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Fig. 5 Myocardial images of the healthy volunteer. a-d Build-up
phase images. e-h Washout phase images. a and e were reference
images obtained from data of case 1. b and f are images from data of
case 2, which were corrected for the motions of the subject. ¢ and g
are images from case 3 of the emission data and the second

comparison with the other images. Figure 5S¢ and g
demonstrates that reconstruction with an incorrect atten-
uation map caused spurious defects from anterior to
lateral myocardial regions, as well as an artifact in the
posterior region. Figure 5d and h is an image calculated
from data obtained in case 4, in which images were also
transformed to the first transmission coordinate.

Discussion

In this paper, we developed an optical motion-tracking
based system to detect global movement of the subject and
correct for the movement during cardiac '>O-water studies.

First, the inherent accuracy of the system was assessed
from position calibrations. As shown in Table 1, the TG_.s
part could be negligibly small compared with the magni-
tude of the subject’s motions in Table 3 and Fig. 4. For the
Ts_p part shown in Table 1, there was no bias in any
direction. The value of RMSE for each scanner was smaller
than the spatial resolution of the scanner [21, 22]. There-
fore, it was considered that the position calibrations pro-
vided a sufficient level of accuracy for our motion
corrections.

To validate the present technique, we performed a car-
diac phantom study. As shown in Fig. 3a, a defect and
blurred region from the anterior to the lateral, which was
mainly caused by a 5.1° rotation about the Z axis and a
35.7 mm shift along the X axis, was recovered using the
present technique. The effect of the present technique was
also shown more objectively by the correlation coefficients
and profile comparison in Fig. 3b.
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attenuation map without our motion corrections. d and h are images
from case 4, which were corrected for the motions and the
misalignment between the emission data and the second altenuation
map

In the healthy volunteer study, no correction was applied
for the motions of the subjects during the transmission
scans because the PET scanners do not have the ability to
perform dynamic transmission scans. Motions during a
transmission scan resulted in a blurred attenuation map,
and caused over- or under-estimation of the radioactive
concentration in myocardium of 150-water images. How-
ever, as shown in Table 3, the magnitudes of the mean and
SD during the transmission scans were smaller than the
spatial resolution provided by the PET scanner, even if the
magnitudes were slightly larger than those of the mean and
SD during emission scans. In addition, a 9-mm smoothing
filter was employed during the image reconstruction stage.
Therefore, we considered that valid transmission data were
acquired for the subject. For the same reason as in the case
of the transmission data, the emission data of '*O-water
scan were acquired properly. So we used the data of case 1
as the reference for the other cases.

The global movement and cyclic movement of the target
were observed as shown in Fig. 4a and c. The cyclic
movement was attributed to respiration. From Fig. 4b and
d, the cyclic movement was smoothed by frame-averaging.
In addition, the regional MBF values (Table 4) and the
myocardial images (Fig. 5) of cases 1 and 2, which were
derived from the same transmission and emission scans
before and after the motion correction, were nearly the
same. This result indicated that our system provided rea-
sonably accurate information about the global movement.

In case 3, in which no correction for the subject’s motions
and the 30-mm shift between the emission data and the
second attenuation map was applied, the MBF values for the
mid-anterior, mid-lateral, and basal-anterior regions were
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significantly larger than the reference values. This overesti-
mation was associated with spurious defects from the ante-
rior to lateral regions, as shown in Fig. S5c and g. In case 4
with our correction technique, the MBF values for myocar-
dial regions, in which overestimated MBFs were obtained for
the corresponding regions in case 3, were similar to the
reference values. The image quality in Fig. 5d and h was also
nearly the same asin Fig. 5a and e. Figure 5d shows a clearly
delineated contour of the myocardial region similar to the
contour in Fig. 5a. The spurious defects from the anterior to
lateral regions in Fig. 5g were recovered in Fig 5h. Owing to
these results, the present technique tracked the location of the
external target attached to the chest skin accurately, and then
corrected the artificial misalignment during transmission and
emission scans. Figure 5 not only shows the effects of our
correction technique, but also suggests that the use of an
attenuation map with large global movement could cause the
appearance of spurious defects in myocardial imaging with
150-water PET.

Several listmode-based motion correction techniques
have hitherto been proposed [1, 3—7]. Compared to these
techniques, our technique provides poorer time resolution,
even though our technique was applied to an emission scan
consisting of dynamic frames with shorter duration. List-
mode-based methods, however, require wide band trans-
mission and high computational power for manipulating
the listmode event data, especially under high count rates.
For the listmode-based methods, in which data processing
is conducted prior to the motion correction, corrections for
detector efficiency, detector geometry, and crystal inter-
ferences are important issues, especially in the case of
scanners with gaps between detectors or no intersection of
motion-corrected LOR with detector(s). For our technique
with 2D acquisition mode, the sinogram data are simply
normalized by the built-in software of the used PET
scanners. Our technique could shorten the processing time
by re-binning the listmode data during the period when
substantial movement is detected, and then correcting the
re-framed dynamic sinogram. Furthermore, our technique
is applicable to many commercially available PET
scanners, which often have no feasibility of listmode
acquisition.

Instead fixating the POLARIS on a certain position, such
as the gantry of the PET scanner described in [3, 6], we
attached the reference target onto the gantry and then used
the target and the calibration tool to transform the subject’s
position from the POLARIS coordinate to the PET coor-
dinate. Thus, our method allows for more flexibility in
adjusting with regard to the location of the POLARIS. This
is an important feature for the cardiac study due to the large
inter-subject variability in the shapes of the torsos among
patients, and as shown in Fig. le, there were enough gaps
to set the best positioning for cardiac PET study. However,

for exercise study, such as the studies with cycling, smaller
targets and supporting post might be needed to ensure
working space. An additional advantage is the portability
of the POLARIS, which enables the sharing of the device
among scanners in different locations.

For our technique based on the rigid body model, two
targets were enough to detect the displacements and rota-
tions of the thoraxes of the subjects, in which the secondary
target was used as a reserve for cases in which the primary
target was hidden from the FOV of the POLARIS. The
secondary target and additional targets might be used with
the corporation of the primary target to construct a non-
rigid body model by detecting deformation between the
chest and abdomen, and/or over the thorax region.

Another approach for the motion correction was based
on image-driven information. Juslin et al. proposed an
alignment technique for dynamic '*O-water PET images by
means of the independent component analysis. They
demonstrated an improvement in quantitatively functional
and parametric values, although they did not take into
account for the misregistration between the transmission
and emission data sets, and the movements during each
emission scan [24]. The advantages of our method com-
paring software-based technique were (1) the misalignment
between the transmission and dynamic image, and mis-
alignment among the dynamic images could be corrected
because our method was independent of the distribution
and concentration of the tracer, and suboptimal image
qualities (e.g., statistical noise, blurring and types of trac-
ers). (2) Accurate attenuation correction was available
because the misalignment between the transmission and the
dynamic image was corrected in the reconstruction stage of
the dynamic image, and (3) inherent accuracy could be
obtained from the position calibration and the optical
motion tracking device. Consequently, the present tech-
nique can be utilized in PET studies with several types of
tracers such as '*N-Ammonia and "*F-FDG.

In this study, the motion correction system was dem-
onstrated on one subject at rest. The system is to be eval-
uated by large population of various subjects because
characteristics of motion such as magnitudes, frequencies,
and directions could be different among subjects. Valida-
tion of our system is also needed for the studies during the
physiologically or pharmacologically stressed conditions,
in which repositioning of the heart in thoracic cavity, and
larger and/or irregular (non-cyclic) chest motion by respi-
ration would be expected. In our method, one of the limi-
tations was correction for the misalignment due to the
motion of the diaphragm with a deep breathing during a
stress study, and due to the motion of the diaphragm with
cough or sneezing even though during a resting study. To
correct such misalignment, detection of irregular motion
and a non-linear model might be needed to estimate the
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location of the heart using information obtained from the
locations of targets on the chest.

Our system intended to correct global movement during
dynamic scans. It was expected that the system would work
on transmission and emission data smoothed temporally
and spatially. Attenuation correction artefacts due to res-
piration was out of the scope for our system, which were
investigated in the X-ray combined PET system studies
[25, 26].

Conclusion

Our technique using an optical motion-tracking device
provided the reasonable information for correcting the
global movement of the subject. It was shown that this
system was applicable to detect and correct subject
movement in cardiac PET studies at rest. We conclude
that the present technique would contribute to improve-
ment in the quantification of MBF in '“O-water PET
studies.
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Abstract

Purpose Although 150-0, 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 150-0, 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 '*0-O, 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 1°0-0, gas. Furthermore, the injectable 130-0, 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 '>0-O, has
the potential to evaluate myocardial oxygen metabolism.

Keywords Myocardial oxygen metabolism - PET - Pig -
OEF - Injectable '°0-0,

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].
N 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 "C-acetate is
quite difficult because of various intermediary compounds.

The use of °0-0, 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 150-0,
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 '*0-O,. 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-O, [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

50-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 ( 15O—HzOmet) through aerobic
metabolism. The increased distribution volume of
150-H,0 ey, 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 (rfMBF) and a correction
for spillover of activity from the vascular pools and the
pulmonary alveoli [6, 7]. tMBF was measured by the
50-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 '30-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 130-H,0,, 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:
dcm™e()

- —OEF'f-AO(t)+f~AW(t)—(gdr/l)c‘“y"(t) (1)

where C™°(t) designates the true radioactivity concentra-
tion in the myocardium at time t, f is myocardial blood
flow, Ag(t) is the '>0-O, radioactivity concentration in
arterial blood, Ay/(t) is the '*0-H,0 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™O(t) = OEF - £ - Ag(t)*e™ (PR 4 £. A (H)*e )
(2)

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

OFF £ A, + - A,
()

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:

cmyo —

(3)

R™°(f) = & - C™°(t)
(VR - Alt) — @ - Fyein - OEF - Ay (t) — @ - Fyein - Aw(t))
+Vg'? - 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, F,, is the
microscopic venous blood volume, V5*° is the gas volume
in the myocardial ROI and Cg.q(t) is the O-15 radioactivity

concentration in V§3”°.
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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:

R™°(t) =g C™°(1)
+ (VR A(t) — & Fyein- OEF - Aq (t) — - Fyein - Ay (1))

(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 scanmer. All
experimental procedures were approved by the local animal
welfare committee.

Injectable '30-0, preparation

In the “injection” study, injectable 150-0, 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 ¢m 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 150-0, 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). *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)
{151, 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 '0-CO for 30 s. Arterial blood samples
were taken every minute during the 150-CO scanning, and

{min)

20 Transmission scan

4 " 150-CO for blood pooi image
6 “ 150-H,0 for blood flow image

“~ Dual administration of injectable *0-O, and
= 50-H,0 (injection method)

Ao

*0-0, infusion via the femoral shunt

25 (Constant infusion method)

-

#0-0, gas inhalation

25
(Constant inhalation method)

4

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 150-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 50-0, gas
infusion through the artificial lung in the femoral shunt for
the “continuous infusion” study. In the “injection” study, 52
dynamic frames (12x5s, 8x15s, 6x30s, 12x555,8x15 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 (1030 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 “continuous
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,0 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
ROIs placed in the LV chamber were used as the input function.

Regional oxygen extraction fraction

In the “injection” study, rOEF was calculated according to
Eqgs. (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 V5", 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 'O-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 | 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. 3¢ 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. 3¢). 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 pCO; POz tHb O,Sat HR BP (mmHg)
studies (mmHg) (mmHg) (grdl) (%) (bpm)
Diastolic Systolic
Average 7.46 40.3 125.8 12.8 97.7 85 97.8 125.2
SD 0.032 2.51 16.69 1.30 1.83 19.5 10.4 19.3
@ Springer
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Fig. 2 PET images obtained in (a) the injection method, (b) the continuous-infusion method with injectable 150-0,, and (c) 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-O, system for estimating cerebral oxygen
metabolism in small animals such as rats under normal or
ischemic conditions [10-12]. Injectable 'S0-O, replaced
the inhalation protocol and radioactive '*0-O, was admin-
istered via the tail vein. Thus, injectable '>0-O, could
abolish the artifact from the high radioactivity in the
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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 '0-O, 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 (L}), the right
ventricle (RV), 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 MBqg/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
130-0,, 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 1%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

b continuous inhalation
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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

0.8
B 06 -
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&
®
S sl © 6
X
02 | A
0 1 1 ]
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Fig. 5 The ratio of noise equivalent counts (VEC) to total counts in
the total field of view of the PET scanner obtained with the
continuous-infusion method (/nf), the continuous-inhalation method
(Inh) and the injection method (/nj)
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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 '*0-0, 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 *0-0,
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
'30-0, 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 studies 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 '°0-0, requires an artificial lung, preparation
time, and blood taken from the same animal prior to the PET
scan. However, the injection of ’50-02 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
150-0, 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 150-0, system has the
potential to evaluate myocardial oxygen metabolism.
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Measurement of density and affinity for dopamine
D, receptors by a single positron emission
tomography scan with multiple injections of
[''C]raclopride
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Kotaro Minato? and Hidehiro Iida*

'Department of Investigative Radiology, National Cardiovascular Center Research Institute, Osaka, Japan;
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Technology, Nara, Japan

Positron emission tomography (PET) with ["'C]raclopride has been used to investigate the density
(Bmax) 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 [''Clraclopride, 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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et al, 1981; Joyce et al, 1988). The PET measurements

uction
Introductio have made it possible to quantify in vivo the density

Positron emission tomography (PET) with [*'Clraclo-
pride has been widely used to investigate the
availability of striatal dopamine D, receptors in vivo
(Farde et al, 1985; Kohler 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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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 ["'CIN-methylspiperone indicated elevated
D, binding, which was not replicated in some
subsequent studies with [“*Clraclopride (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 By.. (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 Bn.x 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
Bmax and apparent affinity Ky (=kow/kon) 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 Kj 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 et 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
(BPxp = ks/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; Tkoma et al, 2009), and we showed that this
method could detect the change in BPyp because of
an increase in mass of administered [*'Clraclopride
in 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 Bn.. and Ky 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 Ky 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 B, respectively. In general, for
graphical analysis without arterial blood sampling, the
total radioligand concentration in the reference region
(C, [Bg/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 CG¥'=C, and the
specific binding radioligand concentration in the target
region (G, [Bg/mL]) is defined as radioactivity in the target
region (G, [Bq/mL]) reduced with C, that is Cef=C-C,
(Figure 1). The radioactivity concentrations of Ci*f and G,
at the point in time when dG/dtis 0 (T,,), are divided by a
specific activity of the administered ligand, and used as F
and B at the transient equilibrium in the graphical analysis
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Figure 1 An example of simulated TACs for the striatum (Cy),
free (Cy), 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
(Cf = C~C) with Ky =0.033, Kyk,=0.59, k.= 0.0033,
Bmax = 25.7, ka = 0.034 for the striatum, and K, = 0.034, K,/
ko, = 0.36, k3 = 0.022, k, = 0.034 for the cerebellum. The fime
point of dCi/dt = O (7,) is considered the transient equilibrium,
and bound concentration at the equilibrium (B™) is obtained
from the radioactivity concentration of Cgf at Toq.



{(Farde et al, 1989). In our study, we use the nomenclature
Bl and P 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
(R,, ks, 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 BPyp, for the ith injection is described in
the following terms (lkoma et al, 2009):

Riiky;
Cii(t) =Bq;Cy(t) + (kzj - Tfé—;—;‘;
o
®Cui(t) + (Ci(0) — R1;Gei(0))e ™'
where C,; and G, are the radioactivity concentrations in the

target and reference region, respectively, and t is the time
from the start of the ith injection.

ky;

6“ 1+BPND,»t

(0

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 Bp.. and Ky 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 Kj.

Effect of Injected Mass on BPyp Estimates: To investigate
the effect of the administered molar amount of {**Clraclo-
pride on BPyp estimates and to determine the molar
amount of three injections for monkey studies, a relation-
ship between BPyp and B™f 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) K,/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), Ki/k;=0.59, k,,=0.0033 (mL/
pmol/min), B..=25.7 (pmol/mL), k,=0.026 (min~"), and
SA =37 (GBg/pmol):

% =K Gy(t) — (kz + k;(t)) Cr(D) + kG (1)
9 k06t - kGt @)
k;(t) = kon <Bmax - %%)

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
[*'Clraclopride.

As reference, the relationships between B™ and BPyp or
Bref/Ft 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*Y/
F°' and B™ 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, BPyp values
were estimated by the MI-SRTM, and B™Y/F*f and B for
the third injection was calculated by the transient
equilibrium with the cerebellum TAC. The relationships
between B™f and BPyy or B™/F*f for the third injection
were investigated, and compared with that for the single
injection.

Estimation of B.. and Ky Values by the Multiple-
Injection Graphical Analysis: The reliability of By, and
K, 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
fanction 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 Tkoma et al (2009). In the striatum TACs, Bn.. values
were varied from 10 to 50 pmol/mL at 5 pmol/mL intervals
with other parameters fixed (Ky=7.9pmol/mL), or K4 was
varied from 3 to 15 at 2 pmol/mL intervals by changing k.,
with other parameters fixed (Buax=25.7 pmol/mL). For
each TAC, Bo.x and Ky 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, B... 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) (0.4mg/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+8.8MBq 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 {**Clraclopride was administered
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again. Data were acquired for 150mins (10secs x 18,
30secs x 6, 120 secs x 7, 300 secs x 6; total 50 mins for each
injection). The specific radioactivity was 4.7 + 2.2 GBg/jumol
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 (ROlIs)
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 BPyp 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 2.1nmol/kg (50.6 MBqg),
11.3nmol/kg (60.4MBq), or 31.1nmol/kg (30.8MBg) of
[''Clraclopride was obtained on separate days. PET data
were acquired for 50mins with the same protocol as the
single PET scan approach. The values of R;, k;, and BPnp
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
BPnp and B had a good linear correlation to some
extent; however, it did not remain linear for large B*f
(Figure 2A). The regression line where B <20 pmol/
mL was BPyp=—0.0918"+ 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**' was almost the same
as the BPy, estimated by MI-SRTM, though it was a
little smaller when B™f was lower than 5pmol/mL
(Figure 2B).



A 30

25 - —e— st injection

—o- 3rd injection

o 2.0
]
£
= 15
5]
&

1.0 -

0.5 -

0.0 ‘ r ; :

0 10 20 30 40 50
Bound [pmol/mL]

Estimation of dopamine receptor by single PET scan

Y tkoma et a/
B 30
25 ~+— 1stinjection
—o— 3rd injection
20
¥ %
p 1.5
1.0
0.5
0.0 : : : : i
0 10 20 30 40 50
Bound {pmol/mL]

Figure 2 Relationship between specifically bound concentration and BPyp (A) or B*/F™ (B) estimates for the first and third injection

in the simulations.

A Three scans B Single scan C Single scan with plasma input
60 60 5 60
//'
Bimax o . BTIAX e
50 so * P 50 * P
— — g Kd . [ e Kl &
pr) = ) g
E a0 £ 40 ot £
B =] o =}
£ £ A E P
=300 = 30 - a0 1 s
4 g o A 8 o
k| g ox* ® o
Eaxnl Epl Y £ g
] L 0
w w ul
10+ 10 10 - ,,,5~.;£1~::n~:,~,nr L DS« STy S« S P
o vl . N 1} N - . S - o . . -
0 10 20 30 4 50 60 0 10 20 30 40 S0 60 0 10 20 30 4 50 60
True Bmax {pmol/mL] True Bmax [pmol/mL} True Bmax [pmolimL}
D Three scans E Single scan F Single scan with plasma input
60 80 60
e Bmax et VX S - 11T
50 50 - 50
— —o— Kd - e K - —o— Kd
- —t )
E 40 E 40 v E 40
3 - — 3
8 30 2 a0 e = & 30
§ 2 g . § L St YN Y Y .
& & s |
g 20 = 20 /fm“' = 20 -
& P B o T & -
- - P g
10+ 10 o e T 10 - g
[ e s
e -
o -t
. ‘ , . 0 . ‘ ‘ . g L=t . . .
4] 3 [ 8 12 15 18 0 3 6 9 12 15 18 0 3 8 9 12 15 18
True Kd {pmol/mL] True Kd [pmolimL) True Kd [pmotimL}

Figure 3 Relationships between estimates and true values of B, and K, for simulated TACs with various B.... and fixed K, (A-C)
and with various Ky and fixed Bn.« (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 Bn.. and K, Values by the Multiple-
Injection Graphical Analysis: The TACs were cal-
culated for a range of possible Bn.. and Ky values,
and the relationship between true and estimated By,
or Ky values was investigated for conventional three
PET scan and the proposed single PET scan
approaches. When B,,.. was varied, By, and K were
overestimated compared with the true values in
both three PET scan and single PET scan approaches

25

(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
Bax was set higher than 20pmol/mL. Similarly,
when K, was varied, although Ky and B, were
overestimated in both approaches, there was a good
correlation between true and estimated Kj; and
estimated B,,., was constant (Figures 3D and 3E)}.
In both cases, Bn.x and Ky estimates in the single

Journal of Cerebral Blood Flow & Metabolism (2009) 00, 1-11



Estimation of dopamine receptor by single PET scan
Y lkoma et al

]

PET scan approach were higher than those in the
three PET scan approach. In the TAC simulated with
B =25.7 and K;=7.0, estimated Bn.x and K4 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...x 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 Byax
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 BPyp,, 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 K; was 15.2pmol/mL in the affected (right)
striatum, and B,.. was 32.3 pmol/mL and K; was
13.0 pmol/mL in the contralateral (left) normal striatum.
Corresponding estimates for the three scan approach
were Bna.x=36.4 and K;=13.3pmol/mL in the right
striatum and B,.x=29.2 and K;=11.6 pmol/mL in the

60 pmol/mL

B

max

30 pmol/mL

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 Kj 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 [*'Clraclopride. Although ROl analysis disclosed higher B.x values in the MPTP-
infused side of the striatum, the parametric image showed more evident increase of By in the dorsal and posterior parts of the striatum.
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Figure 6 Single-scan, multiple-injection graphical analysis for normal (N) or affected (A) region of the left or right striatum in three
monkeys that were normal (monN), unilateral Parkinsonian (monUP), and bilateral Parkinsonian (monBP).

Table 1 Estimated B..x and Ky values in three monkey studies

Scan protocol Subject Region Diagnosis Brax (pmol/mLj Ky (pmol/mL)
Single scan monN L N 31.8 16.7
R N 31.7 16.9
monUP L N 32.3 13.0
R A 42.3 15.2
monBP L A 39.6 15.4
R A 38.7 15.9
Three scans monUP L N 29.2 11.6
R A 36.4 13.3

L, left striatum; R, right striatum; N, normal striatum; A, affected striatum.

. left striatum. Both B.. and Ky of the single PET
scan approach were slightly higher than those of the
three PET scan approach. However, importantly, both
approaches found that B,.. in the affected striatum
was higher than that in the normal striatum. The
bilateral Parkinsonian animal showed B,.. values
of left=39.6 pmol/mL, right=38.7 pmol/mL, both of
which were higher than those of the striatum of
the normal animal or the normal striatum of the
unilateral animal, but were very close to the affected
striatum of the unilateral animal. The K, values of the
bilateral animal were not so different from other
striatums.

Discussion

Density and Affinity Determination by Graphical
Analysis with the Reference Region

In the graphical analysis for PET receptor studies, the
values of B,,, and K; were estimated from the
relationship between the ratio of bound to free
concentrations and bound concentration at the time
of transient equilibrium, using the TAC of the
reference region (Farde et al, 1986). Some groups
have used the value estimated from the distribution
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volume ratio — 1, instead of the B™Y/F*f value of the
y axis, because the values of B*Y/F* could change
considerably with small changes in the time point of
the transient equilibrium T, determined as the
maximum Cf (Logan et al, 1997; Doudet and
Holden, 2003; Doudet et al, 2003). Distribution
volume ratio or BPyp is estimated from the kinetic
analysis with TACs of target and reference regions, so
it is not affected by the error of estimated T,,. On the
other hand, the value of K'3(f) in Equation (2) varies
according to the concentration of bound raclopride,
and estimates of BPyp are considered to be an
averaged value of specific binding over time, which
is influenced by the dynamics of the free and bound
raclopride. Despite this, in our simulation study of
["*Clraclopride, there was little difference between
Bef/F* and BPyp estimated by the SRTM, and both
had a linear correlation with B™f (Figure 2). However,
Bref/F**f became smaller than BPyp and deviated from
the linear relationship between B™Y/F*fand B in the
region with low B (Figure 2), especially for the
TACs with high B,.. This may be a result of
imperfect attainment of the transient equilibrium
within the 50 mins scan duration for the TAC with
high binding. There was little effect of the error of B
for the graphical analysis, in which B*f varied widely
among three injections, whereas the error of B/ F*f
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