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long, 10mm in diameter) at 7 x 10° cells in 2ml of complete
DMEM, The test tubes with labeled cell suspensions were allowed
to settle for 1 day to allow the cells to be precipitated before MR
imaging. A test tube with unlabeled cell suspensions was also
prepared in the same manner. In addition, a test tube with
cell-free pure medium was prepared. The three test tubes
prepared were arranged as shown in Fig. 4(a). Scanned slices
were positioned so that they pass through the cell pellet part
(slice B in Fig. 4a) or the solution part (slice A in Fig. 4a).

The cell density dependence of signal enhancement was
examined as follows. Different numbers of labeled cells were
suspended in 100 pl of agarose solution at the concentration of
2wt% and cooled to be gelated. The MR imaging data of these
mixtures were collected by a 1 T compact MR imaging system
with a permanent magnet (MRmini, Dainippon Sumitomo
Pharma, Osaka, Japan) with a TE of 9ms and a TR of 1500 ms
(FOV, 3 x 6 cm; matrix, 128 x 256; slice thickness, 3.7 mm).

5.11. In vivo fate of free SPIO and free Gd-PVA

The clearance of 4d and SPIO after intramuscular injection was
investigated in male rat F344. The rat was anesthetized by
inhalation anesthesia (1.5% isoflurane). Solutions of 4d (Gd
0.8 umol per 50l water) and carboxydextran-coated SPIO,
Resovist™ (Fe 0.8 wmol per 50 pl water, Bayer, Osaka, Japan) were
injected into the left and right femoral muscles, respectively,
using a 29 G needle. Whole inferior limbs of the animal were
scanned at 0, 3 and 10 days after injection on a 1.5 T compact MR
imaging system. These images were obtained with a TR of

1500 ms and a TE of 9ms (FOV, 4 x 8 cm; matrix, 128 x 256; slice.

thickness, 1 mm; slice gap, 0 mm; number of slice, 35).

For the time course of the CNR and the number of voxels in the
region, whole inferior limbs of the animal were scanned at 0, 1, 4,
6,8, 11 and 13 days after injection ona 1.5 T compact MR imaging
system. These images were obtained with a TR of 500 ms and a TE
of 9ms, and with a TR of 3000 ms and a TE of 20 ms (FOV, 4 x 8 cm;
matrix, 128 x 256; slice thickness, 1 mm; slice gap, 0 mm; number
of slices, 35). CNR was calculated as (77/2)'2|S,-5,|/S,i» where Sy,
S, and S,;, were the mean intensities in the contrast-enhanced
region, muscle and air, respectively.

5.12.
cells

Preliminary MR imaging of transplanted NIH-3T3

In vivo cell tracking was preliminarily performed in male Balb/c
mice. These mice were anesthetized for imaging with the use of a
general inhalation anesthesia (1.5% isoflurane) and were allowed
to breathe spontaneously during preparation and scanning.
NIH-3T3 cells labeled with 4d (2 x 107 cells) were embedded in
2wt% agarose gel (200ul) and transplanted to the mice
subcutaneously. MR images were obtained using a 2 T compact
MR imaging system with a permanent magnet. T,-weighted
images were acquired using a 2D spin echo sequence with a TR of
2000 ms and a TE of 9 ms (FOV, 3 x 6 cm; matrix, 128 x 256; slice
thickness, 1 mm) at room temperature,

6. SUPPORTING INFORMATION

Supporting information can be found in the online version of this
article.
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Compaction extent of polyplexes was successfully regulated
by cold treatment in buffer solution using thermoresponsive
gene carriers composed of linear poly(ethyleneimine) (I-PEI)
and alkyl side chains. Plasmid DNA (pCMV-Luc) was trans-
fected to COS-1 cells using these carriers with different cold
treatments. The luciferase expression was greatly enhanced
when cells were treated at 4 °C in well-defined timing. This was
a direct observation of how intracellular destabilization in
regulated timing is important for nonviral gene transfection.

There has been significant interest in synthetic polycation as
a non-viral gene carrier and in gene therapy.! Several poly-
cationic carriers, such as poly(ethyleneimine) (PEI),?> poly-
(L-lysine) (PLL),® and chitosan,* have been developed due to
various advantages over viral vectors. Among them, PEI is one
of the most widely studied gene carriers because of its high
efficiency gene expression.? Furthermore, mechanism analysis
for efficient gene transfer including cellular uptake, lysosomal
escape, and nuclear transport has been widely carried out.
Although the decompaction or dissociation of polyplexes is
believed to be important for gene expression, studies of this are
not well developed because it is not easy to control these
phenomena in cells.

Recently, thermoresponsive polymers have received much
attention as intelligent materials for various applications.
Poly(N-isopropylacrylamide) (PNIPAAm) is one of the most
typical thermoresponsive polymers.> A block copolymer con-
sisting of poly(L-lactic acid) and poly(ethylene glycol)® and
poly(amino acid)s’ have been also reported. Kurisawa et al.
reported that thermoresponsive copolymer, poly[N-isopropyl-
acrylamide-co-2-(dimethylamino)ethyl ~ methacrylate-co-butyl
methacrylate], showed high transfection efficiency.®® A PEI-
graft-PNIPAAm copolymer was synthesized as a thermores-
ponsive carrier by Bisht et al.!? Lavigne et al. reported that high
gene expression using PEI-PNIPAAm conjugates as a carrier
occurred below the LCST.!" We report herein synthesis and
timing-controlled gene transfection by use of new thermores-
ponsive PEI derivatives as gene carriers. PEI derivatives were
synthesized by the reaction of 1-PEI (M,, = 22000) with various
carboxylic acid chlorides in chloroform at room temperature for
48h (Scheme 1). In this study, butyryl chloride, propanoyl
chloride, and hexanoyl chloride were used for the synthesis of
PEI derivatives. The synthesis of PEI derivatives is summarized
in Table 1 and the introduction ratio was determined by
'"HNMR. PEI-C4 was soluble in water at room temperature.
PEI-C5 and PEI-C6 were insoluble in water.

Figure 1 shows the transfection efficiency of PEI deriva-
tive/pCMV-Luc complexes. Complexes were formed by mixing
PEI derivatives with pCMV-Luc at several cation/anion (C/A)

Chem. Lett. 2010, 39, 1238-1239
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Scheme 1.

Table 1. Synthesis of PEI derivatives

. . Introduction
Sample  Chloride Yield/% ratio® /%
PEI-C4  Butyryl chloride 55 64
PEI-CS Propanoyl chloride 64 67
PEI-C6 Hexanoyl chloride 59 58

© 2010 The Chemical Society of Japan

*Determined by 'HNMR.

1.E+06

1.E+05

1.E+04

CPS/mg protein

1.E+03

1.E+02 —

0 10 20 30 40 50
C/A ratio

Figure 1. Transfection efficiency determined by luciferase activity
in COS-1 at 37°C. The polyplexes composed of pCMV-Luc (100 ng)
and polycations (C/A 48-1.5) in FBS (—) DMEM were added to
culture medium for 1 x 10* cells per well in the presence of 100 uM
chloroquine. @: PEI, A: PEI-C4, l: PEI-CS5, and ¢: PEI-C6. Values
are shown as means =+ standard deviations.

ratios. The transfection efficiency was determined by luciferase
activity in COS-1 cells at 37 °C. PEI homopolymer as a control
showed high transfection efficiency with increasing C/A ratio.
The transfection efficiency of PEI-C4 at high C/A ratios of 24
and 48 was almost the same as that of PEI. It was demonstrated
that the transfection efficiency was not affected by the
introduction into the side chain of PEI. For PEI-C5 and PEI-
C6, low transfection efficiencies were observed because of their
low solubility in water.

Figure 2 shows photographs of 1wt % solution of PEI-C4
at 4 and 37 °C. The transparent solution at 4 °C became opaque
at 37 °C. The turbidity change took place sharply in both heating
and cooling processes. This result showed that PEI-C4 was

www.csj.jp/journals/chem-lett/
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Figure 2. Photographs of the 1wt % polymer solution of PEI-C4 at
(a) 4 and (b) 37°C.
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Figure 3. Relative fluorescence intensities of complexes depending
on the temperature. Fluorescein-labeled plasmid DNA was complexed
with PEI or PEI-C4. Complexes were incubated at 4 or 37°C for
various times. @: PEI-C4 (4 °C), l: PEI-C4 (37 °C), O: PEI (4 °C), and
[ PEI (37°C).

thermoresponsive polymer. The LCST of PEI-C4 was estimated
around 30 °C.

Relative fluorescence intensities of complexes depending on
the temperature were examined (Figure 3). Fluorescein-labeled
pCMV-Luc (F-pCMV-Luc) was complexed with PEI or PEI-C4
at the C/A ratio of 24 and complexes were incubated at 4 or
37°C for 1, 2, 4, and 8h. A gradual increase in the relative
fluorescence intensity of PEI-C4/F-pCMV-Luc complex by
treating at 4°C was found, whereas such increase was not
observed when the complex was incubated at 37 °C. In the case
of PEI, the change of relative fluorescence intensities was not
observed. This change must be because of the decompaction
of the polyplexes resulting from the increased hydrophilicity
of the PEI-C4. The temperature lower than the LCST caused
a conformational change of PEI-C4 and made the complex
unstable.

Effects of the post-transfection cold procedure on the
luciferase expression are shown in Figure 4B. Relative gene
expression was calculated as follows: (CPS/mg protein with the
cooling procedure)/(CPS/mg protein without the cooling
procedure). When cells were treated at 4 °C for 6h at 24 h post
transfection, the relative gene expression increased 2.3 times
(Figure 4A, A). This kind of enhancement was not observed for
the PEI (Figure 4A, open marks). The cold treatment for 2h did
not affect the expression at all (Figure 4A, @). This may be due
to insufficient decompaction of the polyplexes. The internalized
complexes are considered to be decompacted as is shown in
Figure 3 and were transcribed, resulting in high gene expression.
When cells were cold treated for 6 h at 6 h post transfection, the

Chem. Lett. 2010, 39, 1238-1239
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Figure 4. Relative gene expression depending on temperature (A).
Cells were incubated with complexes composed of pCMV-Luc
(100 ng) and polycations (C/A 48-1.5) in FBS (—) DMEM. PEI-C4
(closed symbol) and PEI (open symbol) were used. The cooling
procedure is shown on panel B.

expression enhancement was not observed even for the 6 h cold
treatment at 24 h post transfection (Figure 4A, M), suggesting
that the decompaction at a too early stage in the intracellular
trafficking of polyplexes suppressed the gene expression
completely.

In conclusion, new thermoresponsive polymers based on
PEI were used for controlling the intracellular decompaction of
the polyplexes. Thermoresponse was found in polymer solution
prepared by the reaction of butyryl chloride with PEI. The
stability of PEI-C4/F-pCMV-Luc complex was clearly affected
by cold treatment in a buffer solution. Furthermore, high gene
expression was achieved by well-defined cold treatment proce-
dure. Our system will be useful for mechanistic analysis of the
intracellular behavior of polyplexes for efficient polymeric
carrier-based gene transfer.

This work was supported by Grants-in-Aid from the Ministry
of Health, Labour and Welfare of Japan and by the Program for
Promotion of Fundamental Studies in Health Sciences of
National Institute of Biomedical Innovation of Japan.
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Abstract

Purpose Although '°0-O, gas inhalation can provide a
reliable and accurate myocardial metabolic rate for oxygen
by PET, the spillover from gas volume in the lung distorts
the images. Recently, we developed an injectable method in
which blood takes up *0-O, from an artificial lung, and
this made it possible to estimate oxygen metabolism
without the inhalation protocol. In the present study, we
evaluated the effectiveness of the injectable *0-O, system
in porcine hearts.

Methods PET scans were performed after bolus injection
and continuous infusion of injectable 150-0, via a shunt
between the femoral artery and the vein in normal pigs. The
injection method was compared to the inhalation method.
The oxygen extraction fraction (OEF) in the lateral walls of
the heart was calculated by a compartmental model in view
of the spillover and partial volume effect.

Results A significant decrease of lung radioactivity in PET
images was observed compared to the continuous inhalation
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of *0-0, gas. Furthermore, the injectable 0.0, system
provides a measurement of OEF in lateral walls of the heart
that is similar to the continuous-inhalation method (0.71+
0.036 and 0.72+0.020 for the bolus-injection and
continuous-infusion methods, respectively).

Conclusion These results indicate that injectable 1°0-O, has
the potential to evaluate myocardial oxygen metabolism.

Keywords Myocardial oxygen metabolism - PET - Pig -
OEF - Injectable 1500,

Introduction

In the myocardium, fatty acid or glucose is used to produce
energy by aerobic metabolism. Oxygen is one of the most
important substrates closely related to the aerobic metabo-
lism in the TCA cycle; thus, oxygen metabolism should be
a direct reflection of myocardial metabolism of these
substrates. Therefore, there has been considerable interest
in the development of a method to quantify oxygen
metabolism in the myocardium.

Recently, !'C-acetate has been used for this purpose [1-5].
C-acetate is taken up by the mitochondria and metabolically
converted into acetyl-CoA. It then enters the TCA cycle and
is transformed to ''C-CO,, which is cleared rapidly from the
myocardium. Thus, the clearance pharmacokinetics reflects
oxygen metabolism in the myocardium. However, the
quantification of oxygen metabolism using NC acetate is
quite difficult because of various intermediary compounds.

The use of '*0-O, gas inhalation and PET scanning can
provide a quantitative myocardial metabolic rate for oxygen
(MMRO,) [6, 7). The tracer kinetic model used is based on
that originally proposed to describe the behavior of 50-0,
in brain tissue [8, 9]. However, the direct translation of the
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compartmental model for the brain to the heart is not
permitted, because subtraction for spillover from gas
volume in addition to that from the blood pool is needed.
A previous study demonstrated that the gas volume can be
accurately estimated from the transmission scan data; thus,
this technique did not require additional emission scanning
for estimating the quantitative gas volume images [6, 7].
However, gaseous radioactivity in the lung during the
inhalation of '*0-0, gas is too high in comparison to other
regions. Subtraction for this contribution is straightforward
and accurate using the transmission scan-derived gaseous
volume images, but the lung radioactivity degraded image
quality in the estimated MMRO, images.

As an alternative to gas inhalation, we recently developed a
method to prepare an injectable form of '30-0,. This was
accomplished by exposing pre-collected blood to '*0-0, gas
using a small artificial lung system resulting in a maximum
yield of 130 MBg/ml. We demonstrated that cerebral oxygen
metabolism could be estimated in normal and ischemic rats
using injectable '*0-0, [10-12]. This technique has the
potential of avoiding the inhalation protocol.

The aim of the present study was therefore to test the
feasibility of using the injectable '*0-O, oxygen system
for estimating myocardial oxygen metabolism in pigs. The
injection method was compared to the inhalation method
to determine if the injection method resulted in a reduction
of lung radioactivity, an improved image quality, a more
accurate estimate of myocardial oxygen metabolism, and
an improved signal-to-noise ratio.

Materials and methods
Theory

150-Oxygen was administered by IV injection or
inhalation and was carried as '*O-hemoglobin by blood
to peripheral tissues including the myocardium, where it
was converted to >O-water (30-H,0 pe;) through aerobic
metabolism. The increased distribution volume of
150-H,0,., represented by the exchangeable water space
of tissue, causes delayed removal of radioactivity. This
allows the definition of an appropriate model and
equations to be derived for the calculation of a regional
myocardial metabolic rate for oxygen (rMMOR;) and
regional oxygen extraction fraction (rOEF). Previous
studies demonstrated that these calculations were similar
to those used for estimating cerebral blood flow and
oxygen metabolism and require the measurement of
regional myocardial blood flow (tMBF) and a correction
for spillover of activity from the vascular pools and the
pulmonary alveoli [6, 7]. rtMBF was measured by the
130-H,0 injection technique [13]. Activity in the vascular
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pools of the heart chambers and the lung was
evaluated with a conventional measurement of blood volume
using '*0-CO, and activity in the pulmonary alveoli was
evaluated with an unconventional and indirect measurement
of gas volume obtained from the transmission scan.
Furthermore, the existence of recirculating 150-HyOpe in
the blood freely accessible to the myocardium was taken into
consideration.

The differential equation describing the myocardial
kinetics after administration of '°0-O, can be written as
follows:

L0 = OFF £ Ag(t) + 1+ Ault) - (2+2)C™ (1) (1)

where C™°(t) designates the true radioactivity concentra-
tion in the myocardium at time t, f is myocardial blood
flow, Ao(t) is the °0-O, radioactivity concentration in
arterial blood, Aw(t) is the '*0-H,O radioactivity concen-
tration in arterial blood, p is the myocardium/blood
partition coefficient of water, and A is the physical decay
constant of O-15.
Solving Eq. (1) in terms of C™¥°(t) gives:

C™°(t) = OEF - £ - Ao(t)*e™ ()t 4 £ Ay (t)*e™ (7+A)
@

where the asterisk denotes the convolution integral. During
steady-state conditions under the continuous administration
of 1*0-0,, the following relationship holds:

OEF - f- A, +f - Ay
(§+,1) 3)

In the actual PET studies, the spillover from vascular
pools and pulmonary alveoli and the partial volume
effect should be taken into consideration [14]. Then, the
measured radioactivity concentration in the region of
interest (ROI) in the myocardium (R™°(t)) can be
expressed as:

cmye —

R™YO(t) = a - C™°(t)
+(VEY° - Al(t) — @ - Fyein - OEF - Aq(t) — @ - Fyein - Aw(t))
+VE° - Caas(t)

“)

where o denotes the myocardial tissue fraction, Vg"° is

the myocardial blood volume, A(t) is the total O-15

- radioactivity concentration in arterial blood, Fy¢, is the

microscopic venous blood volume, V' ° is the gas volume
in the myocardial ROI and Cg,(t) is the O-15 radioactivity
concentration in V"
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With the bolus injection or infusion methods using an
artificial lung system, the radioactivity in the pulmonary
alveoli is expected to be negligible in comparison with the
inhalation method. Thus, Eq. (4) can be converted to:

RPO(t) = . C0 1)
+(VEY. A(t) — @ Fyein-OEF- Ao(t) — & Fyein - Aw(t))
(5)

Subjects

In this study, four healthy miniature pigs (22-30 kg) were
used. The pigs were anesthetized by IM injection of
ketamine and xylazine followed by continuous infusion of
propofol (5 mg/kg/h). The animals were then placed in the
supine position on the bed of the PET scanner. All
experimental procedures were approved by the local animal
welfare committee.

Injectable '0-0, preparation

In the “injection” study, injectable '*0-O, was used.
Injectable °0-O, was prepared as described previously
[10-12]. In brief, part of an infusion line kit (Terumo
Corporation, Tokyo, Japan) and an artificial lung 18 cm in
length (Senko Medical Instrument Mfg Co. Ltd., Tokyo,
Japan) were connected using silicone tubing to make a
closed system. Then, venous blood collected from a pig,
which was used in the following PET studies, was added to
the system and circulated (100 ml/min) by a peristaltic pump,
followed by introduction of *0-0, gas (~7,000 MBg/min/
433 ml) into the artificial lung for 15 min to prepare
injectable '*0-0, (5.6-60.7 MBg/ml).

In the “continuous infusion” study, the left femoral artery
and right femoral vein were both cannulated. The two
cannulas from the artery and the vein were connected to the
opposite sides of an artificial lung to create a femoral shunt.
The blood flow in the shunt was aided by a peristaltic pump
(30-50 ml/min). 1*0-0, gas (~7,000 MBg/min/433 ml) was
continuously introduced into the artificial lung.

PET protocol (Fig. 1)

The PET scanner was an ECAT EXACT HR (CTI/Siemens)
[15], which has an imaging field of view (FOV) of 55 cm in
diameter and 15 cm in axial length. The spatial resolution
of the scanner is 5.8 mm in full width at half maximum at
the center of the FOV.

After obtaining a 20-min transmission scan for attenua-
tion correction and -gas volume estimation, the -blood pool
image was obtained with a 4-min PET scan after the pigs
inhaled 2.7 GBq "*0O-CO for 30 s. Arterial blood samples
were taken every minute during the '0-CO scanning, and

379
(min)
20 Transmission scan
4 1%0-CO for blood pool image
6 50-H,0 for blood flow image
12 Dual administration of injectable '*O-O, and
%0-H,0 (Injection method)
25 ¥0O-0, infusion via the femoral shunt
(Constant infusion method)
25 30-0, gas inhalation

(Constant inhalation method)

Fig. 1 Outline of the PET imaging study. The interval between scans
was more than 15 min to allow for physical decay of O-15
radioactivity to background levels

the radioactivity concentration in the whole blood was
measured with a Nal well-type scintillation counter cali-
brated against the PET scanner. Subsequently, '*O-water
was injected into the right femoral vein for 30 s at an
infusion rate of 10 ml/min (injected radioactivity was about
1.11 GBq). Immediately after injection of !>O-water, 26
dynamic frames (12x5 s, 8x15 s and 6x30 s) of PET data
were acquired for 6 min.

Furthermore, two PET scans were successively per-
formed after the IV injection of *0-0, (5.6-60.7 MBg/ml)
for 30 s at an injection rate of 20-80 ml/min for the
“injection” study, and by the continuous '*0-O, gas
infusion through the artificial lung in the femoral shunt for
the “continuous infusion” study. In the “injection” study, 52
dynamic frames (12x5 s, 8x15 s, 6x30s, 12x5 5, 8x15 s
and 6x30 s) of PET data were acquired for 12 min, and
1.11 GBq of '*O-water was injected IV for 30 s at 10 ml/
min starting at 6 min after the administration of IV 150-0,
according to the dual administration protocol we developed
previously [16]. In the “continuous infusion” study, 26
dynamic frames (10x30 s, 5x60 s, 1x600 s and 10x30 s)
were acquired for 25 min, and the 600-s frame was used for
steady-state analysis.

Another ‘PET scan was performed by '°0-O, gas
inhalation in one of the four pigs in the same protocol as
the “continuous infusion” study. This was the “continuocus
inhalation” study. The interval between scans was more
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than 15 min to allow for physical decay of O-15
radioactivity to background levels. All acquisitions were
obtained in the two-dimensional mode (septa extended).

Data analysis

A filtered back-projection algorithm with a 6-mm Gaussian
filter was used for image reconstruction. The reconstructed
images had a matrix size of 128 x 128 x 47 and a voxel size
of 1.84 x 1.84 x 3.38 mm, and all image data sets were
resliced into short-axis images across the left ventricle [13].

Myocardial blood flow

tMBF was calculated from the injection of '*0-H,O by fitting
the myocardial and arterial time-activity curve data to a
single-tissue-compartment model that implemented correc-
tions for partial-volume effects by introducing the tissue
fraction. In addition, the model was corrected for spillover
from the left ventricular (LV) chamber into the myocardial
ROI by introducing the arterial blood volume [13]. In these
experiments, the time-activity curves generated from large
ROISs placed in the LV chamber were used as the input function.

Regional oxygen extraction fraction

In the “injection” study, rOEF was calculated according to
Egs. (2) and (5). In these formulations, F,.;, was assumed
to be 0.10 ml/g tissue and p was fixed at 0.90 ml/g. The
blood volume image obtained from the *0O-CO scan was
used for the determination of Vg°°. The value of A(t) was
obtained from the LV radioactivity concentration measured
from the PET data set with small LV ROIs to minimize
spillover from the myocardium. The calculation for the
estimation of recirculating '0-H,O was performed as
previously described [16]. For the “continuous infusion”
and “continuous inhalation” studies, in which a 600-s frame
was regarded as steady-state, Egs. (3) and (5) or Egs. (3)
and (4) were used for calculating rOEF, respectively.

Results

Table 1 summarizes the conditions of animals during the PET
studies. The parameters were all within the physiologic range.

Figure 2 demonstrates the dynamic images obtained in
the “injection”, “continuous infusion”, and ‘“continuous
inhalation” studies. With the injection and continuous-
infusion methods, the right ventricle on the left side and the
vena cava on the lower side were well delineated, whereas
the left ventricle was moderately shown on the right side.
The 16th frame (600~1,200 s after the initiation), which
was used for steady-state analysis with the continuous-
infusion method, was visibly distinct compared with all of
the frames obtained with the injection method. However,
with the continuous-inhalation method, neither ventricle
could be depicted because of high radioactivity in the lung
on the right and lower-side images.

The radioactivity in the blood pool obtained by *0-CO
PET (Fig. 3g) and the gaseous volume estimated by inverse
transmission data (Fig. 3h) were subtracted from the raw
PET images (16th frame) with the continuous-inhalation and
continuous-infusion methods, respectively (Fig. 3c and f).
Both methods clearly delineated the myocardium after
subtraction in comparison to the blood flow image
(Fig. 3i). However, the continuous-inhalation method
showed salient radioactivity on the lateral wall (Fig. 3c),
whereas the continuous-infusion method showed only
modest radioactivity in the myocardium (Fig, 3f). It is also
notable that there was considerable radioactivity in the right
ventricle with the continuous-infusion method even after the
subtraction (Fig. 3f).

To further examine the differences between the continuous-
infusion and continuous-inhalation methods, time-
radioactivity curves during the PET scans were taken from
four ROIs: the left ventricle (LV), right ventricle (RV),
myocardium (Myo), and lung (Fig. 4). At the steady-state
frame (600~1,200 s), the continuous-infusion method
showed higher radioactivity in the RV and LV than in the
myocardium (Fig. 4a), whereas the radioactivity of these
regions was similar with the continuous-inhalation method
(Fig. 4b). The radioactivity in LV was about two-thirds of
that in RV in Fig. 4a, indicating that measurable radioactivity
was excreted through the lung even after the femoral
administration of '*0-O,. The lung excretion was also
observed on the blood-subtracted image (Fig. 3e). Actually,
there was significant radioactivity in the lung (Fig. 4a),
although that was the lowest among the four ROIs. In
contrast, the radioactivity in the myocardium was the lowest
among the four ROIs with the continuous-inhalation method

Table 1 Physiological parame-

ters of pigs during the PET pH pCO2 pO: tHb O,Sat  HR BP (mmHg)
studies (mmHg)  (mmHg)  (g/d) (%) (bpm)
Diastolic Systolic
Average  7.46 403 125.8 128 97.7 85 97.8 1252
SD 0.032 251 16.69 1.30 1.83 195 10.4 193
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a Injection method
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Fig. 2 PET images obtained in (a) the injection method, (b) the continuous-infusion method with injectable '*0-O,. and (e) the continuous-

inhalation method with **0-0, gas

(Fig. 4b). The heart-to-lung radioactivity ratios were calcu-
lated from Fig. 4 for the quantitative estimation of image
quality; the continuous-infusion method provided a ratio of
1.38+0.24, whereas the ratio was less than one with the
continuous-inhalation method.

Table 2 shows the quantitative OEF values in the lateral
wall obtained by the injection, continuous-infusion, and

continuous-inhalation methods. These OEF values were
consistent among the three methods.

Figure 5 represents the noise equivalent counts (NEC)
standardized by the total counts detected by the PET
scanner. Although the injection method tended to show
rather high values, there was no significant difference
between the values obtained by the injection and
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Inhalation

Infusion

Blood pool

Fig. 3 PET images obtained in the study are shown. The 16th frame
(steady-state frames) of the continuous-inhalation method and the
continuous-infusion method are shown in (a) and (d), respectively.
The ‘blood-subtracted” images shown in (b) and (e) were created by

continuous-infusion methods as determined by a Mann
Whitney U-test.

Discussion

In previous studies, we showed the usefulness of the
injectable '*0-0, system for estimating cerebral oxygen
metabolism in small animals such as rats under normal or
ischemic conditions [10-12]. Injectable '*0-O; replaced
the inhalation protocol and radioactive '*0-0, was admin-
istered via the tail vein. Thus, injectable 130-0, could
abolish the artifact from the high radioactivity in the
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Inhalation
blood(-)
gas(-)

Inhalation
blood(-)

Infusion Infusion

blood(-) blood(-)

Gaseous Blood flow

volume

subtraction of the blood-pool image by *0-CO (g) from (a) and (d).
The ‘blood- and gas-subtracted’ images shown in {(¢) and (f) were
created by the successive subtraction of the gaseous image (h) from
{b) and (e). The myocardial blood flow image is also shown in (i)

inhalation tube that distorts the PET images, especially in
small animals. We considered that the concept could also be
utilized in the hearts of large animals. Therefore, in the present
study, we tested the feasibility of an injectable 150-0, system
for estimating myocardial oxygen metabolism in normal
pigs. In addition, since a shunt between the femoral artery
and vein can be created in pigs but not in small animals,
continuous infusion via the femoral shunt was also
performed to achieve a constant and reliable delivery of
radioactivity to the heart.

Dynamic PET scans showed a large difference in the
radioactivity distribution among the three methods. Since
the labeling efficiency to prepare injectable '*0-O, was
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Fig. 4 Time-activity curves from the left ventricle (LV), the right
ventricle (R¥), the myocardium (lateral wall, Myo) and a lung region
with the continuous-infusion method {a) and the continuous-inhalation

lower with pig blood (ca. 61 MBg/ml at most) than with the
blood of rats and humans (130 MBg/ml), the injection
method provided rather obscure images. With the injection
and continuous-infusion methods, the radioactivity in the
lung was dramatically reduced in comparison to the
continuous-inhalation method, since the heart-to-lung ratio
with the continuous-infusion method was about 40% higher
than with the continuous-inhalation method. This finding
suggested that the two methods that inject radioactivity via
a vein are more useful for analyzing myocardial oxygen
metabolism in pigs than the continuous-inhalation method.
However, a distinct difference between radioactivity of the
right and left ventricles was observed in the images and
time-radioactivity curves after venous administration of
1%0-0,, indicating a certain degree of excretion of the
radioactivity by the lung. Therefore, the spillover from the
pulmonary alveoli to the myocardium could not be omitted
in the two methods with venous administration, and Eq. (4)

Table 2 OEF estimated by the three methods using injectable *0-0,
or *0-0, gas

OEF

Injection Infusion Inhalation
Pig. 1 0.70 0.72
Pig. 2 0.67 0.72
Pig. 3 0.71 0.74
Pig.'4 0.76 0.69 0.72
Average 0.71 0.72 0.72
SD 0.036 0.020
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method (b). The supply of radioactivity was started at time 0 s and
stopped at 1,200 s. The 16th frame for the steady-state analysis was
600-1,200 s

was used for the OEF analysis, although the radioactivity in
the lung was lower than that in the myocardium.

On the other hand, with the continuous-inhalation
method, the radioactivity of the lung was in between the
radioactivity in the RV and LV. This is curious because
O-15 radioactivity was supplied from the inhalation tube
and transferred from the lung to blood so that the
radioactivity in the lung should have been the highest
among the four ROIs. This may have been caused, in part,
by inhomogeneous distribution of the radioactivity in the
lung due to its structure in comparison with the myocardi-
um and ventricles, and/or by artifacts from the lung to other

*]
;0.4-. * G
X
02 | A
0 : ! )

Inf Inh Inj

Fig. 5 The ratio of noise equivalent counts (NEC) to total counts in
the total field of view of the PET scanner obtained with the
continuous-infusion method (Jnf), the continuous-inhalation method
(Inh} and the injection method (In/)
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tissues, In any case, it is notable that the radioactivity in the
myocardium was the lowest with the continuous-inhalation
method, leading to difficulty in analyzing myocardial
oxygen metabolism.

The OEF values in lateral walls were calculated to
compare the ability of the three methods to determine
myocardial oxygen metabolism by using the blood flow
derived from the dual-administration protocol with the
injection method and the single-administration protocol
with the two continuous methods. There was no difference
in the blood flow between the two protocols. Consequently,
the three methods provided the same OEF value of about
0.7 and this is a physiological value in normal pigs, as was
previously demonstrated [17, 18]. We have demonstrated
the potential of the injectable '0-O, system for the
estimation of physiological cerebral oxygen metabolism in
rats and monkeys during early and late ischemia, hyperten-
sion, and ischemia plus hypertension [10-12, 19]. There-
fore, we believe that the injection and continuous-infusion
methods provide a physiological OEF in the myocardium.
Nevertheless, we recognize the necessity to evaluate the
reliability and usefulness of the injectable '*0-O, method
in myocardial applications. Further studies using patho-
physiological animal models are required in the future, such
as myocardial ischemia, hypoxia, and heart failure. On the
other hand, since MMRO, is basically regarded as the
product of MBF and OEF, the results indicated that these
three methods were equivalent in their ability to quantify
MMRO, in normal pigs, at least in the lateral wall.
Although the images after the subtraction of spillovers
from blood and gas showed different contrast between the
continuous-infusion and continuous-inhalation methods, the
ability of these two methods to measure OEF and MMRO,
in the lateral walls was equivalent.

We did not evaluate myocardial oxygen metabolism in
other heart regions since the radioactivity in the right
ventricle could not be removed due to a significant
difference of radioactivity between the ventricles with the
continuous-infusion method. The injection method might
be able to evaluate oxygen metabolism in other regions
besides the lateral wall, although this was not evaluated in
this study due to the low radioactivity of injectable '*0-O,
as described above. In the injection method, O-15 radioac-
tivity was delivered from the femoral vein to RV, the lung,
LV, and finally the myocardium. Thus, when the LV and
myocardial activity reach a maximum, the RV activity is
expected to be low. The later frames of the dynamic PET
images with the injection method might avoid the high RV
activity and delineate the myocardium and LV more clearly.
With accurate anatomical information by gated PET/CT, the
injection method will provide oxygen metabolism in other
heart regions. In addition, the injection method has a benefit
in that it is noninvasive and shortens the acquisition time in
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comparison with the continuous-infusion method. Future
studies are needed to determine whether the injectable
150-0, system can be used in other heart regions.

With the injection method, the ratio of noise equivalent
counts (NEC) to total counts tended to be the higher,
probably because of the absence of high radioactivity
adjacent to the PET scanner. Nevertheless, the continuous-
infusion method did not show this tendency. This may be
because tubes for the input to the artificial lung were
positioned at the femoral shunt and the output to the drain
of O-15 gas was positioned alongside the PET scanner,
resulting in an increase of random counts during the study.
Also, it is notable that the value with the continuous-
inhalation method was not small, which suggests that the
inhalation protocol itself did not worsen the results, but
rather the high radioactivity in the lung might affect the
analysis. In any case, if more care is given to shielding of
the radioactivity in tubes and/or for arrangement of instru-
ments in the PET room, a higher value of NEC/total counts
will be obtained with the injectable °0-0, system.

The declining slope delineated in the time-activity curves
with the continuous-infusion method requires some expla-
nation. Since the flow rate of O-15 gas supply to the artificial
lung positioned at the femoral shunt was maintained constant
during the PET scan, it is possible that a decrease of labeling
efficiency of the artificial lung occurred due to the deposition
of any components of blood. The blood of rats or humans
was negligibly deposited in the artificial lung during
circulation at the same rate for at least 30 min in our other
experiments, so that this problem may be specific for pigs. It
is unclear which component in pig blood was exactly
involved in the deposition and three of four pigs did not
show a declining slope of the time-activity curve.

In practice, in routine smdies on myocardial oxygen
metabolism using large animals such as pigs, the continuous-
inhalation method with '®0-O, gas may be easier to
perform for the following reasons: (1) the intubation tube
used for gas anesthesia prior to the PET scan can also be
used for '°0-0, gas inhalation; (2) catheterization of the
femoral artery and vein to create the femoral shunt for the
continuous-infusion method may be troublesome; and (3)
the injection of '>0-O, requires an artificial lung, preparation
time, and blood taken from the same animal prior to the PET
scan. However, the injection of '*0-O, has a substantial
advantage over the continuous-inhalation method in that there
is reduced radioactivity in the lung and clearer images of the
heart are obtained. Therefore, the method for estimating
myocardial oxygen metabolism should be selected depending
on the objectives of the study and the surgical procedures.
Furthermore, since radioactivity administered into the
femoral vein is partially excreted into expired air, the
injectable '0-0, system might be used for evaluating
pulmonary function in the future.
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Conclusion

In this study, we tested the feasibility of using an injectable
130-0, system to estimate myocardial oxygen metabolism
in pigs. Both the bolus-injection and continuous-infusion
methods reduced the radioactivity in the lung and provided
similar OEF values in the lateral walls of the heart. These
findings indicate that the injectable '*0-O, system has the
potential to evaluate myocardial oxygen metabolism.

References

-

. Ohtake T. The review of myocardial positron emission computed

tomography and positron imaging by gamma camera. Kaku Igaku.
1998,35:179-87.

. Klein LJ, Visser FC, Knaapen P, Peters JH, Teule GJ, Visser CA,

et al. Carbon-11 acetate as a tracer of myocardial oxygen
consumption. Eur J Nucl Med. 2001;28:651-68.

. Schelbert HR. PET contributions to understanding normal and

abnormal cardiac perfusion and metabolism. Ann Biomed Eng.
2000;28:922-9.

. Visser FC. Imaging of cardiac metabolism using radiolabelled glucose,

fatty acids and acetate. Coron Artery Dis. 2001;12(Suppl 1):S12-8.

. Hata T, Nohara R, Fujita M, Hosokawa R, Lee L, Kudo T, et al.

Noninvasive assessment of myocardial viability by positron
emission tomography with ''C acetate in patiemts with old
myocardial infarction. Usefulness of low-dose dobutamine infu-
sion. Circulation. 1996;94:1834-41.

. Yamamoto Y, de Silva R, Rhodes CG, lida H, Lammertsma AA,

Jones T, et al. Noninvasive quantification of regional myocardial
metzbolic rate of oxygen by 130, inhalation and positron emission
tomography. Experimental validation. Circulation. 1996;94:808-16.

. Iida H, Rhodes CG, Araujo Ll, Yamamoto Y, de Silva R, Maseri

A, et al. Noninvasive quantification of regional myocardial
metabolic rate for oxygen by use of 1°0, inhalation and positron
emission tomography. Theory, error analysis, and application in
humans. Circulation. 1996;94:792-807.

. Shidahara M, Watabe H, Kim KM, Oka H, Sago M, Hayashi T, et

al. Evaluation of a commercial PET tomograph-based system for
the quantitative assessment of rCBF, rOEF and rCMRO, by using

— 113 —

10.

11.

12.

14.

15.

16.

17.

sequential administration of '*O-labeled compounds. Ann Nucl
Med. 2002;16:317-27.

. Mintun MA, Raichle ME, Martin WR, Herscovitch P. Brain

oxygen utilization measured with O-15 radiotracers and positron
emission tomography. J Nucl Med. 1984;25:177-87.

Magata Y, Temma T, lida H, Ogawa M, Mukai T, lida Y, et al.
Development of injectable O-15 oxygen and estimation of rat
QEF. J Cereb Blood Flow Metab. 2003;23:671-6.

Termma T, Magata Y, Kuge Y, Shimonaka S, Sano K, Katada Y, et al.
Estimation of oxygen metabolism in a rat model of permanent
ischemia using positron emission tomography with injectable 1*0-O,.
J Cereb Blood Flow Metab. 2006;26:1577-83.

Temma T, Kuge Y, Sano K, Kamihashi J, Obokata N, Kawashima H,
etal. PET O-15 cerebral blood flow and metabolism after acute stroke
in spontaneously hypertensive rats. Brain Res. 2008;1212:18-24.

. Watabe H, Jino H, Kawachi N, Teramoto N, Hayashi T, Ohta Y, et

al. Parametric imaging of myocardial blood flow with '3Q-water
and PET using the basis function method. J Nucl Med.
2005;46:1219-24.

Iida H, Rhodes CG, de Silva R, Yamamoto Y, Araujo LI, Maseri A, et
al. Myocardial tissue fraction—correction for partial volume effects
and measure of tissue viability. J Nucl Med. 1991;32:2169-75.
Wienhard K, Dahlbom M, Enksson L, Michel C, Bruckbauer T,
Pietrzyk U, et al. The ECAT EXACT HR: performance of a new high
resolution positron scanner. Y Comput Assist Tomogr. 1994;18:110-8.
Kudomi N, Hayashi T, Teramoto N, Watabe H, Kawachi N, Ohta Y,
et al. Rapid quantitative measurement of CMRO; and CBF by dual
administration of *0O-labeled oxygen and water during a single
PET scan-a validation study and error analysis in anesthetized
monkeys. J Cereb Blood Flow Metab. 2005;25:1209-24.

Alders DJ, Groeneveld AB, de Kanter F), van Beek JH.
Myocardial O, consumption in porcine left ventricle is heteroge-
neously distributed in paralle] to heterogeneous O, delivery. Am J
Physiol Heart Circ Physiol, 2004;287:H1353-61.

. Van Woerkens EC, Trouwborst A, Duncker DJ, Koning MM,

Boomsma F, Verdouw PD. Catecholamines and regional hemo-
dynamics during isovolemic hemodilution in anesthetized pigs. J
Appl Physiol. 1992;72:760-9.

. Ternma T, Magata Y, Iida H, Hayashi T, Ogawa M, Mukai T, et al.

Development of injectable O-15 oxygen and its application for
estimation of OEF. International Congress Series, Quantitation in
Biomedical Imaging with PET and MRI Proceedings of the
International Workshop on Quantitation in Biomedical Imaging
with PET and MRI. 2004;1265:262-65.

&) Springer



Journal of Cerebral Blood Flow & Metabolism (2010) 30, 663-673
© 2010 1SCBFM Al rights reserved 0271-678%/10 $32.00

www.jcbfm.com

Measurement of density and affinity for dopamine
D. receptors by a single positron emission
tomography scan with multiple injections of
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Positron emission tomography (PET) with [''C]raclopride has been used to investigate the density
(Bnax) and affinity (K,) of dopamine D, receptors related to several neurological and psychiatric
disorders. However, in assessing the B, and K,, multiple PET scans are necessary under variable
specific activities of administered [''C]raclopride, resulting in a long study period and unexpected
physiological variations. In this paper, we have developed a method of multiple-injection graphical
analysis (MI-GA) that provides the B,,., and K, values from a single PET scan with three sequential
injections of [''C]raclopride, and we validated the proposed method by performing numerous
simulations and PET studies on monkeys. In the simulations, the three-injection protocol was
designed according to prior knowledge of the receptor kinetics, and the errors of B... and K,
estimated by MI-GA were analyzed. Simulations showed that our method could support the
calculation of B,., and K,, despite a slight overestimation compared with the true magnitudes. In
monkey studies, we could calculate the B,., and K, of diseased or normal striatum in a 150 mins
scan with the three-injection protocol of [''Clraclopride. Estimated B,.. and K; values of D,
receptors in normal or partially dopamine-depleted striatum were comparable to the previously
reported values.
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Introduction

Positron emission tomography (PET) with [**C]raclo-
pride has been widely used to investigate the
availability of striatal dopamine D, receptors in vivo
(Farde et al, 1985; Kéhler et al, 1985; Hall et al,
1988). A number of postmortem studies have shown
that the abundance of dopamine D, receptor is
elevated in striatum samples from untreated patients
with Parkinson’s disease (Guttman and Seeman,
1985; Seeman et al, 1987) and in schizophrenic
patients who had never taken antipsychotics (Cross
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et al, 1981; Joyce et al, 1988). The PET measurements
have made it possible to quantify in vivo the density
and apparent affinity of receptors by systematically
varying the specific activity (or mass) of an adminis-
tered radioligand (see for example, Farde et al, 1986).
A study of Parkinson’s disease by Rinne et al (1995)
with in vivo PET showed increased density and
unchanged affinity of dopamine D, receptors in the
putamen in comparison with healthy controls. In
corresponding studies of schizophrenia, early find-
ings with [**C]N-methylspiperone indicated elevated
D, binding, which was not replicated in some
subsequent studies with [*’C]raclopride (Wong et
al, 1986; Farde et al, 1987, 1990). Dysfunction of
dopamine receptors has also been suggested in
other neurodegenerative or psychiatric diseases (e.g.,
multiple-system atrophy, progressive supranuclear
palsy, and attention-deficit hyperactivity disorders);
however, there have been only a few studies that
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examined receptor function directly related to
density and affinity. This might be due to the
inherent difficulty in measuring absolute receptor
abundance based on PET recordings.

In PET scans, to determine the density and affinity
of receptors directly as parameters of kinetic model,
it is necessary to apply a compartmental analysis
based on a two-tissue compartment five-parameter
model including density of receptors Bn.. (pmol/
mL), bimolecular association rate constant k,, {mL/
pmol/min), and unimolecular dissociation rate con-
stant k. (min~*) (Farde et al, 1989). However, since
data from a single PET scan are not enough to
determine the B... and k,, individually, multiple
PET scans should be taken with different molar
amounts of injected ligand. In addition, model
parameters are estimated by a nonlinear least squares
fitting with the metabolite-corrected plasma input
function, so the solutions are often unstable and
sensitive to statistical noise, and invasive arterial
sampling is required to use this method.

Farde et al (1986, 1989) determined the value of
B,.. and apparent affinity K, (=kw/k..) by a
graphical analysis using a time-activity curve (TAC)
of the specifically bound target region and a
reference region where specific bindings are negli-
gible. In this method, the ratio of specific bound and
free ligand concentrations at the equilibrium state are
plotted versus the concentration of specific bound
ligand, and B, and K; are estimated from the slope
and intercept of the regression line. Other groups
also used the value of distribution volume ratio —1
estimated from the graphical analysis of Logan et al
(1996), instead of the ratios of specific bound and
free concentration, to obtain stable values of the
y-axis quantity (Logan et al, 1997, Doudet and
Holden, 2003; Doudet ef al, 2003). These methods
are practical, because they do not require arterial
blood sampling, and their respective estimation
processes are easy to carry out. However, to estimate
the regression line of a graphical plot, multiple PET
scans (at least two or three) are required under
variable molar amounts of administered ligand, so
scans have been performed on separate days. Even in
quantitative PET scans, the separate day protocol
may suffer from interday or intraday variations in
physiologic conditions, such as cerebral blood
pressure, flow, and receptor bindings, which may
affect the accuracy of the estimates.

We developed a method, called the multiple-
injection simplified reference tissue model (MI-SRTM),
to measure the change in binding potential
(BPnp =ka/k, (Mintun et al, 1984)) of dopamine D,

~ receptors from a single session of PET scanning with
multiple injections of [**Clraclopride (Watabe et al,

2006; lkoma et al, 2009), and we showed that this
method could detect the change in BPxp because of
an increase in mass of administered [*'Clraclopride

1in a short scanning period, which is a prerequisite for

measuring the saturation binding parameters as
steady state. In this study, we extend our earlier
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report for estimating B,.. and K, from a single
session of PET scanning with triple injections of
[**Clraclopride using MI-SRTM and the graphical
analysis, and we validated the proposed method by
performing numerous simulations and studies on
monkeys using PET and [**Clraclopride.

Materials and methods
Theory

Graphical Analysis with a Reference Region for Estima-
tion of Density and Affinity: Graphical analysis based on
the Scatchard plot (Scatchard, 1949) has been used to
estimate the values of B,.. and K, from as series of PET
recordings with various molar amounts of administered
ligand (Farde et al, 1986). In brief, the ratios (B/F) of
specific bound ligand concentration (B [pmol/ml]) and
free ligand concentration (F [pmol/mL]} at equilibrium are
plotted versus B. In this plot, the slope and x-intercept
represent —1/K; and Bu., Tespectively. In general, for
graphical analysis without arterial blood sampling, the
total radioligand concentration in the reference region
(C. [Bq/mL]), where specific bindings are negligible, is
used as an estimate of the free radioligand concentration in
the target region (C; [Bq/mL]), that is Cf'=C, and the
specific binding radioligand concentration in the target
region (G, (Bg/mL]) is defined as radioactivity in the target
region (G, [Bg/mL]) reduced with G, that is G¥=C-C,
(Figure 1). The radioactivity concentrations of Gi* and G,
at the point in time when dGr/dt is 0 (T.y), are divided by a
specific activity of the administered ligand, and used as F
and B at the transient equilibrium in the graphical analysis

25
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Figure 1 An example of simulated TACs for the striatum (C)),
free (Cs), and specific bound (C,) concentrations in the striatum,
the cerebellum used as a reference region (C,) and bound
concentration in the striatum estimated using a reference region
(CPf=C~C,) with K, =0.033, Ki/ks=0.59, k,,=0.0033,
Bmax=25.7, ks = 0.034 for the striatum, and K, = 0.034, K,/
k> =10.36, k3 = 0.022, k, = 0.034 for the cerebellum. The time
point of dCFY/dt = 0 (7,) is considered the transient equilibrium,
and bound concentration at the equilibrium (B™) is obtained
from the radioactivity concentration of CBf at 7.,.
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(Farde et al, 1989). In our study, we use the nomenclature
B~ and F* to represent the concentrations otherwise
known as B and F. The .value of the y axis, B™Y/F* is
sometimes replaced by the binding potential estimated by
the graphical analysis of Logan et al (1996) or some other
method (Logan et al, 1997; Doudet and Holden, 2003;
Doudet et al, 2003).

Multiple-Injection Simplified Reference Tissue Model
for Estimation of Binding Potential: A simplified refer-
ence tissue model (SRTM) can provide three parameters
(Ry, k;, BPyp) without invasive arterial blood sampling by
using a TAC of the reference region (Lammertsma and
Hume, 1996). The MI-SRTM extended this SRTM for
sequential multiple injections in a single session of PET
scanning by taking into account the residual radioactivity
in the target tissue at the time of each injection. As such,
the magnitude of BPyy, for the ith injection is described in
the following terms (Ikoma et al, 2009):

() =R Co __Bukai \
Ctl(t) =Ry;Cy{t) + (kZI 1+ BPNDi>e (1)

®Cyi(t) + (Cu(0) — RuC;,-(O))e*u*' -t

where C, and C,; are the radioactivity concentrations in the
target and reference region, respectively, and t is the time
from the start of the jth injection.

Multiple-Injection Graphical Analysis for Estimation of
Density and Affinity: The conventional graphical analysis
was applied to the B, and K, estimations with the
multiple-injection "approach. In this multiple-injection
graphical analysis (MI-GA}, the BPyp calculated for each
injection using MI-SRTM was plotted as a function of the
concentration of specific bound raclopride at the transient
equilibrium (B™f [pmol/mL]) within the scan duration for
each injection, and By.. and K; were estimated from the
regression line.

In this study for [*'Clraclopride, the TAC of the
cerebellum was used as the reference TAC. Each parameter
in the MI-SRTM was estimated by nonlinear least squares
fitting with iteration of the Gauss-Newton algorithm. It
should be noted that the transient equilibrium condition is
required for each injection in the MI-GA.

Simulation Analysis

Simulations were performed to determine the range of
administered mass of three injections and to evaluate
feasibility of the MI-GA to estimate the B,,.. and K.

Effect of Injected Mass on BPnp Estimates: To investigate
the effect of the administered molar amount of [*'C]raclo-
pride on BPyp estimates and to determine the molar
amount of three injections for monkey studies, a relation-
ship between BP.y and B was obtained by a computer
simulation. Noiseless TACs of the striatum and cerebellum
were generated with a measured plasma TAC and assumed
parameter values derived from measurements taken from
the monkey studies. The TAC of the cerebellum was
simulated with a conventional two-tissue compartment
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four-parameter model with assumed parameter values
obtained earlier in our monkey studies: K,;=0.034
(mL/mL/min) KXi/k,=0.36, k;=0.022 (min~?), k,=0.034
{min~'). Meanwhile, the TAC of the striatum was simulated
with a two-tissue compartment five-parameter model
expressed as Equation (2) by solving these differential
equations with the numerical analysis of fourth-order
Runge-Kutta method with assumed parameter values
K,=0.033 (mL/mL/min), K,/k.,=0.59, k,,=0.0033 (mL/
pmol/min), Bna=25.7 {(pmol/mL), k,=0.026 (min~?), and
SA =37 (GBg/pmol):

dc :

5 = kG (0 - (ke +K(0) G + kGolt)
%Cﬁk;(t)cf(t)*k@b(ﬂ @)
k; (t) = kon (Bmax - C;_fdf))

where C;and G, are the concentrations of radioactivity for
free and specifically bound ['*Clraclopride in tissue,
respectively; and SA is the specific activity of administered
[**C]raclopride.

As reference, the relationships between B*f and BPyp or
B*!/F*' were investigated in the case of a single injection of
(**Clraclopride by varying injected mass. TACs of the
striatum and cerebellum for the single injection with a
50mins scan were generated using the measured plasma
TAC of a single injection in which the input plasma TAC
was amplified, such that the corresponding mass increased
from 1 to 500 nmol per injection. In each simulated TAC,
BPnp values were estimated by the SRTM, and then, B/
Ff and B™f were calculated by the transient equilibrium
with the cerebellum TAC.

Next, TACs of the striatum and cerebellum for three
injections at 50mins intervals were generated using the
plasma TAC of three sequential injections in which
the input plasma TAC was amplified so that the mass of
the first and second injections would be 1.5 and 10 nmol/
kg, and the mass of the third injection would be 1.5 to
150nmol/kg. In each simulated TAC, BPy; values
were estimated by the MI-SRTM, and B!/F*f and Bf for
the third injection was calculated by the transient
equilibrium with the cerebellum TAC. The relationships
between B and BPyp or B=!/F! for the third injection
were investigated, and compared with that for the single
injectiomn.

Estimation of Bn.. and K, Values by the Multiple-
Injection Graphical Analysis: The reliability of By,.x and
K,y estimates by the graphical analysis was investigated
for the proposed sequential multiple-injection approach
(single PET scan) and compared with that for the conven-
tional nonsequential approach (three PET scans on differ-
ent days, such that no residual mass remained). Noiseless
TACs of the striatum and cerebellum were simulated using
assumed parameters of the two-tissue compartment model
mentioned above and the plasma input function for three
injections in which the magnitude of each ‘virtual’ input
function was adjusted so that the injection mass would be
1.5, 10, or 30nmol/kg determined from the simulation
study mentioned above, with 50 mins intervals as reported
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by Ikoma et al (2009). In the striatum TACs, B,.. values
were varied from 10 to 50 pmol/mL at 5 pmol/mL intervals
with other parameters fixed (K3=7.9 pmol/mL), or Ky was
varied from 3 to 15 at 2 pmol/mL intervals by changing k..
with other parameters fixed (B, =25.7pmol/mL). For
each TAC, Bp..x and K, were estimated by the MI-GA from
three points obtained by MI-SRTM for the single PET scan
approach and they were estimated by the graphical
analysis from three points obtained by the conventional
SRTM for the three PET scan approach. Then, estimates
were compared with the true values. In the single PET scan
approach, Bn., and K; were also estimated without
reference TAC by the MI-GA from three points of BPyp
and B obtained by the two-tissue compartment four-
parameter model with the plasma input function shown
in the Appendix.

Analysis of Monkey Studies

PET studies were performed on three cynomolgus maca-
ques (weight 6.9+2.1kg) with the multiple-injection
approach. One animal (monN) was a healthy monkey aged
5 years, and the others had a syndrome acquired
Parkinsonism. Of these, one (monUP, aged 7 years) had
hemiparkinsonism induced by injecting the selective
neurotoxin, N-methyl-4-pheny1-1,2,3,6-tetrahydropyridine
(MPTP) (0.4 mg/kg) into the right carotid artery (Bank-
iewicz et al, 1986), whereas the other (monBP, aged 5 years)
had bilateral Parkinsonism induced by injecting MPTP
(0.4 mg/kg) intravenously and intermittently (twice a week
for a total of 14 injections) (Takagi et al, 2005). Each
Parkinsonian animal showed typical Parkinsonian symp-
toms in the limbs (motor slowness, tremor) unilaterally or
bilaterally. The PET scan was performed after the symptom
reaching stable (6 months after the first injection of MPTP).
Anesthesia was induced with ketamine (8.4 mg/kg, intra-
muscularly) and xylazine (1.7 mg/kg, intramuscularly) and
maintained by intravenous propofol (6mg/kg/h) and
vecuronium (0.02 mg/kg/h) during the scan. The monkeys
were maintained and handled in accordance with guide-
lines for animal research on Human Care and Use of
Laboratory Animals (Rockville, National Institutes of
Health/Office for Protection from Research Risks, 1996).
The study protocol was approved by the Subcommittee for
Laboratory Animal Welfare of the National Cardiovascular
Center.

After the synthesis of [*'Clraclopride, nonradioactive
raclopride was added so that targeted molar amount of
raclopride would be administered for three injections
(1.5, 10, and 30nmol/kg); this was done by dividing the
[**Clraclopride diluted by nonradioactive raclopride into
three portions with different volumes, containing the
intended masses of raclopride. For the first injection,
1.9+ 0.16 nmol/kg (57.0+ 5.7 MBq) of [**C]raclopride was

- administered by a bolus injection at the beginning of the

scan. Fifty minutes later, the second [**Clraclopride injec-
tion, 11.1+0.56nmol/kg (60.4+8.8 MBq at the time of
second injection) was administered by a bolus, and 50 mins
after that, a bolus of 31.1 + 2.1 nmol/kg (30.8 + 4.4 MBq at the
time of third injection) of [**CJraclopride was administered
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again. Data were acquired for 150mins (10secs x 18,
30secs x 6, 120 secs x 7, 300secs x 6; total 50 mins for each

-injection). The specific radioactivity was 4.7 + 2.2 GBq/umol

at the time of the first injection.

PET scans were performed using a PCA-2000A
positron scanner (Toshiba Medical Systems Corporation,
Otawara, Japan) that provides 47 planes and a 16.2 cm axial
field-of-view. The transaxial and axial spatial resolution of
the PET scanner were 6.3 and 4.7 mm full width at half
maximum (Herzog et al, 2004). A transmission scan
with a 3-rod source of **Ge-°*Ga was performed for 20 mins
for attenuation correction before the administration of
[**Clraclopride. Radioactivity was measured in the three-
dimensional mode and the data were reconstructed by a
filtered back-projection using a Gaussian filter (3mm of
full width at half maximum). Region-of-interests (ROIs)
were defined manually over the left and right striatum and
cerebellum for PET images, and the radioactivity concen-
trations in these regions were obtained. For the left and
right striatum, R,, k,, and BPyp for each injection were
estimated by the MI-SRTM. In addition, parametric images
were generated, estimating each parameter voxel by voxel,
using the MI-SRTM with a basis function method in which
the model Equation (1) was solved using linear least
squares for a set of basis functions, which enables the
incorporation of parameter bounds (Gunn et al, 1997;
Ikoma et al, 2009). B.... and K, were estimated by the MI-
GA from these BP\p values of left and right striatum for
three injections.

In the unilateral Parkinsonian animal, three PET scans
with conventional single injection with different masses of
[**Clraclopride were also performed for comparison with
results by the multiple-injection single PET scan approach. A
PET scan with a bolus injection of 2.1 nmol/kg (50.6 MBq),
11.3nmol/kg (60.4MBg), or 31.1nmol/kg (30.8MBq) of
[**Clraclopride was obtained on separate days. PET data
were acquired for 50 mins with the same protocol as the
single PET scan approach. The values of R,, k., and BPyp
were estimated by the SRTM, and B... and K; were
estimated by the conventional graphical analysis.

Results
Simulation Study

Effect of Injected Mass on BPyp Estimates: In the
simulations, the value of BPyp, estimated by the MI-
SRTM, decreased as injected molar amount of
raclopride increased, that is, concentration of bound
raclopride became larger. The relationship between
BPyp and B*f had a good linear correlation to some
extent; however, it did not remain linear for large B
(Figure 2A). The regression line where B™f< 20 pmol/
mL was BPyp = —0.0915° + 2.4, R>=0.997 for the first
injection. In the relationship between BPyp and B™,
BPyp values of the third injection were higher than
those of the first injection when B™f was lower than
20 pmol/mL. The ratio B™/F*f was almost the same
as the BPyp estimated by MI-SRTM, though it was a
little smaller when B*f was lower than 5pmol/mL
(Figure 2B).
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Figure 2 Relationship between specifically bound concentration and BPyp (A) or B™/F™ (B) estimates for the first and third injection

in the simulations.
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Figure 3 Relationships between estimates and true values of B, and Ky for simulated TACs with various Bmax and fixed K4 (A-C)
and with various Ky and fixed By, (D-F) by the three PET scan approach (A, D), multiple-injection single PET scan approach
(B, E), and single PET scan approach with the plasma input function (C, F).

Estimation of Bp.. and K; Values by the Multiple-
Injection Graphical Analysis: The TACs were cal-
culated for a range of possible B and K; values,
and the relationship between true and estimated By«
or K, values was investigated for conventional three
PET scan and the proposed single PET scan
approaches. When Bh,.x was varied, Bmax and Ks were
overestimated compared with the true values in
both three PET scan and single PET scan approaches

(Figures 3A and 3B). However, a good correla-
tion was observed between true and estimated B,
and there was little variation in estimated K; when
Bpax -was set higher than 20pmol/mL. Similarly, -
when K, was varied, although Ki and Bn.x were
overestimated in both approaches, there was a good
correlation between true and estimated K and
estimated Bp.x was constant (Figures 3D and 3E).
In both cases, B,.. and K; estimates in the single
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PET scan approach were higher than those in the
three PET scan approach. In the TAC simulated with
Bmax=25.7 and Ky=7.0, estimated B.. and Ky were
27.8 and 10.5, respectively, in the three PET scan
approach, and 32.3 and 12.6, respectively, in the
single PET scan approach. In contrast to these
approaches with the reference TAC, the overestima-
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Figure 4 Measured TACs of the striatum and cerebellum and a
fitted curve for the striatum using MI-SRTM in the monkey
study by a single scan with sequential three injections of
[*'Clraclopride.

tion of B,.. and K, was scarcely observed in the
MI-GA with the plasma input function (Figures 3C
and 3F). .

Monkey Studies

Typical examples of TACs for the striatum and the
cerebellum in the multiple-injection study are shown
in Figure 4, and the parametric images of BPyp, for the
first, second, and third injection, and images of By,
and K, for the voxels in which BPyp, was higher than
1.5 are shown in Figure 5. The estimated BPyp
decreased as the injected molar amount of [**C]ra-
clopride became larger in the second or third
injection. Estimated BPxp:, BPnp2, and BPyp, values
were 2.3, 1.4, and 0.74, respectively, in the left
striatum, and 2.6, 1.9, and 0.87, respectively, in the
right striatum. The reduction in BPyp was also
observed in the parametric images.

The plots of MI-GA are shown in Figure 6. Plots of
MI-GA for each of three animals were on the line,
and B,,.. and K, could be estimated as summarized in
Table 1. Using the single scan approach for the
hemiparkinsonian animal, B,.  was 42.3 pmol/mL
and Ky was 15.2pmol/mL in the affected (right)
striatum, and Bp.x was 32.3pmol/mL and K; was
13.0 pmol/mL in the contralateral (left) normal striatum.
Corresponding estimates for the three scan approach
were B,..=36.4 and K;=13.3pmol/mL in the right
striatum and B, =29.2 and K3=11.6 pmol/mL in the

Figure 5 MRI and PET summation image (left) and parametric images of BPyp for the first, second, and third injection (center) and
parametric images of B ..., and K for the voxels in which BPyp; is higher than 1.5 (right) in the unilateral Parkinsonian (monUP) monkey
study by a single scan with three sequential injections of [*'C]raclopride. Although ROI analysis disclosed higher B, values in the MPTP-
infused side of the striatum, the parametric image showed more evident increase of B.,.., in the dorsal and posterior parts of the striatum.
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