brain phantom is however
limited attributed to its cylindrical outer structure rather
than a realistic brain contour, and also to the bone or skull
structure not being taken into account. These two factors
are particularly important if one intends to apply it for
evaluating SPECT images, because the attenuation coeffi-
cient map is usually estimated from the head contour by
assuming a uniform attenuation coefficient value through-
out the head object. Effects of errors in this process on
errors in the reconstructed images could not be evaluated if
the Hoffman 3-dimensional phantom is utilized. It is
essential for the phantom to contain a fine 3-dimensional
distribution of cerebral radioactivity with the skull and a
realistic head contour.

This study was aimed at developing a 3-dimensional
brain phantom that simulates a static cerebral blood flow
distribution in the grey matter with an inclusion of the
skull structure and a realistic head contour. A recently
developed photo-curable laser-modelling technique with
the lipophilic resin material was employed, so that the
phantom contains liquid solutions for radioactivity and the
bone-equivalent contrast agent. Attention was made in the
construction procedures to avoid the supporting structures,
so that the whole volume of the inner spaces of the
phantom can be entirely filled with liquid. We also
intended to establish the connectivity of liquid space so
that air bubbles are to be removed. We then evaluated the
feasibility of using this phantom in typical SPECT and
PET imaging.

Materials and methods
Phantom design and construction

The phantom was made of a transparent photo-curable
polymer, or polyepoxide with a density of 1.07 g/mL
(TSR-829, CMET Inc., Yokohama City, Japan). This
material has been optimized to improve its anti-water
absorbing characteristics [13]. According to precise mate-
rial elements, the database for the photon cross sections
(XCOM) from the National Institute of Standards and
Technology  (http://physics.nist.gov/PhysRefData/Xcom/
html/xcoml.html) estimated that the attenuation coeffi-
cients for 511, 159, and 140 keV were 0.101, 0.157, and
0.164 cm™ ", respectively. The phantom was constructed
using a stereo-lithographic machine with the laser-model-
ling technique (model RM-6000, CMET Inc, Yokohama
City, Japan), which can produce the 3-dimensional
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construction in 50 my resolution. It was intended not to
include any supporting structures in the inner spaces. The
manufacturing speed was decreased during the laser-beam
construction, so as to ensure the solidity of the phantom,
thus avoiding the possible distortion of the inner structure.

The procedures to construct the 3-dimensional phantom
are illustrated in Fig. 1. The basic design of the phantom
was first generated using a set of T1-weighted MR images
of brain obtained from a healthy 26-year-old Japanese male
volunteer. The specific sequence included the gradient echo
with inversion recovery, which provided gap-less, tomo-
graphic images at 1.0-mm intervals. MR images were first
segmented using a K-means procedure. Then, the head
contour, skull regions, ventricular regions, tracheal air
space, and grey and white matter segments were manually
illustrated on the computer screen, in a 2-dimensional
tomographic domain (Fig. 1a). The grey matter segment
included the frontal, parietal, posterior, and temporal cor-
tex areas with the striatum, thalamus, and mid-brain
regions. The image size was 440 x 440 pixels (0.5 mm/
pixel), and 51 slices were acquired at 3.6-mm axial slice
intervals over the whole phantom. The grey matter struc-
ture was covered in 34 total slices. During the illustration
procedure, a modification was  made to remove global
distortions in the head and brain structures and to fit a
3-dimensional head model. The tomographic data were
then exported to a 3-dimensional computer-aided design
(CAD) software (Rapidform2006-sp1, INUS Technology
Inc., Seoul, South Korea). The volumetric data were then
interpolated in the axial direction (see Fig. 1b). The grey
matter and bone compartments were designed so that they
could be filled with liquid solutions, and the remaining
area, except for the tracheal space, was filled with a
polymer resin (see Fig. 2). The grey matter component can
be filled with a radioactive solution, and the skull region is
typically filled with a bone-equivalent solution of K,HPO,
as suggested in an earlier study [14]. The white matter
region was not to be filled with liquid but was made of a
photo-curable polymer, and thus the white matter region
became identical to the CSF and scalp. An attention was
made to avoid closed areas in the grey matter and bone
segments, so that every part of the compartments could be
filled with liquid. The radioactive liquid and K,HPO,
solution can then be diluted into each of the two com-
partments. In addition, no supporting resin materials were
placed both in the grey matter and skull components,
although the standard procedure is to place fine pillars to
support the fine structure particularly for horizontal wall.
The speed of the stereo-lithographic manufacturing process
was slowed down, with increased pitch (Fig. 1c). The
manufacturing process required whole 3 days to complete.
In total, five sets of phantoms were constructed. Of these,
two sets were constructed at the same time from the first
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lot, while the other three were generated from the second
lot.

Evaluation of the phantom

The weight and height of the phantom, as well as volumes
of the grey matter and skull compartments were measured
for all 5 phantoms. The phantoms were then scanned by
X-ray CT using a Symbia T6 CT/SPECT hybrid scanner
(Siemens, Chicago, IL, USA) without filling the phantom
with liquid. The pixel size of the X-ray CT was
0.5 x 0.5 mm?, and the slice pitch was 1.5 mm. The
agreement between the X-ray CT and digital design, and
the consistency across the five phantoms were evaluated.
Additional intention was whether the wall inside the
phantom is smoothly constructed or not. Distilled water

was mixed with a small amount of detergent and the grey
matter compartment of a phantom was filled with it. The
skull compartment was filled with the K,HPO, solution at
the suggested concentration [14]. Both compartments were
scanned again using X-ray CT. The X-ray CT images were
investigated whether air bubbles remained in the phantom
or not.

A transmission scan was carried out on these phantoms
using a 3-headed gamma camera (Toshiba GCA-9300,
Tokyo, Japan) fitted with 400-mm focal length, low energy,
high resolution, symmetric fan beam collimators (N2) from
the same vendor. The procedures have been described in
our earlier protocol [2, 15, 16] and were shown to provide
an accurate attenuation pu map of the object [2, 15, 16]. The
132-mm rotation radius used in these studies resulted in a
reconstructed field of view (FOV) with a 22-cm diameter

(a) wiRi Segmentation & Digitai lllustration

(b) computer Aided Design

(C) Laser modeling

Fig. 1 TIlustrative procedures to develop the 3-dimensional brain
phantom. a Tomographic images including the cortical grey matter,
deep grey matter, white matter, cerebral spinal fluid space, skull, scalp
and trachea regions that were generated at 3.6-mm intervals from
anatomical MR images of a young healthy volunteer. Data were
manually modified to fit to a head model. b Three-dimensional data
were then generated using the computer-aided-design software, and
modifications were made to guarantee the connectivity of both the
grey matter and bone compartments. Careful attention was made to
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establish a liquid flow stream within the structure so that air bubbles
could be easily removed from the liquid space. ¢ A laser-modelling
technique with a stereo-lithographic machine and a photo-curable
material was employed to construct the 3-dimensional phantom.
There was special attention to avoid contamination from the resin-
based supporting material inside the grey matter and skull compart-
ments, and also to make the inner wall surface of the phantom as
smooth as possible. The speed and pitch of the machine as well as the
temperature and humidity were optimized
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Fig. 2 Digital design of the phantom on a 2-dimensional domain.
The areas in white correspond to the air space, which may be filled
with the radioactive solution and K,HPO, solution for the grey matter

[15]. One head was used for the transmission scan, and a
25-cm long *°™Tc rod source (74 MBq) was placed at the
focal line of its collimator. After a 15-min blank scan,
transmission projection data were collected for 15 min. The
SPECT cameras were continuously rotated to collect 90
projections over 360° (10 s/projection). The energy window
selected was 20 % on 140 keV. After compensating for the
radioactive decay of the *™Tc, the inverse of the projection
data was multiplied by the blank projection data, to which the
filtered-back projection program was applied to reconstruct
images of the attenuation coefficients.

SPECT/PET acquisition

Two sets of SPECT scans were performed on a phantom
using a Symbia T6 scanner from Siemens (Chicago, IL,
USA) fitted with a low-energy high-resolution (LEHR)
collimator set. In the first experiment, the grey matter
compartment was filled with a 9mTe solution of approxi-
mately 20 MBq, while in the second experiment this
compartment was filled with an 1231 solution of approxi-
mately 20 MBq. In both experiments, the skull region was
filled with the K,HPO, solution at the concentration sug-
gested by de Dreuille et al. [14] (100 g of K,HPO, diluted
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and skull compartments, respectively. The additional air space
corresponds to the trachea

to 67 g of distilled water). The SPECT acquisition fol-
lowed a standardized protocol for clinical CBF quantitation
using 123I~i0doanrlphetamine, as recently described [17].
Seven frames of a dynamic SPECT scan were acquired
over a 28-min period at 4 min per frame. The matrix size
was 64 x 64, and the number of projection data was 90.
Before the reconstruction, all projection data were summed
over the whole period, normalized for detector non-uni-
formity, and calibrated for the centre-of-rotation using the
standard vendor software. Then, these data were recon-
structed using the QSPECT reconstruction program,
including the attenuation correction and scatter correction
procedures, as recently described by Iida et al. [17]. A
single threshold level (% of the peak of projection data),
which was consistent with that in a clinical study, was
assigned to define the head contour and generate a uniform
attenuation coefficient map. Reconstructed SPECT images
were calibrated in Bg/mL, which provides independence
from the scanning parameters such as the acquisition time,
number of views, matrix size, zoom factor, etc. [17].
Scans were also performed on a phantom using a ECAT
ACCEL PET scanner (Siemens-CTI, Knoxville, TN,
USA), which provides an intrinsic spatial resolution of
4.5 mm full-width at half-maximum (FWHM) at the centre



