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Abstract

Objective Cerebral blood flow (CBF), cerebral metabolic
rate of oxygen (CMRO,), oxygen extraction fraction
(OEF), and cerebral blood volume (CBV) are quantita-
tively measured with PET with 150 gases. Kudomi et al.
developed a dual tracer autoradiographic (DARG) protocol
that enables the duration of a PET study to be shortened by
sequentially administrating '*0, and C'*0, gases. In this
protocol, before the sequential PET scan with 150, and
C'%0, gases (1°0,-C"°0, PET scan), a PET scan with
C!50 should be preceded to obtain CBV image. C®0Ohasa
high affinity for red blood cells and a very slow washout
rate, and residual radioactivity from C'°O might exist
during a '°0,-C'*0, PET scan. As the current DARG
method assumes no residual C'°O radioactivity before
scanning, we performed computer simulations to evaluate
the influence of the residual C'°O radioactivity on the
accuracy of measured CBF and OEF values with DARG
method and also proposed a subtraction technique to
minimize the error due to the residual C'°0O radioactivity.
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Methods 1In the simulation, normal and ischemic condi-
tions were considered. The 1502 and CISOZ PET count
curves with the residual C'>O PET counts were generated
by the arterial input function with the residual cho
radioactivity. The amounts of residual C'°O radioactivity
were varied by changing the interval between the c®0
PET scan and '°0,-C'0, PET scan, and the absolute
inhaled radioactivity of the C'>0 gas. Using the simulated
input functions and the PET counts, the CBF and OEF were
computed by the DARG method. Furthermore, we evalu-
ated a subtraction method that subtracts the influence of the
C'0 gas in the input function and PET counts.

Results  Our simulations revealed that the CBF and OEF
values were underestimated by the residual C'°O radio-
activity. The magnitude of this underestimation depended
on the amount of C'*0 radioactivity and the physiological
conditions, This underestimation was corrected by the
subtraction method.

Conclusions This study showed the influence of c®o
radioactivity in DARG protocol, and the magnitude of the
influence was affected by several factors, such as the
radioactivity of C'*0, and the physiological condition.

Keywords PET - OEF - CBV - Carbon monoxide

Introduction

Positron emission tomography with >0 gas can quantita-
tively measure cerebral blood flow (CBF), oxygen
extraction fraction (OEF), cerebral metabolic rate of oxygen
(CMRO,), and cerebral blood volume (CBV). These func-
tional values are important clinical indices that can be used
to evaluate ischemic degree mainly in chronic cerebral
arterial occlusive diseases. Several quantitative approaches
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have been developed to obtain CBF and CMRO,; images
based on a single-tissue compartment model for oxygen and
water kinetics [1-4]. In the steady-state method [5-9],
quantitative images are estimated from data acquired while
in the steady state reached during the continuous inhalation
of %0, and C'30,. The study period with this method is
long (approximately 2 h) due to the waiting time needed to
reach equilibrium. The autoradiographic method, which
uses separate administrations of three traces of CO, CO,,
and O, (three-step ARG), has also been employed [3, 10—
14]. The study period with the ARG method is shorter than
that need with the steady-state method. However, a study
with the ARG method still takes more than half an hour,
because there is a waiting time for the decay of the residual
radioactivity of the preceding tracer used.

Previously, Kudomi et al. developed a dual tracer
autoradiographic (DARG) method to shorten the PET study
period [15, 16]. This method used a single PET scan with
sequential administration of dual tracers of >0, and C'°0,
(1%0,—C"%0, scan), and computed CBF and CMRO,
simultaneously in an autoradiographic manner. Although
the DARG approach eliminated the waiting time of
radioactivity decay between °0, and C'°0, administra-
tions, a separate PET scan with C0 is required for
obtaining a CBV image and correction of blood volume in
CMRO, before the DARG scan. However, between these
scans for C'°0 and the DARG we need another waiting
time for the radioactivity decay of C'%0, since the DARG
approach itself does not take into account the residual C'>0
radioactivity in the arterial input function (AIF) and PET
data. Furthermore, CO has a relatively long biological
clearance from the blood due to high affinity to hemoglo-
bin. While it is desired to further decrease the waiting time
for the decay in the actual clinical study, it has not been
defined how long it should be, and how small amount of the
residual activity will affect the accuracy of CBF and
CMRO;.

In this study, we performed computer simulations and
evaluated the influence of this residual C'°O radioactivity
on the CBF and OEF values obtained by the DARG
method. Moreover, we proposed a method to remove the
influence of the C'>O on the DARG method calculation
(Subtraction method).

Materials and methods

Computation of functional values

CBF and OEF values were calculated from tissue TAC [C;
(9] and AIF during an 1502_C1502 scan, based on a single-

tissue compartment model for oxygen and water, and the
DARG method [15]. Using the method developed by
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Kudomi et al. [16], the AIF was separated into 15 0,
(Ao, (1)) and H3’O (Ap,o(r)) (Note that although we used
C'50, gas, we used H3 O for the expression in this section
due to the rapid exchange of H>0 by carbonate dehydra-
tase in the lung). The total radioactivity in the tissue after
the 1° 0, and C'*0, administration can be expressed as,

Ci(t) =f - Ano(t) ® exp™# +E - - Ao, (1) ® exp ¥ +Vs
‘RHC((I —FV'E)AOZ(I‘) (1)

where fis CBF, E is the OEF, p is the blood/tissue partition
coefficient of water, Ry. is the small-to-large vessel
hematocrit ratio, and Vp is the cerebral blood volume. F, is
the effective venous fraction. The first term of the right-hand
side describes the amount of water entering the tissue. The
second term represents the amount of oxygen that enters the
tissue and is immediately metabolized to water. The third
term is the radioactivity of the '>Q, in the blood vessels.

Vg is separately calculated using data from a C'*0 scan
and the following equation [13]:

C
VB = €0 . (2)
Ryt Pbrain RICO * Polood

Porain ANd Ppieea represent the densities of blood (=1.06 g/
mL) and brain tissue (=1.04 g/mL). Rlco (Bg/mL) is the
mean of the radioactivity concentration for C'°0O in the
arterial blood.

To calculate functional values using a look-up table
procedure, Eq. 1 was integrated for the periods after the
HéSO (represents f ) and 1502 administration (represents

) as w
0

/Ci(t)dt :f/AHzo(t) ®exp ¥ dt

w

+E ~f/Aol(t) ® exp_xf"r dt + Vg

Rua(1 = v ) [ 4o, (@

®)
/Ci(t)dt :f/AHlo(t) ® exp“g' dr

o

+E-f/Aoz(r) ® exp 7 dr + Vg
‘RHc((l —FV'E)/AQZ(f)df

From the above equation, E can be expressed as follows:

_ L Ci(0) = £ J, Avo ® exp™ dt — Vi - Ryt f, Ayt

E
£ [, Aoy ®exp 8 dt — Vg - Ruser - v [, Agydt
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Substituting Eq. 4 into Eq. 3, we obtain

/ Ap, (¢)ds

w

/

w

Ci(tydt=f / Amo(H) ® exp“ﬁ’ dr+ Vg - Rya

+ f/Aoz(t)®epr5 dr—Vp 'RHCt-FV/AOZ(t)dt

w w

. 1
« fo Cl(t) "fngHzO®eXP v df — Vg - Ruat foAOzdt
Ao, ®exp 7 dt — Vi - Rua - Fv [, Ao, dt
o] 2 e 2

(5)

Using Eq. 5, f can be estimated using a look-up table
procedure based on the integration value of the tissue TAC
and separated input function. Next, E can be calculated
using Eq. 4.

Study protocol with DARG method

Figure 1 shows a schematic diagram of the clinical study
protocol with the DARG method for our institute. The PET
scanner we used was an ECAT EXACT47 (CTI Inc.,
Knoxville, USA). First, a 10 min transmission scan was
performed to correct for gamma ray attenuation. Then
gaseous C'°0 of 2500 MBq was inhaled for 30 s, and 90 s
post-inhalation, a 4 min emission scan (C’SO scan) was
performed to obtain a CBV image. Finally, a single dynamic
PET scan was conducted during the sequential administra-
tion of gaseous 30, (4000 MBq) and C'*0, (5000 MBq) in
a short time interval. Their inhalation times were 1 min.

A catheter was inserted into the brachial artery of the
patient. The arterial blood was sampled at the beginning of

the C'°0 scan for 30 s and the radioactivity concentration
in the arterial blood was measured by a Well counter
system (Shimadzu Corporation, Kyoto, JAPAN). In order
to obtain the AIF, the radioactivity in the arterial blood
during a 150,-C!%0, scan was continuously monitored
by a GSO detector [17] with a flow rate of 3.5 mL/min.
The inner diameter of the tube was approximately 2 mm,
and the distance from the catheter to the detector was 20—
25 cm.

Residual C'°0 radioactivity

As described in the “Introduction”, the AIF and PET
counts obtained during a DARG study may be contami-
nated by residual C'°O radioactivity. By assuming that
the C'°0O was physically decayed but not biologically
cleared, the radioactivity of the C'3O in the AIF and PET
counts during the 0,-CO, scan could be quantified. The
residual radioactivity of the C'*O [Rco(0) (Bg/mL)] in
the AIF at the start time of the 0,—CO, can be written as
follows:

Rco = Aco - exp(—AT), (6)

where Aco (Bg/mL) is the measured arterial radioactivity
for C!%0 by the Well counter and 1 is the physical decay
constant for 0 (0.005670 s™").

PET counts from the residual C°0 (Cco) were calcu-
lated from R and the measured CBV (V) by C"0 scan
from Eq. 2 as follows

Fig. 1 Schematic diagram of C150 1502 01502
PET study with DARG method inhalation inhalation  inhalation
protocol. After a 10 min
transmission scan, cBo gas is . . . .
inhaled for 30 s bofore the start  S°2" 10 min 4 min 9 min 4 min
of a 4 min scan. There is
approximately 10 min in the Trans— G150 1502 G150
administration interval for C'°0 o 2
and 1°0,. Next, a 9 min single mission phase phase phase
scan with sequential $ ;
administration of *0, and l 500 l
C'%0, is performed. The 500 T . ' ! T N i
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154, ;
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(7)

We proposed a subtraction method that eliminates the
influence of the C'30 radioactivity in both the AIF and
PET counts during the O,~CO, scan. The true AIF (Arne)
of the 1*0,~C'30, at time t was obtained by subtracting
Rco from the measured whole radioactivity {Awpoe(9], i.e.,

ATrue(t) = AWhoIe(t) - Reo. (8)

Note that Apn(H) and Awnee(t) were corrected for the
physical decay of 'O against the scan start time 0. PET
counts without the residual CO radioactivity could be
obtained by subtracting C,, in Eq. (7) from the observed
PET counts as follows:

CTrue(t) = Ci(t) - Ceo-

Cco = Reo - Poiood * Porain * Retet - Vb

©)

Using Arne(?) and Crpe(f), CBF and OEF were
calculated in the DARG manner.

Simulation studies

As shown in Eq. I, DARG calculation does not take into
count the residual radioactivity of the CO. However, in an
actual situation, both the PET count [Ci(#)] and the input
function (Ao, and An,o) might contain radioactivity from
the C'%0. So, the CBF and OFEF values calculated by the
DARG method are influenced by the C°O radioactivity,
causing error and noise in the terms of Eq. 1. Computer
simulations were performed to evaluate this influence. Both
normal and ischemic models were considered in these
simulations. Moreover, the effect of the subtraction method
was examined.

800 ; " P

e
e

200

Radioactivity Concentration [MBg/mL}
8
Q

300
Time [sec]

0 100 200 400

Fig. 2 Input function (leff) and PET count curves (right) during the
1350,-C¥0, scan. These curves have the added residual CY°0O
radioactivity (hatched region). The interval time for the C'’0 and
130, is 60 s, and the inhaled C'°O radioactivity is 100% of the peak
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The simulations were performed using a PC [CPU: Intel
(R) Pentium (R) 4 2.80 GHz, OS: Linux Fedora Core 7]
with a PyBLD environment [18}.

Simulated input function with CO radioactivity

We used a typical arterial input function from one patient’s
data for the simulations. From the measured input function,
the input functions with C'°0 radioactivity (combined
input function, CIF) were generated using Eq. 6. The
amount of residual C°O radioactivity was varied by
changing two conditions, the time lag between the C!°0
scan and the >0,~C'%0, scan (7 in Eq. 6), and the C'°0O
radioactivity against the >0, radioactivity (A, in Eq. 6).
The time lags selected were 60, 100, 200, 400, and 800 s,
and the inhaled C'>O radioactivity was either 25% (case
‘25%’) or 100% (case ‘100%’) of the >0, inhaled radio-
activity. 100 sets of noisy arterial TACs for C'°0O were
realized by assuming that the standard deviation of the
C'50 radioactivity was equal to the square root of the C'°0
radioactivity. Figure 2 (left) shows the CIF after l502 gas
inhalation in a case where the time lag was 60 s. These
TACs did not correct the physiological decay of *0,. For
the subtraction method, Ary,(f) in Eq. 8 was computed for
each dataset.

Simulated tissue TAC with CO radioactivity
Using the typical input function and Eq. 1, the tissue TAC

during a l502—C1502 scan was simulated. We considered
two physiological conditions, namely the normal condition
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value for 1°0,. CP°0 time-activity curve. The solid line in the right
graph indicates the PET counts in the normal model, and the dashed
line is the PET counts in the ischemic model
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(CBF = 0.5 mL/g tissue/min, OEF = 0.4, CBV = 0.04,
mL/g, p = 0.8 mL/g, Fv = 0.835, and Ry = 0.85) and
an ischemic condition (CBF = 0.2 mL/g tissue/min,
OFEF = 0.7, CBV =0.04 mL/g, p=08mL/g, Fv=
0.835, and Ry = 0.85). The tissue radioactivity from the
residual C'0 radioactivity was added to the simulated
tissue TACs using Eq. 7. 100 sets of noisy tissue TACs
were generated using an NEC model [19]. Figure 2 (right)
shows a simulated tissue TAC under the condition of a
time lag of 60 s and the case ‘100%’. For the subtrac-
tion method, Crme(t) in Eq. 9 was computed for each
dataset.

Calculation and evaluation of CBF and OEF values
The HéSO contents (Ap,0) and 1502 contents (Ap,) were

separated from the input functions using the separation
method proposed by Kudomi et al. [16]. This separation is

demonstrated in Fig., 3. The CBF and OEF values were
computed from the Ap,o, Ao,, and the tissue TACs by
means of Egs. 4 and 5. The errors, in the form of bias and
coefficient of variance (COV), in the estimated CBF and
OEF values were calculated by comparing them with the
true CBF and OEF values.

Results

Tables 1 and 2 show the results of the estimated values and
COV for CBF and OFEF in this simulation study using the
conventional DARG method in the cases of the normal
model and ischemic model, respectively. As shown in these
tables, the estimated CBF and OEF values were underes-
timated in all cases due to the residual C'°O radioactivity.
For instance, in the case of the normal model and a time lag
of 60 s, the underestimation of the estimated OEF value
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Fig. 3 Separation of the input function for the 150,-C1%0, scan. Total input function (a), 150, input function (b), and c0, input function (c)
separated from the total input function. The radioactivity observed earlier than 300 s in the graph (¢) is the recirculation water
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Table 1 Summary of

simulation for CBF and OEF in C0-10; time lag (s)  CBF OEF
the case ‘25%’ and the case Average Error (%) COV (%) Average Ermor (%) COV (%)
‘100%’ of the normal model (mL/g/min)
using the conventional DARG
method Case ‘25%’
60 0.49 —2.06 1.07 0.30 —25.0 1.06
100 0.49 —1.82 0.66 0.31 -21.0 0.52
200 0.50 —0.12 0.23 0.35 -13.5 0.33
400 0.50 -0.04 0.17 0.38 —4.55 0.19
800 0.50 —0.02 0.06 0.40 —0.48 0.07
Case ‘100%’
60 0.46 ~1.55 1.68 0.16 —60.9 1.64
100 047 —6.05 1.37 0.18 —54.4 1.25
200 0.48 —-3.91 0.92 0.25 —38.7 0.823
400 0.49 -1.51 0.42 0.34 —16.0 0.45
800 0.50 —0.19 0.08 0.39 —1.90 0.12
iiﬁffagof Tor CBE (Zlfnd OBFin C O-’Oztimelag (s CBF OEF
the case “25%’ and the case Average Error (%) COV (%)  Average Eror (%) COV (%)
‘100%’ of ischemic model using (mL/g/min)
the conventional DARG method
Case 25%’
60 0.20 —2.72 0.30 0.55 -21.3 048
100 0.20 ~2.18 0.26 0.58 —17.8 037
200 0.20 —1.30 0.17 0.62 —10.9 0.30
400 0.20 —0.45 0.07 0.67 —3.83 0.16
800 0.20 —0.04 0.02 0.70 -0.39 0.06
Case ‘100%’
60 0.18 —8.27 0.88 033 —-52.6 1.08
100 0.19 —6.84 0.71 0.37 —46.9 0.85
200 0.19 —4.43 043 047 -33.1 0.62
400 0.20 —1.70 0.18 0.61 —13.6 0.36
800 0.20 —0.20 0.04 0.69 —1.60 0.11
was —25% for the case ‘25%’ and —61% for the case  Discussion

‘100%’. Larger underestimation values were observed for
shorter time lags. The OEF estimation was more sensitive
to the residual CO radioactivity than the CBF estimation.
Less underestimation was observed in the CBF value in the
normal model than in the ischemic model. On the other
band, a larger underestimation was observed in the OEF
value in the normal model compared to the ischemic
model. The COV was always larger in the normal model
than in the ischemic model.

Tables 3 and 4 show the results of the estimated values
and the COV for CBF and OEF using the subtraction
method. As shown in the tables, no underestimation was
observed in all cases. Moreover, the COV values were less
than one by the conventional method.

@ Springer
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CBYV images are widely used for the diagnosis of cere-
brovascular disease [20]. These images are also utilized to
correct the vascular space in the DARG method for CBF
and OEF values [15]. Therefore, a C10 scan is mandatory
for the DARG protocol. Due to a desire to shorten the total
study period, it is often observed that the '0,—~C'30, scan
is initiated without waiting long enough for the physical
decay of the C'°0 radioactivity. In this paper, the influ-
ences of this residual C'°O radioactivity on the CBF and
OEF values for the DARG protocol were evaluated by
means of computer simulations. According to the results,
the CBF and OEF values were underestimated because of
the residual C'>O radioactivity. The magnitude of the
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Table 3 Summary of

simulation for CBF and OEF in ~ CO 02 timelag () CBE OEF
the case ‘25%’ and the case Average Error (%) COV (%) Average  Error (%) COV (%)
‘100%’ of normal model using (mL/g/min)
the DARG method with the
subtraction method Case 25%’
60 0.50 0.15 0.37 0.40 —0.17 0.54
100 0.50 0.16 0.33 0.40 —0.18 0.41
200 0.50 0.08 0.27 0.40 -0.31 0.34
400 0.50 —0.04 0.13 0.40 —0.60 0.18
800 0.50 0.02 0.04 0.40 0.12 0.07
Case ‘100%’
60 0.50 0.28 0.53 0.40 ~0.24 1.02
100 0.50 0.32 0.53 0.40 —045 0.97
200 0.50 0.17 0.40 0.40 —0.61 0.70
400 0.50 0.04 0.27 0.40 —0.34 041
800 0.50 —0.02 0.07 0.40 —0.17 0.12
Smlation for CB and OB in CO-Oz timelag (9 CBF OEF
the case ‘25%’ and the case Average Ermror (%) COV (%)  Average  Error (%)  COV (%)
‘100%" of ischemic model using (mL/g/min)
the DARG method with the
subtraction method Case ‘25%’
60 0.20 0.05 0.15 0.70 —0.13 0.46
100 0.20 0.05 0.14 0.70 —0.14 0.36
200 0.20 0.00 0.11 0.70 —0.25 0.29
400 0.20 —0.05 0.06 0.70 —0.51 0.16
800 0.20 0.01 0.02 0.70 0.11 0.06
Case ‘100%’
60 0.20 0.09 0.25 0.70 ~0.22 0.86
100 0.20 0.10 0.24 0.70 —0.36 0.83
200 0.20 0.03 0.17 0.70 —0.50 0.62
400 0.20 -0.01 0.11 0.70 —-0.27 0.36
800 0.20 -0.02 0.04 0.70 —0.15 0.11

underestimation depended on the amount of C'0 radio-
activity, the time interval between the C10 scan and the
150,-C130, scan, and the disease model we assumed. By
subtracting the C10 radioactivity from the input function
and PET counts, this underestimation could be eliminated,
which resulted in shortening the total study period of the
DARG protocol.

Underestimation of CBF and OEF values
due to residual C*>O radioactivity

In general, overestimations of the arterial radioactivity or
PET counts can cause underestimation or overestimation of
physiological measures (CBF and OEF), respectively, in
the DARG method. Thus, the residual C'°0O radioactivity
might induce the bias in either of direction. As shown in
our results, the estimated CBF and OEF values were both

146

underestimated due to the residual C'°0 radioactivity,
which indicates that the bias of the input function by the
C0 radioactivity more strongly influenced the estimates
than the bias of the PET counts by the C'30 radioactivity.
In our simulation, the CBV was fixed as 0.04 mL/mL. If
the larger CBV was assumed (i.e. dilatation of blood ves-
sel), more residual C'30 radioactivity was added on the
PET counts and the bias of the total PET counts was
increased by Eq. 1, which results in less underestimation
for the CBF and OEF values. Note that in this paper, we
evaluated not CMRO, but OEF. CMRO, is derived by
being multiplied CBF and OEF values. Thus, the magni-
tude of the underestimation in CMRO, could be larger than
those of CBF and OEF.

Tables 1 and 2 suggest that the normal mode! underes-
timated OEF more than the ischemic model because of the
residual C'°O radioactivity. On other hand, the normal
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model underestimated CBF less than the ischemic model
because of the residual C'°O radioactivity. Although
the DARG method uses 1502 phase (PET data before the
inhalation of C'0,) and C'°0, phase (PET data after the
inhalation of C'° 0,) datasets, and simultaneously estimates
CBF and OFF values, the PET data of the >0, phase were
dominant in the determination of OEF and those of the
C'%0, phase were dominant in the determination of CBE.
As shown in Tables 1 and 2, the amount of the underesti-
mation for OEF is larger than for CBF, which can be
explained by the amount of residual C'>O radioactivity in
both phases. As shown in Fig. 2, the influence of C'°O on
the input function was much higher in the 130, phase than
in the C'°0, phase. The residual C'>O radioactivity led to
the underestimation of CBF, mainly determined in the
C'®0, phase. However, this underestimation was not
enough to explain the bias of the input function in the 0,
phase. The first term on the right side of Eq. 1 has only
CBF (f) as a parameter and the value of the first term is
much higher in the normal model than in the ischemic
model due to the higher CBF of the normal model, which
implies that a greater underestimation for OEF could occur
in the normal model to compensate for the insufficient
underestimation of CBF. The ischemic model has a lower
CBF than the normal model, which results in the slow
washout of >0, in tissue (the second term on the right side
of Eq. I). Therefore, the ischemic model has a greater
source of underestimation for CBF than the normal model
during the C'°0, phase.

As shown in Tables 1, 2, 3, and 4, the COVs of CBF and
OEF in the ischemic model were smaller than the COVs in
the normal model. The non-linear relationship between the
PET counts and CBF attributed to this phenomenon [13].
The PET counts of the normal model were higher than
those of the ischemic model, and the higher PET counts
emphasized the noise due to this non-linearity.

Our results suggest that attention must be paid to the
interpretation of CBF and OEF images from DARG, if
contaminated by the significant amount of the residual
C!30 radioactivity namely: the magnitude of the error may
not be uniform across different physiological conditions in
the brain.

Subtraction method

The subtraction method successfully eliminated the influ-
ence of the C'*0 radioactivity on both the input function
and PET counts during the 15 02—~C1502 scan, and no errors
in the CBF and OEF values due to the residual C'°0O
radioactivity were observed. In theory, there is no statisti-
cal advantage for the subtraction method compared to the
conventional method. However, as shown in Tables 3 and
4, the COV by the subtraction method was smaller than the
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value by the conventional method. It is necessary to sep-
arate the >0, contents and C'° O, contents in the measured
input function prior to the DARG calculation. For this
separation, we utilized the linear method proposed by
Kudomi et al. [16]. The linear method estimates the 1502
contents in the input function after C'°0, inhalation by
linear extrapolation. In the conventional method, due to the
offset of the input function by the residual C'°0 radioac-
tivity, the estimated 'O, contents remain until the last in
most cases. On other hand, in the subtraction method, by
subtracting the C'>0 radioactivity from the input function,
the offset of the input function is removed. Then, in many
cases the 120, contents estimated by the extrapolated line
go to zero. This causes a reduction of the variation in the
estimated CBF and OEF values compared to the conven-
tional method.

The estimation of the recirculation water in the input
function is based on the empirical model [10], and this
model may not work owing to the residual C°O radio-
activity, which results in biased CBF and OEF values. This
bias can be removed by the subtraction method. Thus, by
using the subtraction method, accurate CBF and OEF
values can be measured no matter how much C'°0 radio-
activity exists, which results in shortening the total PET
study. The subtraction method could be applied, not only to
the DARG protocol, but also to the conventional ARG and
steady-state protocols. In this simulation, we assumed no
biological decay of CISO, which is not true in the actual
data, and the subtraction method might over-subtract the
influence of C'*0 radioactivity. The biological half-life of
C"0 is difficult to determine within a period of ordinary
PET scan owing to the short life of the '°O radionuclide.
We tested simulated data with a biological half-life of
10 min, and there were no significant differences in the
estimated CBF and OFEF values compared to the results
shown in this paper. In order to apply the subtraction
method in clinical study, further studies are, however,
required to verify the influence of biological decay.

Sequence of PET scans

In this paper, the sequence of the scans was a C'°O scan
followed by a 15OQ—CISOZ scan. If the C0 scan was
performed after the '>0,—C'>0, scan, our results were not
valid. The reason for this sequence (C'°O scan followed by
a 1502—C1502 scan) was to shorten the total duration of the
PET study by exchanging the target gas (from N, con-
taining O, to N, containing CO;) only once (the synthesis
of C'°0 and 20, shares the same target in a cyclotron but
uses different one from that of C'°0,). Furthermore, the
sequence of °0,-C'°0, produces better results than the
sequence of C°0,~'°0, [15] In order to further shorten
the total study time, more development efforts are needed
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in relation to the delivery system for the radioactive gases,
which should have the ability to deliver such gases quickly.

The results in this paper were based only on the com-
puter simulations. It could be expected to have several
difficulties to show validities of our results using actual
PET measurements by several reasons such as (1) PET
cannot differentiate between photon from residual cho
and photon from either 150, or C%0,, (2) large inter-
subject variation for cerebrovascular disease, (3) large
amounts of radiation exposure to patients from C'*0 in the
case of large inhalation of C'30. For the validation of our
results, PET studies with ischemic animal model will be
anticipated.

Conclusions

In this paper, we verified the influence of C"0 radioac-
tivity on the computation of CBF and OEF using the
DARG protocol. We found that the bias and noise in the
CBF and OEF values depended on the amount of residual
C'30 radioactivity during the scanning for 150, and C"°0,,
and on the physiological conditions of the brain tissue. By
using the subtraction method, the bias could be eliminated.
Finally, we discussed the effects of the recirculation water
and the biological decay for C'°O radioactivity on the
computation of CBF and OEF using the DARG method.
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Positron emission tomography (PET) with [''C]raclopride is widely used to investigate temporal changes in
the dopamine D, receptor system attributed to the dopamine release. The simplified reference tissue model
(SRTM) can be used to determine the binding potential (BPnp) value using the time-activity curve (TAC) of
the reference region as input function. However, in assessing temporal changes in BPyp using the SRTM,
multiple ["'C]raclopride PET scans are required, and a second scan must be performed after the
disappearance of the [''C]raclopride administered in the first scan. In this study, we have developed an

Keywords:
PD}SIitmn emission tomography extended multiple-injection SRTM to estimate the BPyp change, from a single PET scan with multiple
["'Clraclopride injections of ["'C]raclopride, and we have validated this approach by performing numerous simulations and

studies on monkeys. In the computer simulations, TACs were generated for dual injections of ["C]raclopride,
in which binding conditions changed during the scans, and the BPyp values before, and after, the second
injection were estimated by the proposed method. As a result, the reduction in BPyp was correlated, either
with the integral of released dopamine, or with the administered mass of raclopride. This method was
applied to studies on monkeys, and was capable of determining two identical BPyp values when there were
no changes in binding conditions. The BPyp after the second injection decreased when binding conditions
changed due to an increase in administered raclopride. An advantage of the proposed method is the
shortened scan period for the quantitative assessment of the BPyp change for neurotransmitter competition
studies.

Dopamine D, receptor
Multiple injections
Binding potential

© 2009 Elsevier Inc. All rights reserved.

Introduction et al., 1997). The model showed that the change in BPyp between the

baseline and the stimulated state was related to the total amount of

Neuroreceptor imaging using positron emission tomography (PET)
and ["'CJraclopride has made it possible to determine the density of
striatal dopamine D, receptors in vivo (Farde et al., 1985; Kohler et al.,
1985; Hall et al., 1988). The binding potential (BPnp = k3/k4) derived
from rate constants in a two-tissue compartment model has been
used to quantify the receptor binding (Mintun et al., 1984). Endres et
al. then developed an extended compartment model, which included
the released neurotransmitter concentration, and demonstrated that
["'CJraclopride binding decreased after the administration of amphe-
tamine, which resulted in the displacement of the raclopride due to
competition with increased dopamine (Endres et al.,, 1997, Carson
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released dopamine. Applying this theory, it has been shown that
amphetamine-related reductions in [''C]raclopride-specific binding
in patients with schizophrenia was significantly greater than in
healthy volunteers (Breier et al., 1997) and that a reduction in [''C]
raclopride binding was observed while playing a video game which
resulted in the release of endogenous dopamine (Koepp et al., 1998).
In this competition paradigm, two PET studies are necessary to
measure the BPyp values of the baseline and competed conditions,
and a long study period is required.

On the other hand, single-scan studies with bolus-plus-continuous
infusion (B/I) of the tracer, applied for the measurement of reduction
in BPyp due to an amphetamine challenge, were also performed
(Carson et al., 1997, Endres et al., 1997). In these studies, a stimulus
was administered during infusion of the tracer, and the change in
binding between pre- and post-amphetamine intervention was
measured as the tissue-to-plasma concentration ratio at equilibrium.
This method enables the direct measurement of receptor-binding
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changes in a single scan. However, the design of the protocol requires
that the tracer kinetics attain equilibrium within the measurement
period of the pre- and post-amphetamine challenges (Watabe et al,,
2000), and dynamic data that does not reach equilibrium may cause
systematic errors in the estimates of binding changes (Zhou et al,
2006).

To compute the BPyp value, the simplified reference tissue model
(SRTM) is often used. The SRTM can provide the BPyp without
invasive arterial blood sampling by using a time-activity curve (TAC)
of the reference region where specific bindings are negligible
(Lammertsma and Hume, 1996). Recently, an extended simplified
reference tissue model (ESRTM) was developed in order to quantify
the reduction in BPyp with B/I administration (Zhou et al,, 2006). In
the ESRTM method, the BPyp of the SRTM was estimated separately,
before and after, the pharmacological challenge during a 90 min scan
with B/I administration. The group reported that stimulus-induced
BPyp changes, obtained from equilibrium analysis in the non-
equilibrium state, resulted in an underestimation of the reduction in
BPyp, and that this was significantly improved by using the ESRTM.
Nonetheless, B/I administration requires the equipment to provide
[M'Clraclopride constantly during the scan, and there are often
technical problems.

Kim et al. (2006) developed a method to measure regional cerebral
blood flow in pre- and post-pharmacological stress from a single
session of single photon emission computed tomography (SPECT)
scanning with dual injections of 1?*[-iodoamphetamine. In their paper,
they showed mathematical derivation for estimating CBF values from
two conditions in a single session of SPECT study. By advancing their
method, we have developed a method to detect changes in receptor
binding using a single session of PET scanning in conjunction with
multiple bolus injections of [M'C]raclopride synthesized once before
the scan (Watabe et al, 2006). In our approach, the SRTM was
extended to measure the BPyp of each injection, and we validated this
approach by performing numerous simulations and studies on
monkeys using PET and ['!CJraclopride.

Methods
Theory

The simplified reference tissue model (SRTM) provides BPyp
without arterial blood sampling by eliminating the arterial plasma
TAC arithmetically from model equations, by using the TAC of the
reference region where specific bindings are negligible. The radio-
activity concentration of the target region (C) is expressed as Eq. (1),
using the radioactivity concentration in the reference region (C),
under the assumption that the target and reference regions can be
expressed using the one-tissue compartment model and that the
ratios of K; and k, are equal between the target and reference regions
(Lammertsma and Hume, 1996).

Rk,

G(t) = R G(t) + (kz T4 By

¥
)"_‘ ' @ Ci(t) Ry = I /K
1)

where K; and k, are the rate constants for the transfer from
plasma to the displaceable compartment in the target tissue and
from the displaceable compartment to plasma, respectively, and Kj
is the rate constant for the transfer from plasma to the reference
tissue.

We have extended this SRTM to a multiple-injection study. In
this approach, the first injection of the radioligand was performed
at the time of the scan start, and the BPyp was measured as a
baseline. Next, a second injection was performed simultaneously
with a change in binding conditions, and the BPyp was measured as

a competitive state after the second injection. The BPyp values
before, and after, the second injection, were estimated by the
multiple-injection simplified reference tissue model (MI-SRTM)
expressed as follows:

k21
Ry 1k “Txap .t
Calt) = RuCalt) + (ko = 1Yo TH BP0 G0
Rk LT
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o ky
+(Co — RipCole 1 T BPam2 )

where C and Cp, are the radioactivity concentrations in the target
tissue and G and G are the radioactivity concentrations in the
reference tissue for the first and second injections, respectively; t is
the time from the first or second injection; Cyq and Cq are the
radioactivity concentrations of the target and reference tissues at the
time of the second injection, respectively.

Firstly, Ry, k21 and BPnp; were estimated by nonlinear least
squares fitting with the iteration of the Gauss-Newton algorithm
using data points before the second injection. Next, C;p was calculated
by the interpolation of the measured reference TAC, and Cqo was
estimated using Eq. (1) with estimated Ry, ky; and BPyp; values.
Finally, Rq, k2, and BPyp, were estimated by nonlinear least squares
fitting using these G and Gy values with Eq. (2). In this study using
[MC]raclopride, the TAC of the cerebellurn was used as a reference
TAC.

The present method can be used to generate voxel-based
parametric maps. In the voxel-based estimation for parametric
imaging of ligand-receptor binding, Ry, k»; and BPypy from the first
injection and Ry, kas, and BPyp, from the second injection in Eq.
(2), were estimated by a basis function method in which the model
Eq. (2) is solved using linear least squares for a set of basis
functions, which enables the incorporation of parameter bounds
(Gunn et al,, 1997).

Simulation analysis

Three simulation studies were carried out to validate the present
approach and to determine: 1) whether the change in BPyp caused
by competition to receptor binding could be detected by the MI-
SRTM; 2) how would the time delay between the endogenous
dopamine release and [''Clraclopride injection affect BPyp esti-
mates, and 3) what was an optimal scan duration for a reliable
BPyp estimation?

Detection of BPyp change with dual injections

The MI-SRTM assumes that BPyp alters promptly from BPyp; to
BPyp2 at the time of the second injection and then remains
constant, However, in reality this is unlikely and the binding
condition of [''Clraclopride may be continuously changed along
time. In this simulation, the detectability of the reduction of BPyp
due to changes in binding conditions was investigated. Noiseless
time-activity curves of the striatum and cerebellum were gener-
ated with a measured plasma TAC and assumed parameter values
derived from measurements taken from the monkey study. A TAC
of the cerebellum was simulated with a conventional two-tissue
compartment, four-parameter model with assumed parameter
values obtained previously in our monkey study: K;=0.034,
Ky/ky =0.36, k3 =0.022, ks = 0.034. Meanwhile, a TAC of the striatum
was simulated with an extended two-tissue compartment model
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expressed as Eq. (3) by the fourth-order Runge-Kutta method (Endres
et al,, 1997).

%Cff‘ = K,Go(0) —(ky + K'3(0)Ce(t) + kaCo(E)
dditb = k'3 (E)Ce () — kaGy(t)
max 9')@ 3)
k'3(ty = kon]——!-D(—%A_
D(t) = B] (t<f2)

=B, +A-exp( — R(t — )} (t=t;)

where C; and G, are the concentrations of radioactivity for free and
specifically bound [*'CJraclopride in tissue, respectively; By is the
total dopamine D, receptor concentration; ko, is the bimolecular
association rate constant for raclopride; SA is the specific activity of
administered ["'C]raclopride; D is the concentration of free dopamine.
In this simulation study, t; was set to 30 min, and SA that was decay
corrected to the first injection time was assumed to be equal in first
and second injections with a single synthesis. Each assumed
parameter for K; to ks was obtained from our monkey study, and
the Bpax value was as reported previously (Endres et al,, 1997), thus
Ky =0.033, Ki/k;=0.59, kon=0.0048, Bnax=17.6; ks=0.026;
B, =B,=0, and SA =37 GBq/umol at the time of first injection.

First, the magnitude of the BPyp change, derived from an increase
in released dopamine, was investigated. Time-activity curves, includ-
ing dopamine release, were simulated from Eq. (3), in which A varied:
0.5, 1.0, 1.5 and 2.0, and R varied: 0.04, 0.07, and 0.1. In these simulated
TACs, BPnp; and BPyp, were estimated by the MI-SRTM, and the
relationship between the magnitude of the BP reduction (ABP=
(BPnpt — BPnp2)/BPyp1) and the integral of the dopamine pulse D in
Eq. (3) was examined.

Next, the BP change caused by an increase in administered
raclopride was investigated. D(t) in Eq. (3) was set to 0, and tissue
TACs were generated using the input plasma TAC in which adminis-
tration of the first injection was assumed as 1 nmol raclopride, and the
second injection was amplified from 1 to 50 times greater than the
first injection. In these simulated TACs, BPyp: and BPypy were
estimated by the MI-SRTM, and the relationship between the
magnitude of ABP and the amount of raclopride administered by the
second injection was examined.

Effect of binding change timing on BPyp estimates

It is possible that the change in BPyp occurs either before, or after,
the second injection of [''CJraclopride. In the MI-SRTM, the error in
the estimates for the first injection of [!!C]raclopride amplifies the
errors in the estimates for the second injection. In this simulation, the
effect of the onset of the dopamine pulse on the binding change of
BPnp. estimated by the MI-SRTM, was investigated using noiseless
simulated TACs. First, TACs with a released dopamine pulse were
generated using Eq. (3), with the parameters mentioned above, and
three types of pulse (A=0.5, R=01; A=10, R=0.07, A=15,
R=0.04) in which the onset time of the dopamine pulse, ¢, in Eq,
(3), was changed from —10, —5, 0, 5, 10, 15 min against 30 min
intervals of the second injection. The values for BPnp1, BPnp2, and ABP
were estimated by the MI-SRTM, and the relationship between the
onset time of the dopamine pulse and the BPyp estimates was
investigated.

Next, TACs were generated by the SRTM with measured cerebel-
lum TACs and assumed parameter values (R, =0.86, k;=0.091, and
BPnp: = 2.2) using the fourth-order Runge-Kutta method, assuming a
prompt change of BPyp at — 10, —5, 0, 5 and 10 min after the second
injection (30 min intervals). The value of BPyp, was also varied so that

ABP would be 0, 10, 20, 30, 40, 50, 60, 70, and 80%. In these simulated
TACs, BPup1, BPnpa2, and ABP were estimated by the MI-SRTM, and the
estimated values were compared with the true values.

Effect of injection interval on BPnp estimates

The relationship between the reliability of the BPyp estimates from
the MI-SRTM and the injection interval was investigated with noise-
added TACs. A dynamic tracer concentration for [*!C]raclopride was
derived from the equation of MI-SRTM (Eq. (2)) with a measured
cerebellum TAC used as the input function and the rate constant
values given as true values (R, =095, k;=0.067, BPyp1=2.6,
BPyp2=2.6, 1.8, or 0.78) assuming a prompt BP reduction at the
time of the second injection. The timing of the second injection was
varied from 20 min to 90 min after the first scan.

The Gaussian-distributed mean-zero noise with variance propor-
tional to the true count was added to the non-decaying tissue activity
for each frame using Eq. (4) (Logan et al,, 2001):

0i(%) = 100-F/ \/C(t;) - e~ - At; (4)

where i is the frame number; C is the non-decaying tissue
radioactivity concentration derived from the rate constants and the
input function; t; is the midpoint time of the i'th frame; At; is the data
collection time; A is the radioisotope decay constant; F is a scaling
factor representing the sensitivity of the measurement system,
introduced here to adjust the noise level. It should be noted that
this equation assumes that noise, which is added to the TAC, is
determined by the count of the curve itself, In fact, noise is determined
by the total counts in the slice, and is affected by random counts, dead
time, etc. In this simulation study, F was set to 15.0 so that the noise
level would be the same as the noise level for regions of interest (ROI}-
based analysis, and 1000 noisy data sets were generated for each
injection interval.

In these simulated TACs, BPyp1 and BPyp, were estimated by the
MI-SRTM, and estimated BPyps, BPnp2, and ABP values were compared
with the true values. Parameter estimates were considered outliers if
either BPyp: or BPnpy was outside the range 0.0<BPyp<10.0. The
reliability of the estimated parameters was evaluated by the mean and
coefficient of variation (COV; SD/mean{%]) of the estimates excluding
outliers, and the relationship between the reliability of the parameter
estimates and the injection interval was investigated.

Monkey study analysis

Studies on monkeys with dual injections of [''C]raclopride were
performed to determine whether the present approach can estimate
two identical BPyp values when there is no change in binding
conditions during the scan, and whether this approach can detect a
change in BPyp, values when the binding conditions do change during
the scan. The monkeys were maintained and handled in accordance
with guidelines for animal research on Human Care and Use of
Laboratory Animals (Rockville, National Institute 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.

First, PET studies were performed in four cynomolgus macaques
(weight 3.64+0.56 kg) by administering the same molar amount of
["Craclopride for the first and second injections (Table 1). Anesthesia
was induced with ketamine (8.4 mg/kg, intramuscularly) and
xylazine (1.7 mg/kg, intramuscularly) and maintained by intravenous
propofol (6 mg/kg/h) and vecuronium (0.02 mg/kg/h) during the
scan. Initially, 418 + 111 MBq of ["'C}raclopride was administered by a
bolus injection, and after 30 min, the same molar amount of [''C}
raclopride as for the first injection, was administered by a bolus
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Table 1
Injection protocol in monkey studies with dual injections of ["'C]raclopride.

Subject Specific activity at the: " Injection interval " First injection Second injection
time of first injection - [min] Injected mass~_Injected activity at the time = Injected mass [mmol].  Injected activity at the time
[GBq/pmol] : [nimol] of first injection [MBq] of second injection [MBq]
#1 649 30 84 548 198
#2 752 30 5.9 444 160
Exp. 177 #3 29.3 30 13.6 399 Same as first injection - 144
#4 39.7 30 71 280 101
mean=SD 5234214 30 88134 418 £ 111 1514399
Exp. 2.7 #5 226 30 33 733 30.7 249
Exp. 1: Dual injections with same mass of {"'Cjraclopride.
Exp. 2: Dual injections with different mass of {"'C]raclopride.
injection. Data were acquired for 60 min (10 s x 18,30 s x6,120s x7, Results

300 s x 2 for the first injection; 10 s x 18,30 s x6,120 s x 7,300 s x2
for the second injection). The specific radioactivity was 52.3 4
214 GBq/umol at the time of the first injection.

Next, PET studies were performed on a cynomolgus macaque
(weight 6.0 kg) with the administration of different molar amounts of
{*'CJraclopride for the first and second injections by changing the
volume of second injection with ["'Clraclopride which was synthe-
sized before the first injection (Table 1). For the first injection, a bolus
of 73.3 MBq of ["CJraclopride, (3.3 nmol of raclopride) was
administered, and after 30 min, 249 MBq at the time of the second
injection (decay corrected 691MBq) of ["'CJraclopride (30.7 nmol of
raclopride) was administered by bolus injection. The specific radio-
activity was 23 GBq/umol at the time of the first injection.

PET scans were performed using a PCA-2000A positron scanner
(Toshiba Medical Systems Corporation, Tochigi, JAPAN) that provides
47 planes and a 16.2 cm axial field of view. A transmission scan with a
3-rod source of ®3Ge-%%Ga was carried out for 20 min for attenuation
correction before the administration of ["'C]raclopride. Radioactivity
was measured in two-dimensional mode and the data were
reconstructed by a filtered back-projection using a Gaussian filter
(full width at half maximum is about 6.0 mm (Herzog et al., 2004)).
VOIs were defined manually over the left and right striatum and
cerebellum for PET images, and the radioactivity concentration in
these regions was obtained. For each region, Ry, k31, BPup1, Riz, koo,
and BPnp; were estimated by MI-SRTM. In addition, parametric
images were generated, estimating each parameter voxel by voxel,
using the MI-SRTM with the basis function method.

Detection of BPyp change with dual-injection

Typical examples of simulated TACs in the dual-injection study
with dopamine release are shown in Fig. 1. In the simulation studies,
the magnitude of ABP, estimated by the MI-SRTM, was investigated in
the two cases where the specific binding changed due to the released
dopamine pulse or to an increase in administered raclopride. The
magnitude of ABP increased as the integral of the dopamine pulse
increased (Fig. 2A). To some extent there was a good linear correlation
between the reduction in BPyp and the integral of the dopamine pulse
(Y=2.0*X+2.3, R?=0.95 where X<15 (X: Integral of the dopamine
pulse, Y: reduction in BPyp)); however the relationship did not remain
linear for a large dopamine pulse. The reduction in BPyp also became
greater when the injected mass of raclopride increased, although its
relationship was nonlinear (Fig. 2B).

Effect of binding change timing on BPyp estimates

In the simulation with a released dopamine pulse, when the
dopamine pulse was released before the second injection, the BPyp;
value was underestimated and BPyp; was overestimated, compared
with the situation where the dopamine pulse was released at the same
time as the second injection (Figs. 3A, B). On the other hand, when the
dopamine pulse was released after the second injection, BPyp; was
unchanged and BPyp; varied according to the onset and magnitude of
the dopamine pulse. The reduction in BPyp also depended on the
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Fig. 1. Simulated time-activity curves for the striatum and cerebellum without dopamine puise (A), with small dopamine pulse {A=0.5, R=0.04) (B), and with large dopamine

pulse (A=1.5, R=0.1) (C), and fitted curve for the striatum by MI-SRTM.
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which a greater mass of raclopride was administered 30 min after the first injection.

onset, magnitude of amplitude, and decay rate of the dopamine pulse,
and the reduction in BPyp was greatest when the dopamine pulse was
released 5 min after the second injection (Fig. 3C). When the
magnitude of the dopamine pulse was small, the detected BPyp
reduction was small when the dopamine pulse was released before
the second injection, becoming greatest (about 20%) when the pulse
was released 5 min or 10 min after the second injection. When the
magnitude of the pulse was medium, the BPyp reduction was 20%
when the pulse was released 5 min before the second injection, and it
was greatest (about 35%) when the pulse was released 5 min after the
second injection. When the dopamine pulse was large, the detected
BPyp reduction was 30% even when the pulse was released 10 min
before the second injection, and was greatest (about 45%) when the
pulse was released O or 5 min after the second injection.

In the simulation with prompt BPyp reduction, BPyp1, BPnp2 and
ABP were estimated precisely by the MI-SRTM when the BPnp
reduction occurred at 30 min, in other words, at the same time as
the second injection (Fig. 4). In the case where the BP decreased
before 30 min, the estimated BPyp; was lower than the true value for
BPnp: (=2.2), and the magnitude of the underestimation increased
when the true BPypz was lower, that is to say, the reduction in BPynp
was greater (Fig. 4A). There were slight errors in BPypy estimates
(Fig. 4B). When the BPyp decreased 50% (BPnp1 = 2.2 and BPypy = 1.1)
at 10 min before the second injection, estimated BPyp; was 1.63 and
BPnp2 was 1.04. Conversely, when the BP decreased after 30 min,
BPyp: was estimated precisely, and BPyp, was overestimated (Figs. 4A
and B). The error in BPyp; estimates increased as the magnitude of the

BPnp reduction increased. When the BPyp decreased 50% (BPyp1 = 2.2
and BPynp = 1.1) at 10 min after the second injection, estimated BPypy
was 2.20 and BPyp; was 1.28. With respect to the magnitude of the BP
reduction, the estimated ABP was lower than the true value when the
BP reduction was greater, or the difference between the timing of the
BPnp decrease and the second injection was greater (Fig. 4C). When
the BPyp reduction began 10 min before the second injection, the error
in the estimated ABP was considerable. However, when the BPyp
reduction began, either 5 min before or 5 min after, the second
injection, the error in ABP was less than 5% when the reduction in the
BP was lower than 50%.

Effect of injection interval on BPyp estimates

Errors in the estimated BPnpi, BPnpz and ABP values were
investigated in simulated noise-added TACs for various injection
intervals, and it was observed that the errors became larger as the
injection interval became shorter (Fig. 5). The COVs of BPyp; and
BPnpz Were less than 5% and the bias was less than 1% when the
injection interval was longer than 30 min, in both cases where the
reduction in the BPyp was 30% and 70%. When ABP was 30%, the bias
increased suddenly, and the COV of ABP rose to over 10% for an
injection interval of less than 40 min. There were no outliers even if
the injection interval was 20 min. Meanwhile, when ABP was 70%,
there was little bias and the COV of ABP was less than 10% for an
injection interval longer than 30 min. The COV of ABP in the 70%
reduction TAC was lower than that in 30% reduction TAC. However,
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there were 22 outliers with unreasonable estimates when the shown in Fig. 6. In these studies, the BPyp values for the first and
injection interval was 20 min and one outlier in one thousand second injections could be estimated, and there were little differences

estimates when the injection interval was 30 min. between BPyp1 and BPyp; (Table 2).
Time-activity curves for the striatum and the cerebellum in the
Monkey studies dual-injection study using different amounts of raclopride are shown

in Fig. 7, and the parametric images of BPyp, and BPyp, are shown in
Typical examples of TACs for the striatum and the cerebellum in Fig. 8. The estimated BP decreased when the binding changed at the
the dual-injection study with the same amount of raclopride are second injection due to the addition of more raclopride than was
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Fig. 6. Measured time-activity curves of the striatum and cerebellum in the dual-
injection study with the same mass of | ''Clraclopride and a fitted curve for the striatum,
using the multiple-injection SRTM (upper), and residuals between measured and fitted
curves (lower).

administered for the first injection. Estimated BPypy, BPnp2 and ABP
values in the striatum were 2.7, 2.0, and 25%, respectively (Table 2).
The reduction in BPyp was also observed in the parametric images as
shown in Fig. 8.

Discussion

In the competition paradigm, the binding potential of [Yic]
raclopride reflects the condition of specific binding to dopamine D,
receptors, which is affected by competition with other ligands if there
are no changes in the density of the receptors. The SRTM can provide
the BPyp value without invasive arterial blood sampling, using a TAC of
the reference region, where specific bindings are negligible (Lam-
mertsma and Hume, 1996), and this method has been widely used to
estimate the binding of neuroreceptor ligands. However, in assessing
temporal changes in the BPyp of the SRTM caused by competition for
receptor binding due to pharmacological administration or cognitive
activation, multiple ['C]raclopride PET scans are necessary and a long
study period is required. To overcome this complication, we have
proposed a multiple-injection approach in which the temporal change
in BPyp is quantified in a single scan with multiple ["'C]raclopride

Table 2
Estimated BPnp1, BPnp2, and difference between BPyp; and BPyp in monkey studies
with dual injections of ["!Cjraclopride.

Subject BPuni BPups ABP.
#1 1.86 215 0.15
#2 1.98 2.01 0014
Exp. 1 #3 195 179 =0.081
#4 233 2.39 0.027
mean+ 5D 2.034020 2.08+0.25 0.0294-0,097
Exp: 2 #5 2.66 2.00 ~025

ABP == (BPnp2 — BPnpi1) / BPnot.
Exp. 1: Dual injections with same mass of [''Clraclopride.
Exp. 2: Dual injections with different mass of ['Clraclopride.
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Fig. 7. Measured time-activity curves of the striatum and cerebellum in the dual-
injection study with a different mass of [''Cjraclopride and a fitted curve for the
striatum, using the multiple-injection SRTM (upper), and residuals between measured
and fitted curves (lower).

injections. This approach takes into account the residual radioactivity
from the first injection in the target tissue, at the time of the second
injection, as the initial condition in Eq. (2), and makes it possible to
perform the second injection immediately, following data acquisition
from the first injection. Thus it is possible to determine the change in
BPyp from a short study period.

There have been several investigators who attempted to perform
multiple injections of ligands with PET studies for either obtaining
receptor density and affinity by changing specific activity (Delforge
etal,, 1995; Millet et al., 1995; Morris et al,, 1996a,b; Muzic et al., 1996;
Christian et al,, 2004; Gallezot et al, 2008), or obtaining different
kinetic parameters simultaneously by injecting different tracers such
as ['C]flumazenil and ["®F|FDG (Ikoma et al., 2004; Koeppe et al,
2001). MI-SRTM gives us alternative approach for multiple-injection
study which is aimed at shortening study period.

Detection of binding changes with the SRTM

In the multiple-injection approach, it is assumed that the changein
binding conditions is reflected by a reduction in BPyp estimated from
the SRTM. The analysis method based on the compartment model
assumes that the rate constants of K to k4 are constant during the
scan. However, in studies with changes in binding conditions, levels of
endogenous dopamine change after exposure to stimuli such as an
amphetamine challenge (Endres et al., 1997; Laruelle et al., 1997), and
the value of ky’(t) in Eq. (3) varies according to the concentration of
free dopamine (Laruelle et al., 1997, Endres et al., 1997). Therefore,
estimates of BPyp following exposure to stimuli are considered to be
an average value over time that is influenced by the dynamics of the
neurotransmitter, However, it has been reported that reductions in
BPp, estimated from graphical analysis or multilinear analysis, in
simulation studies for two separate bolus-injection scans, are related
to the integral of dopamine release (Endres and Carson, 1998; Yoder
et al, 2004), and the reduction in BPyp is a useful index for the
evaluation of binding conditions in competition paradigms.
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Fig. 8. Summation image and parametric images of BPyp; and BPyp; in the monkey study with dual injections of different masses of [''C]raclopride.

In addition, in the SRTM, there are further assumptions that the
target tissue and reference tissue can be expressed by a one-tissue
compartment model, and the ratio of K; and k, are equal between
the target and reference regions (Lammertsma and Hume, 1996).
Strictly speaking, this assumption does not apply to ["'C]raclopride
studies because significantly better fits were obtained with a two-
tissue compartment model, as compared with those obtained with a
one-tissue compartment model in cerebellum and striatum TACs
(Lammertsma et al., 1996). Therefore, this assumption of the SRTM
induces a bias in BPyp estimates even in an ordinary single-injection
study. In the MI-SRTM, which is an extension of the SRTM, the effect of
the assumption could be more severe than for the SRTM because the
bias in BPyp; could be propagated to the estimation of BPyp,. However,
in our simulation studies, the ABPyp, estimated from the MI-SRTM,
increased according to the increase in the dopamine pulse or to
administered raclopride (Fig. 2). When the specific binding of
administered [''C]raclopride competed with that of endogenous
dopamine, to some extent the reduction in BP increased in proportion
to the integral of the released dopamine pulse, and approached
saturation as the integral of the pulse increased. This is consistent
with results reported in previous studies (Endres and Carson, 1998,
Yoder et al., 2004). Furthermore, in the monkey studies, it was
confirmed that there was little change in BPyp when the same mass
of raclopride was administered for the first and second injections
(Fig. 6), and the BPyp decreased in accordance with the increase in
administered raclopride (Figs. 7 and 8). Morris et al. (1996b) intensively
investigated the characteristics of multiple injections PET studies, and
they showed varied specific activity by multiple injections introduced
bias in estimates of kinetic parameters. Our results may be influenced by
the abrupt discontinuity in mass of raclopride due to the second
injection. However, the result of second monkey study (10 times higher
mass in the second injection) agreed well with the simulation (Fig. 2B)
although further validation studies will be needed to confirm this result.

Effect of binding change timing on BPyp estimates
In estimating the BPyp after the dopamine pulse release, the timing

of the ["'CJraclopride injection has been shown to affect the BPyp
estimates (Yoder et al., 2004). In the simulation study of our multiple-
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injection approach, BPyp; (in other words, the BPyp for the condition
without dopamine activation) had few errors, except when the
dopamine pulse was released 10 min before the second injection. In
these simulations, BPyp; was estimated using the data from the time
interval between the first injection and the second injection. There-
fore, when the BPyp reduction, due to an increase in free dopamine,
started before the second injection, the value for BPyp; was under-
estimated. However, this underestimation can be avoided by adjusting
the data points used for the fitting of BPyp; so that BPyp; is
determined before a change in the binding conditions. On the other
hand, BPypy, (that is to say, the BPyp of the condition with dopamine
activation) was affected by the timing of the dopamine pulse release.
The estimated BPnp, decreased as the onset of the dopamine pulse
occurred later, and was smallest when the dopamine pulse was
released 5 min after the second injection. As a result, the magnitude of
ABP was greatest when the dopamine pulse was released 5 min after
the second injection.

The value of ki(t) in Eq. (3) depends upon the amount of free
dopamine at time t (Endres et al.,, 1997, Endres and Carson, 1998) and
the released dopamine pulse decreases as time goes by. Therefore, if
the specific activity of administered [''C]raclopride is high enough,
the time-varying binding potential (BPs(t) = k3(t)/k4) is lowest at the
time of the pulse release, and it becomes greater, and approaches the
level before the pulse release, as time passes. Meanwhile, the
reduction in BPyp is determined by both the BPs(t) and the
concentration of free tracer (Endres and Carson, 1998). In the TACs
from our simulation studies, the concentration of free ["'C]raclopride
had a peak at about 5 min after the injection, and ABPyp was greatest
when the onset of the dopamine pulse occurred 5 min after the
injection, as shown in Fig. 3C. Therefore, the reduction in BPyp was
greatly affected, not only by the magnitude of the dopamine pulse, but
also by its timing. In other words, if the kinetics of the free tracer are
similar, that is to say the value of k, does not change markedly, and the
timing of the dopamine release is the same, the estimated ABP
changes according to the integral of the dopamine pulse as shown in
Fig. 2.

In the situation where BPyp changed promptly, the ABPyp also
depends upon the magnitude and timing of the BPyp reduction.
However, when ABPyp was less than 40% and the time difference
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