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because of nonachievement of transient equilibrium
had much effect on the graphical analysis as
compared with BPyp. Therefore, we estimated Bgax
and K; by the graphical analysis with the relation-
ship between BPyp and B,

In the simulations with various injected masses of
[“'Clraclopride, it was shown that the relationship
between BPyp and B™f became linear to some extent.
However, BPy, deviated from the linear relationship
and approached a nonzero value when B became
larger (Figure 2). Therefore, in the Ba.x and Ky
estimation by the graphical analysis with the refer-
ence TAC, points must be plotted within the range of
the linear relation. As the relationship between BPnp
and B estimated from G, using the plasma input
function, without the reference TAC, remained linear
even when B became large and the estimated BPyp
approached 0 (data not shown), this apparent satura-
tion seemed to be owing to the reference region.
Strictly speaking, the time course of free radioligand
C; is different from that of the reference region G,
(Figure 1) and C: changes according to the specific
binding that was affected by Kon, Bmax, OF administered
mass of raclopride as pointed out by Ito et al (1998).
Therefore, the time of the transient equilibrium
estimated using G was different from that estimated
using G,, and B™" was often different as well. In
addition, the value of BPyp estimated by SRTM was
lower than the BPyp estimated from the two-tissue
compartment model with the plasma input function.

This difference between the target and reference
TAC affected the Be.. and K, estimates as well. In the
simulated TACs with various Bu.. or Ky values, the
B,.. and K; were overestimated compared with the
true values even in the conventional three PET scan
approach (Figure 3). On the other hand, the over-
estimation was not observed when B,,.. and K; were
estimated by the graphical analysis using C; and G,
without the reference TAC (Figure 3), demonstrating
that graphical analysis could determine Bm.. and Kq
precisely if G, were obtained correctly. However, the
free and bound concentrations in the target region
cannot be distinguished from the total concentration
measured by PET scanning without arterial blood
sampling, and in practical PET data, estimation of rate
constants with the plasma input function is unstable
and impractical. Therefore, in the usual graphical
analysis, the TAC of reference region is used as the
free radioligand concentration in the target region
(Farde et al, 1989). The effect of the reference TAC on
Boax and Kj estimates depends on the kinetics of the
tracer in each region, which depends in turn on the
particular tracers and species. In the simulated TACs
of monkeys with [**Clraclopride, there was a good
correlation between true and estimated Ki or Buax,
though estimates were biased. Therefore, we con-
cluded the graphical analysis with reference TAC is
practical for [“'C]raclopride studies, because it
can detect the value of B or Ky in neurclogical
or psychiatric disorders without arterial blood
sampling.
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Estimated Density and Affinity by the
Multiple-Injection Approach

We applied the multiple-injection approach to the
graphical analysis for B and Ky determination in an
effort to shorten the total duration of the
scanning protocol, and to obviate the need for several
radiosyntheses for each animal. From the relationship
between the BPyp, estimates and injected mass in the
simulation study (Figure 2), the molar amounts of
three injections were set as 1.5, 10, and 30 nmol/kg, so
that the estimated BPyp would be high, intermediate,
and low within the range in which the linear
correlation held. The injection interval was set to
50mins, because it has been reported in monkey
studies that 50mins scan duration could provide
reliable BPyp estimates even for TACs with high and
low BPyp values (Ikoma et al, 2009). In our present
studies on monkeys with this protocol, injected
masses increased with each successive injection, but
amounts of administered radioactivity remained fairly
constant, i.e., 57, 60, and 31MBq. Therefore, the
signal to noise ratio of image quality did not change
seriously for each injection.

In the usual graphical analysis by nonsequential
multiple PET scans, the molar amount of adminis-
tered ['Clraclopride for each scan is adjusted by
varying the specific activity of administered [''C]
raclopride. Several investigators have attempted to
perform multiple injections of ligands with PET
studies to obtain receptor density and affinity by
changing specific activity with a detailed model
equation (Delforge et al, 1995; Millet et al, 1995;
Morris et al, 1996; Muzic et al, 1996; Christian et al,
2004; Gallezot et al, 2008). Meanwhile, our approach
requires only one synthesis of [*'Clraclopride, which
is split to three with different mass of raclopride with
same specific activity. By keeping the specific
activity throughout scan, we can directly interpret
PET counts in pmol/mL unit.

In the simulations of Bn.x and Ky estimation with
this single PET scan approach, Bu.. and Ki were
overestimated compared with the true values, just as
seen in the three PET scan approach. Furthermore,
estimates of both parameters were higher than
those in the three PET scan approach. In the
single PET scan approach, the error because of
assumptions of the reference tissue approach could
be more severe than for the three PET scan approach,
because the residual radioactivities at the times of the
second and third injections could propagate to error of
B or BPp, estimates. This was shown to be the case
in the simulation study, in which the relationship
between the BPyp and B in the third injection was a
little different from that in the first injection (Figure 2).
Furthermore, our approach assumes that BPyp is
promptly altered by the next injection, but this is in
fact not exactly the case. We showed the bias of
the estimated BPyp related to this assumption (Tkoma
et al, 2009), and the estimated B... and Kj in this
paper consequently could be biased. However, in the



simulations, Bm.. and K, estimated by the MI-GA
changed according to the variation of the true values
(Figure 3), demonstrating this approach could be
applied to the quantitative evaluation of By, and Ky
from a single session of PET scanning.

Monkey Studies

In the simulations, we demonstrated that the MI-GA
could detect density and affinity of dopamine D,
receptors. Furthermore, we demonstrated the validity
of the proposed method using actual data from
monkeys. As a result, the three BPyp data points
calculated from the single PET scan with three
sequential injections of different administration
masses were almost on a straight line, and estimated
values of Bn.. and Ky were very close to those
previously obtained in vitro (Buax=25.7 pmol/g) (Ma-
dras et al, 1988) or in vivo by the conventional method
in monkeys (Buax=22pmol/mlL, K;=13.5nmol/L)
(Doudet et al, 2003). The estimates by the single
PET scan approach were slightly higher than those by
the three PET scan approach, and this was consistent
with the results from the current simulations.

Although we investigated only three monkeys in
this study, the values of B,.. in the partially
denervated striata was higher than in normal
striatum, whereas the apparent affinity was unaf-
fected by the MPTP lesions. Likewise Rinne et al
(1995) reported a 35% increase in the D, B, in the
putamen contralateral to the side of predominant
motor symptoms, without any discernible effect on
apparent affinity. In our monkey measurements, in
the hemilesioned monkey, the B,,.. was elevated by
31% on the denervated side. In the animal with
bilateral MPTP lesion, the B,., in both striata was
higher than in the normal animal, or in the
unlesioned side of the hemiparkinsonian animal,
despite no significant changes in K; values: the
results were consistent with those of the previous
report.

In addition to the results of ROI analysis, which
disclosed bulk D, receptor characteristics in the
whole striatum, parametric imaging of Bn.. and Ky
{as shown in Figure 5) suggested a potential
significance in regional estimation of D, receptor
characteristics. Although ROI analysis disclosed
higher Bua.x values in the MPTP-infused side of
the striatum, the parametric imaging showed the
increase of B,,.x was more evident in the dorsal and
posterior parts of the striatum. A similar finding of
preferential lesion in dorsal and posterior parts of the
striatum has been reported based on neurochemical
and pathological assessments of MPTP-lesioned
monkeys (Oiwa et al, 2003). As the current para-
metric imaging may have significant artifacts, such
as those arising from low signal-to-noise ratio, partial
volume effects, small number of points, the situation
should be improved through the use of a higher
resolution PET scanner.
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Potential Limitations of the Multiple-Injection
Graphical Analysis

The multiple-injection approach is able to assess the
B..ax and Ky for receptor studies in a single PET scan
with single radiosynthesis, and shortened study
period as compared with a conventional approach.
This approach might also be applicable to other PET
ligands and receptor types, but with several caveats:
First, it is necessary to evaluate whether the
reference region can be used as the free TAC of the
target region. The kinetics of the target and reference
regions is affected by the value of each rate constant,
e, Ky, ks, Buax, and Ky, that differ between species
and radioligands. The difference between C..; and C;
often causes an error in B™, and the estimated By
and K, should be interpreted with caution when the
reference region has considerably different kinetics.
Second, the molar amounts of administered ligand
need to be selected such that the resultant BPyp will
be within the range in which the linear relationship
between BPnp and B holds. In the case of regions
with low BPyp, and small extent of the necessary
linear relationship, it may be difficult to determine
Buax and Ky reliably. Third, the interval of three
injections should be determined so that the free
ligand TAC has a transient equilibrium within the
scan duration of each injection, especially when the
injected mass is small, i.e., BPyp is high. The
radioligand [*'Clraclopride dissociates rapidly from
the receptors, allowing equilibration of binding to be
established in vivo within the time span of PET
experiments (Farde et al, 1989; Ttc et al, 1998).
However, those ligands with slow kinetics, such as
[**Flfallypride require a longer scan duration such
that the present graphical analysis may not be
suitable in all instances. Despite these limitations,
by optimizing the administered mass and the time
interval between three injections of [**Clraclopride,
we have shown that the multiple-injection approach
can determine By, and K, values as effectively as an
approach using three separate scans, but within a
single scan time of 150 mins.

Moreover, the bias of B,,.. and K; estimated by the
single scan approach with two injections was not
larger than that by the single scan approach with
three injections in the simulations (data not shown),
and points of the second and third injections in MI-
GA were almost on the same line in the monkey
studies (Figure 6). Therefore, there is a possibility of
reducing scan time and exposure further using only
two injections, though the effect of statistical noise
on estimates should be considered.

Conclusion

We developed the method for estimating By, and Ky
values in a single session of PET scanning with
multiple injections of [*'Clraclopride. Our simula-
tions showed that the MI-GA could detect B,,., and
K, values by using the optimal injection protocol. We
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also demonstrated in monkey studies that B.,.. and
K, values estimated by our proposed approach were
proper compared with previous monkey studies or
our studies by the conventional method. The
proposed method made it possible to determine the
dopamine D, receptor density and affinity by a
150 mins PET scan with three injections of [*'Clra-
clopride at 50 mins intervals.
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Appendix

The multiple-injection two-tissue four-parameter
compartment model is based on the following
differential equations:

%(;g = KiGp(t) — (ky + k3)Ge(t) + ku Go(£) (A1)
% = ks Ge(t) — kaGo (1) (A2)

where C, is the radioactivity concentration of
metabolite-corrected plasma, C; and G, are the
concentrations of radioactivity for free and specifi-
cally bound ligand in tissue, respectively.

Equations (A1) and (A2) are solved with the
radioactivity concentration of C; and G, at the
time of injection, that is C{0) and G,(0), then C{t),
Gu(t) and total radioactivity concentration in tissue
C.(t) are expressed as following equations:

Cf(t) :azlilal {(k4 — dl)e—cnt _ (k4 _ az)e~azt} ® Cp(t)
e ial {(ka — 1) Ct(0) + ks Gy (0) }e~*1f
T i " {(ks — a2)C(0) + ks Gy (0) Je 2!

(A3)
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Fig. 6 Reconstructed images of multi-line sources phantom.
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a e Table 1 FWHMs of reconstructed image [mm].
é B / No. of source ~ Without CDRC ~ With CDRC
€I L
: 10 - A 1 8.6 32
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) ) 3 8.8 35
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Fig. § Collimator response function for Toshiba GCA7200- 6 3.8 3.7
A with LEHR collimator and ?°™Tc. (a) Full width ’ '
at half maximum as a function of distance from the 7 9.0 3.5
detector. (b) Collimator response functions at the
locations 100 mm, 250 mm and 400 mm distant from 8 8.7 33
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Table 2 CoVs of the reconstructed images of the uniform cylindrical phantom.
No compensation AC AC+SC AC+CDRC AC+SC+CDRC
CoV[%] 13.3 10.5 9.9 10.2 9.7
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Table 3 Count ratio of gray-to-white matter on the reconstructed image of 2D brain phantom.

True No compensation AC+SC AC+CDRC AC+SC+CDRC
GM1/WMI1 2.4 2.9 3.1 4.0
GM1/WM2 1.8 1.7 1.8 1.9
GM1/WM3 1.6 1.7 1.8 2.4
GM2/WMI1 2.0 1.8 33 43
GM2/WM2 i4 1.1 1.9 2.1
GM2/WM3 4.0 1.3 1.1 1.9 2.6
GM3/WM1 2.5 2.5 2.6 4.1
GM3/WM2 1.9 1.4 1.6 1.9
GM3/WM3 1.7 14 1.6 2.5
Whole GM/WM 4.0 2.6 2.7 3.1 3.5
Reference No AC+SC AC+CDRC AC+SC+CDRC

compensation

Fig. 7 Reconstructed images (top row) and horizontal profiles across each with reference profile (bottom row) of
2D brain phantom. Reference is digital image blurred by 3.5mm FWHM Gaussian filter.

Digital No

. . AC+SC AC+CDRC AC+SC+CDRC
image compensation

Fig. 8 Reconstructed images of 3D brain phantom. (top row) Transverse. (middle row) Coronal. (bottom row) Sagittal.
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Fig. 9 CoV as a function of spatial resolution in the reconstruction
with/without CDRC. The CoV and the FWHM of line source
are indices of noise and spatial resolution, respectively. The
CoVs in thalamus and ventricle regions on CoV images of
3D brain phantom and the FWHMs of line source images
reconstructed were examined for each number of iterations.

Reconstructed image
transeverse coronal

CoV{%]

sagittal transeverse coronal  sagittal

50
AC+SC
iteration:3
AC+SC +CDRC
iteration:2
0

Fig. 10 Comparison of noise indices in the 3D brain phantom images reconstructed with/without CDRC.
(left) Reconstructed images of first frame. (right) CoV images.
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The quality of SPECT images is degraded by collimator blurring, attenuation, and scatter. We have
developed a new reconstruction method that includes attenuation compensation (AC), collimator-detector
response compensation (CDRC), and Monte Carlo-based scatter compensation (MCSC). The aim of this
study was to quantitatively evaluate our reconstruction method for brain SPECT in phantom experiments.
We performed the following experiments using a SPECT gamma camera with an LEHR parallel-hole
collimator (GCA-7200A, Toshiba, Japan): (1) measurement of spatial resolution using line sources, (2)
measurement of uniformity in the reconstructed image of a cylindrical phantom filled with a uniform
concentration of radioactivity, and (3) quantification of the concentration of radioactivity in a brain phantom.
Resolution recovery significantly improved the resolution from 8.8 mm to 3.5 mm. The coefficient of
variance (CoV) of the reconstructed image of the uniform cylindrical phantom was approximately 10%. The
accuracy of quantification of the concentration of radioactivity was approximately 12%. These results
suggest that our reconstruction algorithm with AC, MCSC, and CDRC is a valid method for improving

resolution and quantitation in brain SPECT.

Key words: SPECT, Quantification, Scatter compensation, Monte Carlo, Collimator blurring compensation

Med Imag Tech 28(2): 135-144, 2010

47



