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INTRODUCTION

The [123I]iomazenil (IMZ) used in single photon emis-
sion tomography (SPECT) scans has high affinity for
central benzodiazepine receptors.1–6 Since central benzo-
diazepine receptors play an important role in brain func-
tion, evaluating their concentration has proved useful in

localizing epileptogenic foci7,8 as well as lesions in psy-
chiatric disorders,9–12 cerebrovascular disease,13 and
neurodegenerative disease.14–16 In particular, in the analy-
sis of degenerative disease, quantitative benzodiazepine
receptor values might play an important role because
benzodiazepine receptors may be decreased throughout
the brain in degenerative diseases.

 Many methods for the quantitative assessment of
neuroreceptors by positron emission tomography (PET)
or SPECT have been reported, and they have generally
been either equilibrium-based analyses or kinetic analy-
ses.

Tracer kinetic analysis17,18 has usually been used to
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Adoption of standard input function (SIF) has been proposed for kinetic analysis of receptor binding
potential (BP), instead of invasive frequent arterial samplings. The purpose of this study was to
assess the SIF method in quantitative analysis of [123I]iomazenil (IMZ), a central benzodiazepine
antagonist, for SPECT.

SPECT studies were performed on 10 patients with cerebrovascular disease or Alzheimer
disease. Intermittent dynamic SPECT scans were performed from 0 to 201 min after IMZ-injection.
BPs calculated from SIFs obtained from normal volunteers (BPs) were compared with those of
individual arterial samplings (BPo).

Good correlations were shown between BPos and BPss in the 9 subjects, but maximum BPss were
four times larger than the corresponding BPos in one case. There were no abnormal laboratory data
in this patient, but the relative arterial input count in the late period was higher than the SIF.
Simulation studies with modified input functions revealed that height in the late period can produce
significant errors in estimated BPs.

These results suggested that the simplified method with one-point arterial sampling and SIF can
not be applied clinically. One additional arterial sampling in the late period may be useful.
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teers’ arterial curves.25

BP17 can then be defined as

BP =
Bmax =

K1k3 Eq. 7
KD f1k2k4

where Bmax is receptor density, KD is affinity, and f1 is the
free fraction of the parent compound in the plasma.

MATERIAL AND METHODS

Subjects.   SPECT studies were performed on 34 patients
with cerebrovascular disease (19 males and 3 females; age
range 39–78 years), Alzheimer’s disease (5 males and 5
females; age range 55–78 years), or epilepsy (2 males; age
18 and 19 years). The diagnoses were verified by CT or
MRI and the clinical course. The clinical manifestations
in the Alzheimer’s cases fulfilled the criteria for probable
Alzheimer’s disease proposed by NINCDS-ADRDA.26

None of the subjects were being treated with benzodiaz-
epine derivatives. Informed consent was obtained from
each subject, and the study was approved by the local
ethics committee. No side effects were observed in any of
the subjects after administration of IMZ. Plasma time
activity curve (pTAC) were obtained in 26 patients and
detailed pTAC were obtained in 10 male patients (9
patients with previous cerebral infarction, 1 patient with
Alzheimer’s disease; age range 52–78 years), and com-
partment analyses were applied to these 10 patients’ data.
Eight patients had only SPECT scans taken and their
tissue TAC (tTAC) were compared with the others.

Radiopharmaceuticals.   IMZ was supplied by Nihon
Medi-Physics Co., Ltd. (Hyogo, Japan). Each vial con-
tained 111 MBq of 123I bound to 0.5 µg (1.2 nmole) of
IMZ. Its specific activity was approximately 92.5 TBq/
mmole at administration, and the radiochemical purity
was greater than 95%.

Imaging protocol.   The subject rested on the table in the
supine position with eyes closed. The room was dimly lit,
and ambient machine noises were kept to a minimum. The
subject’s head was immobilized with a ready-made plas-
tic headholder so that the external auditory meatuses were
aligned to the machine’s built-in positioning crossed-
light beam.

Prior to scanning, after subcutaneous local anesthesia
with 1% lidocaine, a 22-gauge canula was inserted into
the left radial artery, and each subject was given an
intravenous bolus injection of 83–109 MBq of IMZ. In 10
patients arterial blood samples were drawn manually at
10-sec intervals during the first 1 min, and thereafter at
1.5, 2, 5, 7.5, 10, 15, 30, 45, 60, and 180 min post-
injection. The plasma was separated from the whole blood
samples by centrifugation, and the lipophilic fraction was
extracted from the arterial plasma with octanol. The

extract quantitative information from the data acquired.
This method allows the binding potential (BP)17 to be
determined by a single bolus injection,19–23 but it requires
frequent arterial blood samplings and separation of the
lipophilic component from each sample. The former is
painful for patients, and the latter laborious for investiga-
tors. Accordingly, use of the SIF determined from healthy
subjects’ data has been reported to be one means of
avoiding these inconveniences. Nevertheless, it has not
been demonstrated that the average arterial time activity
curve (TAC) of healthy normal volunteers yields correct
results when applied to analysis of patients.

In the present study, we investigated the feasibility of
using standard input function (SIF) instead of an indi-
vidual patient’s input function in compartment analysis of
IMZ.

THEORY

A 3-compartment model20,24 was employed to analyze
tissue tracer kinetics in this paper, the three compartments
being the arterial plasma compartment, the free and non-
specific binding compartment, and the specific binding
compartment. The nonspecific binding compartment of
IMZ in brain tissue was assumed to rapidly equilibrate
with the free component.

The ligand concentration in each compartment is given
by

dCF+NS(t) 
= K1CP(t) − (k2 + k3)CF+NS(t) + k4CS(t) Eq. 1

     dt

dCS(t) 
=

 
k3CF+NS(t) − k4CS(t) Eq. 2

  dt

where CP is the concentration of extractable ligand in
arterial plasma, CF+NS is that of the free and nonspecific
binding compartment, CS is that of ligand bound
specifically, K1 is the rate constant of the blood-to-brain
transport of ligand, k2 is that of the brain-to-blood trans-
port of ligand, k3 is that of the association, and k4 is that
of the dissociation.

Total concentration in the tissue (CT) is expressed by

CT(t) = CF+NS(t) + CS(t) Eq. 3

=   
 K1     {(k3 + k4 − α1)e−α1t+ (α2 − k3 − k4)e−α2t}⊗CP(t)

   
α2 − α1

Eq. 4

α1 =
 k2 + k3 + k4 −   (k2 + k3 + k4)2 − 4k2k4 Eq. 5

2

α2 =
 k2 + k3 + k4 +   (k2 + k3 + k4)2 − 4k2k4 Eq. 6

2

where ⊗ represents the mathematical operation of convo-
lution. We used the SIF derived from six normal volun-
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residual counts after octanol extraction were measured
with a gamma well counter. In this study, the radioactivity
of the lipophilic component extracted by octanol from
plasma was considered representative of the true arterial
input function.23,27

Dynamic SPECT scans were performed three times.
The first dynamic SPECT scan consisted of 16 frames and
was performed from the time of injection until 42 min
post-injection. The second 21-min dynamic scan con-
sisted of 8 frames and was started at 90 min, and the final
21-min dynamic scan consisted of 8 frames, started 180
min post-injection. Each SPECT acquisition was per-
formed in 64 steps, 360 degrees. The SPECT scanner used
was a high-performance, four-head gamma camera
(Hitachi Medico, Co., Japan) equipped with low-energy,
general-purpose, parallel-hole collimators. The spatial
resolution of the reconstructed system was 13 mm full-
width-half-measure. The number of projections was 64,
and the acquired matrix was 64 × 64 (pixel size: 4 × 4 mm).
The 8-mm slice transaxial images were reconstructed
using a Butterworth filter as the reconstruction filter.
Chang’s postreconstruction attenuation correction was
applied with an attenuation coefficient of 0.08 cm−1 to the
transaxial image data. Image slices were reconstructed
parallel to the orbito-meatal line. A cross-calibration scan
was performed using a cylindrical uniform 16-cm phan-
tom filled with 123I to calibrate sensitivity between the
SPECT scanner and the well counter system. The sub-
jects’ ears were marked so that their head position was
kept constant for all three SPECT scans.

Regions of interest.   Regions of interest (ROIs) were
defined over the right and left frontal, temporal, parietal,
and occipital cortices, and over the cerebellum, thalamus,
and basal ganglia. Square ROIs whose edge length is 2 cm
were used, and the corresponding tTAC curves were
calculated.

Input function.   SIF had been previously acquired in 6
normal healthy volunteers.25 A calibrated arterial TAC
(Ca(t)) was obtained according to Eq. 8 and Eq. 9.

Ca(t) = fc0 ·Cs(t) Eq. 8

Ca(30) = A(30) Eq. 9

where fc0 is the calibration factor to scale SIF in each study
and Cs(t) is the activity of SIF; A(30) is the value of the
original arterial TAC at 30 min post-injection of IMZ. BP
was estimated on the basis of the 3-compartment-3-
parameter model.

Data analysis.   In the present study, a 3-compartment-3-
parameter model analysis was applied to quantify BP. In
the calculations, the K1/k2 value was assumed to be a
constant ratio of 3 ml/g, which is roughly compatible with
the values previously reported in human studies.23 The

previously reported free fraction IMZ values in arterial
blood (f1; Eq. 7) were 0.2321 and 0.24.23 A fixed f1 value
of 0.24 was used in this study. The radioactivity of the
intravascular space in brain tissue was neglected in this
study, because it was estimated to be in the order of 3–4%
of brain tissue.28 The difference between the time when
IMZ reached the radial artery and time when IMZ reached
brain tissue was set to 0 min. Sequential quadratic pro-
gramming29,30 was applied to solve the nonlinear equa-
tions with constraints of practical positive values (0 < K1,
k2, k4 < 1 and 0 < k3 < 2.5) using MATLAB and optimi-
zation TOOLBOX software (The Mathwork Inc., USA).

The nonlinear equations were solved using initial value
(K1, k2, k3, k4) = (0.15, 0.05, 0.05, 0.026). Results were
rarely divergent (1.4%); however, proper initial value
gave the same answer. Minor variations (from 0.5 to 2
times) of initial value gave the same K1, k2, k3, k4, and BP.
Fitting error between actual tTAC and calculated tTAC
was checked by visual analysis with a TAC graph at every
calculation of nonlinear equations. There were no outliers
in tTACs of all ROIs.

We defined SD2MAX as fitting error of tTAC.

SD2MAX =
          (yai − yci)2

Eq. 10
n·MAXtTAC2

where ya is an actual count of tTAC, yc is a calculated
count, MAXtTAC is the max count of tTAC, and n is the
number of tTAC measurements. In this study, SD2MAX
was 0.043 (SD; 0.015) in the ten patients. Dynamic
SPECT scans were performed three times and this did not
worsen the fitting errors.

Simulation
The simulation below was performed to check the robust-
ness of SIF. We selected three factors: peak value (value
of the pTAC in the early period), peak time, and decay rate
in the late period. In this paper the early period was taken
to be that from injection time to the calibration time, and
the late period as that from the calibration time to the end
of the SPECT scan.

Change in the peak value of pTAC in the early period.
The value of the original pTAC was modified by multiply-
ing it by 0.3, 0.8, 1.5, or 2.0 times 0–30 min post-injection
(Fig. 1A). The value of the modified pTAC from 30 to 180
min was the same as the original.

Ca(t) = fc(t, α) · Cs(t) Eq. 11

fc(t, α) =
 (α − 1) · t 

+
 
1 (0 ≤ t < tp) Eq. 12

                     tp

fc(t, α) =
 (α − 1) · (30 − t) 

+ 1 (tp
 
≤

 
t
 
<

 
30 min) Eq. 13

                      30 − tp

fc(t, α) = 1 (30 min ≤ t) Eq. 14

α = 0.3, 0.8, 1.5, or 2.0

Σ
n

i = 1
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where tp is the count peak time in pTAC.
The multiplication factors (α) were made slightly larger

than their actual variability determined in our cases and in
earlier studies.25

Changes in peak time of pTAC.   The peak time of SIF was
0.54 min. In the modified pTAC, the peak count time in
pTAC shifted to 0.3, 0.5, 0.9, and 1.2 min (Fig. 1B). TAC
30–180 min post-injection was the same as the original
pTAC. The peak count in each modified TAC was set to
the same value of that of the original pTAC.

Changes in the late period of pTAC.   To examine the
influence of washout from the blood pool, we changed the
value of the late period of pTAC. The original TAC were
multiplied by 0.4, 0.7, and 1.1, 30–180 min post-injection,
and they had the same value 0–30 min post-injection (Fig.
1C). We were unable to determine the results when the
multiplication factor was greater than 1.1, because the
counts of pTAC either did not change or became greater
than that at 30 min. Such situations never occur when
actual measurements are made.

Ca(t) = fc · Cs(t) Eq. 15

fc = fc0 · fm Eq. 16

Fig. 1   Simulation model of input function. (A) The value of the original time activity curve in plasma
(pTAC) was modified by multiplying it by 0.3, 0.8, 1.5, or 2.0 times 0–30 min post-injection according
to Eq. 11–14. (B) The peak time of standard input function (SIF) was 0.54 min. In the modified pTAC,
the peak count time in pTAC shifted to 0.3, 0.5, 0.9, and 1.2 min. (C) The original pTAC were multiplied
by 0.4, 0.7, and 1.1, 30–180 min post-injection, and had the same value 0–30 min post-injection. The
dashed line represents the original curve.

Fig. 2   The pTAC of SIF and 10 patients. Counts shown in this
figure are calibrated with the count at 30 min post-injection set
equal to 100.

fm = 1 (0 < t ≤ 30 min) Eq. 17

fm = 0.4, 0.7, 1.1 (30 < t ≤ 180 min) Eq. 18

In the region where BPs was very different from BPo in
patient 3, the peak count time of tTAC occurred more than
40 min later, and for that reason we checked the influence
of peak count time in tTAC on estimation of BP.

Changes in peak count time of tTAC.   To determine
whether peak count time of tTAC influenced BP, we set
the peak count times of tTAC in the range from 5 to 140
min. The values used (K1, k2, k3, k4) were within the range
obtained with the original pTAC in this study (K1 = 0.10–
0.31, k2 = 0.03–0.11, k3 = 0.02–0.48, and k4 = 0.01–0.10).
In healthy human subjects the peak time was found to be
within 20 min post-injection.1,6,31 The peak count times of
tTAC calculated from Eq. 4 were 7.5, 11.25, 22.5, 41.25,
60, 82.5, 101.25, 120, and 142.5 min. Counts were calcu-
lated in 3.65-min intervals from 0 min to 251.25 min. The
tTAC used was continuous from 0 min to 251.25 min. The
pTAC used was multiplied by 0.7 for 30–180 min post-
injection in the original pTAC. We chose 0.7 as the multi-
plication factor, because the changes in the late period
of pTAC showed that when fm was 0.7, most BPm values
were estimated within 1.6 of BPo. When the multipli-
cation factor was less than 0.7, the difference was much
larger.

Changes in peak count time of tTAC in clinical SPECT
scans.    Intermittent three dynamic SPECT was per-
formed in this study instead of whole time scans. The
possibility that peak brain activity might have been missed
had to be considered. To adjust the clinical SPECT scans,
counts of tTAC were picked up at 0–41.25 min, 90–112.5
min, and 180–202.5 min. Other conditions were the same
as in previous simulations (Changes in peak count time of
tTAC).

Additional arterial blood sampling
In data analysis with SIF, one artery blood sampling is
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used. To check whether another blood sampling increases
the accuracy of calculation, we used additional arterial
blood sampling at 180 min post-injection. Other condi-
tions were the same as in the previous 3-compartment-3-
parameter model analysis.

RESULTS

Nine of the 10 patients showed almost the same percent-
age decrease in plasma activity, but patient 3 showed a
slower decrease (Fig. 2). The maximum count of tTAC
was included in the first scan in the 9 patients, but the
maximum count of tTAC in patient 3 was in the second or
third SPECT scan in 9 ROIs (Fig. 3).

Comparison of SIF and original pTAC
Nine of the 10 patients showed a good correlation between
BP calculated with patient’s original pTAC (BPo) (r =

Fig. 3   SPECT counts of patients 1 and 3.
Lt. = left; Rt. = right; BA = basal ganglia; FR = frontal lobe.

Fig. 4   Comparison of binding potential (BP) calculated with
patient’s original pTAC (BPo) and BP calculated with SIF (BPs).
BPo are shown along the x-axis. The values on the y-axis were
obtained by 3-compartment-3-parameter analysis from SIF with
calibration of the blood taken at 30 min post-injection of IMZ.
The linear regression exists in patients 1, 2, 4–10 (BPs = 1.02BPo

− 3.9).

Fig. 5   Influence of changes in peak value of pTAC. BP in tissue
was estimated by 3-compartment-3-parameter analysis. BPos
are shown along the x-axis. The values on the y-axis were
obtained by using modified input functions of various peak
values. The multiplication factors are 0.3, 0.8, 1.5, and 2.0 (Eq.
11–14). All data points were included in the linear regression:
BPm = 1.23BPo + 15.3 when α = 0.3; BPm = 1.08BPo + 2.1 when
α = 0.5; BPm = 0.88BPo − 4.2 when α = 1.5; BPm = 0.82BPo −
8.6 when  α = 2.0.

0.96, p < 0.0001, BPs = 1.02BPo − 3.9) and BP calculated
with SIF (BPs), but the maximal BPs to BPo ratio in patient
3 was greater than six (Fig. 4).

Change in the level of pTAC in the early period
Except in patient 3, when α (Eq. 11–14) was less than one,
BPss calculated from the modified pTAC (BPm) were
greater than BPos. When α was greater than one, BPms
were less than BPos. The largest ratio of BPm to BPo was
2.12 when α was 0.3 (BPm  = 1.23BPo + 15.3) (Fig. 5); the
smallest ratio of BPm to BPo was 0.37 when α was 2.0
(BPm  = 0.82BPo − 8.6).

These trends were not observed in patient 3. Whether
BPm was greater or less than BPo depended on the region
and α. The maximal difference between BPm and BPo was
23%.

Changes in count peak time of pTAC
BPm values showed a good correlation with BPo (Fig. 6)
(r = 0.99, p < 0.0001) and BPs (not shown). The maximal
difference between BPm and BPo was 11% when the count
peak time of pTAC was 0.3 min.

Changes in the late period of pTAC
BPm with multiplication factor fm = 0.7 and 1.1 correlated
well with BPo (Fig. 7) (BPm = 1.26BPo − 3.5, r = 0.97, p
< 0.0001 when fm = 0.7; BPm = 0.94BPo − 0.5, r = 0.998,
p < 0.0001 when fm = 1.1). The largest difference between
BPm and BPo was 61% when fm was 0.7 and 12% when fm

was 1.1. However, BPm was very different when fm was
0.4, and the largest ratio was 3.8. When the pTAC at 30–
180 min had the same value at 30 min post-injection, BPm

was well correlated with BPo, but its value was almost half
that of BPo (BPm = 0.51BPo − 0.7, r = 0.97, p < 0.0001).
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Changes in peak count time of tTAC
As the peak count time of tTAC became later, the differ-
ence between BPo and BPm became larger (Fig. 8A). The
largest difference between BPm and BPo was 57%, when
the peak count time of tTAC was 140 min. When peak
count time was 140 min, the difference between BPm and
BPo was greater than 48% in all 10 patients.

Changes in peak count time of tTAC in clinical SPECT
scans
As the peak count time of tTAC increased, the difference

between BPo and BPm increased. When fm was 0.7, the
maximum difference between BPm and BPo was 1.92-fold
at a peak count time of 140 min (Fig. 8B).

Additional arterial blood sampling
The mean BPs/BPo declined from 2.46 to 1.82 in patient
3 and from 0.96 to 1.02 in the other patients.

Fig. 6   Influence of changes in peak time of pTAC.
BPs in tissue were estimated by 3-compartment-3-
parameter analysis. BPos are shown along the x-axis.
The values on the y-axis were obtained by using
modified input functions at various peak times of
pTAC (0.3, 0.5, 0.9, and 1.2 min). A good correlation
is observed. All data points were included in the linear
regression: BPm = 1.01BPo + 1.6 when count peak
time is 0.3 min; BPm = 1.00 BPo + 0.7 when count peak
time is 0.5 min; BPm = 0.94 BPo − 0.9 when count peak
time is 0.9 min; BPm = 0.96BPo − 1.9 when count peak
time is 1.2 min.

Fig. 7   Influence of changes in the later portion of pTAC. BPs
of tracer in tissue were estimated by 3-compartment-3-param-
eter analysis. BPos are shown along the x-axis. The values on the
y-axis were obtained by using modified input function at various
counts after 30 min post-injections of IMZ. The multiplication
factor is 0.4, 0.7, or 1.1, and input functions with the same values
after 30 min were used in the calculations. The linear regression
is BPm = 1.26BPo − 3.5 when fm = 0.7; BPm = 0.94BPo − 0.5 when
fm = 1.1; BPm = 0.51BPo − 0.7 when count of pTAC in the late
period is the same value after 30 min.

Fig. 8    (A) Influence of changes in peak count time. TAC in brain tissue
(tTAC) used was continuous from 0 min to 251.25 min. (B) Influence
of changes in peak count time in clinical SPECT scans (three intermit-
tent dynamic SPECT scans). BPs of tracer in tissue were estimated by
3-compartment-3-parameter analysis. The values on the x-axis were
the peak count time of tTAC. The values on the y-axis were the ratios
BPm to BPo.

Fig. 9   The ratios BPs to BPo in patient 3. Peak count time was
calculated from Eq. 3–6 (K1, k2, k3, k4, and the original input
function).

Fig. 10   The late period of pTAC of SIF and 26 patients. Counts
shown in this figure are calibrated with the count at 30 min post-
injection set equal to 100.
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DISCUSSION

The results of our study showed that SIF can serve as an
alternative true arterial curve in the 3-compartment-3-
parameter model when (a) the rate of count decrease after
30 min post-injection is close to that of SIF (within 40%),
or (b) the time of peak brain radioactivity is less than 100
min.

Under clinical SPECT scan conditions, if the rate of
count decrease in pTAC is less than that of SIF after 30
min post-injection, BPs becomes greater than BPo. When
the multiplication factor fm (Eq. 16) was greater than 0.7,
BPm was well correlated with BPo in our preliminary
calculations. In contrast, when the multiplication factor
was less than 0.6, in patient 3 BPm was three times as high
as BPo (Fig. 7). In this case, the peak count times were
longer than 105 min.

When the peak count time was longer than 100 min, the
difference between BPm and BPo was greater than 30%.
Identifying the exact peak time is important for kinetic
analysis. In patient 3, the ROIs that showed very large
differences (greater than 200%) between BPm and BPo

were the frontal, occipital, and temporal lobes, where the
peak count time seemed to be between 100 and 190 min.
The basal ganglia and thalamus, where peak count time
seemed to lie between 20 and 50 min, did not show any
great differences (less than 150%).

In clinical SPECT scans, in which measurements are
made in two or three separate scans, the difference be-
tween BPo and BPm becomes greater than when continu-
ous SPECT scans are taken. It is impossible to determine
the peak count time exactly. Even when the peak count
time is 80 min, if the SPECT scans are taken at 0–42 min
and 180–201 min, the maximum difference of BPm against
BPo is 37%. If SPECT scans are taken at 0–42 min, 90–

111 min, and 180–201 min, the difference is 27%. If the
peak count time is within the first SPECT scan time, the
difference between BPo and BPm is less than 20%, and is
almost the same as for continuous SPECT scans.

The ratio of BPs to BPo in patient 3 increased dramati-
cally when the peak count time exceeded 100 min (Fig. 9).
When the arterial curve decreases at almost the same rate
as SIF, the peak count time does not exceed 100 min in
clinical measurements. Even when simulated in Eq. 4, the
peak count time cannot exceed 130 min within the limita-
tions of normal BP. If the peak count time exceeds 120
min in clinical measurements, the rate of decrease in the
original arterial curve after 30 min post-injection can be
concluded to be smaller than SIF. Kinetic analyses with
SIF should be applied on the condition that the peak count
time is within 100 min. When the arterial curve decreases
faster than SIF, the peak count time should become
shorter. In this situation, a correct BP would be obtained
with SIF in our preliminary simulation. Thus, only situa-
tions in which there is a slow decrease rate after calibra-
tion time adversely affect simulations in kinetic analyses.
Our IMZ SPECT scan data in 34 patients and pTAC in 26
patients showed a slow count decrease rate after calibra-
tion time in two patients (including patient 3) (Fig. 10).
This exception occurred in 6% of our patients.

The standardized input function approach entails sev-
eral potential sources of errors.

1) Extravasation of some or all of the tracer. When a
subject receives an intravenous bolus injection,
some of the tracer may remain under the subcutane-
ous tissue or in muscle.

2) Altered tracer arrival in the brain. If a subject has
heart disease (VSD, ASD, cardiac insufficiency) or
an artery-to-vein shunt, the subject’s arterial curve
will differ from the SIF.

Table 1   K1, k2, k3 and BP calculated from the original arterial curve of 10 patients

ROIs
K1 k2 k3

BP(ml g−1 min−1) (min−1) (min−1)

Frontal in patient 1, 2, 4–10 0.195 ± 0.017 0.065 ± 0.006 0.131 ± 0.049 84.7 ± 11.1
in patient 3 0.147 ± 0.022 0.015 ± 0.001 0.045 ± 0.001 72.0 ± 3.9

Temporal in patient 1, 2, 4–10 0.206 ± 0.031 0.069 ± 0.010 0.168 ± 0.037 85.6 ± 12.4
in patient 3 0.171 ± 0.001 0.025 ± 0.018 0.091 ± 0.077 92.3 ± 19.6

Parietal in patient 1, 2, 4–10 0.199 ± 0.031 0.066 ± 0.012 0.197 ± 0.085 78.7 ± 12.8
in patient 3 0.141 ± 0.018 0.012 ± 0.002 0.030 ± 0.004 56.1 ± 5.6

Occipital in patient 1, 2, 4–10 0.232 ± 0.031 0.077 ± 0.011 0.234 ± 0.069 82.5 ± 14.9
in patient 3 0.190 ± 0.004 0.012 ± 0.001 0.027 ± 0.001 65.9 ± 7.8

Cerebellum in patient 1, 2, 4–10 0.266 ± 0.064 0.089 ± 0.022 0.025 ± 0.008 90.3 ± 27.8
in patient 3 0.182 ± 0.014 0.106 ± 0.082 0.334 ± 0.288 87.0 ± 5.4

Thalamus in patient 1, 2, 4–10 0.178 ± 0.042 0.058 ± 0.012 0.035 ± 0.021 29.8 ± 7.7
in patient 3 0.145 ± 0.05 0.130 ± 0.140 0.153 ± 0.178 25.2 ± 14.8

Basal ganglia in patient 1, 2, 4–10 0.200 ± 0.037 0.067 ± 0.012 0.047 ± 0.063 41.5 ± 16.6
in patient 3 0.188 ± 0.115 0.282 ± 0.369 0.268 ± 0.320 36.6 ± 3.7

Values represent ± Mean SD.
BP means “binding potential,” and k4 was estimated to be 0.026 min−1.
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3) Altered plasma protein binding. If a patient has
renal or hepatic failure, or is malnourished, plasma
protein binding changes.

4) Abnormal tracer metabolism.
Hepatic failure or ingestion of some antipsychotic

drugs may alter tracer metabolism in the blood or brain
tissue. Our data for 26 artery curves showed that peak
artery curve time ranged from 30 to 40 sec post-injection.
The ratio of the peak artery values to the values on the
calibration time (at 30 min in our cases) ranged from 53.5
to 230.4, and the ratio of artery values at 180 min to the
values on the calibration time ranged from 0.017 to 0.32.
In clinical studies that include patients with severe heart
disease, renal failure, or hepatic failure, these ranges may
become wider. In our study, no patients had severe heart
disease, renal failure, or hepatic failure; however, we
believe our simulation was effective with these limita-
tions. The standard input curve used in our data was
plotted from data obtained from relatively young subjects
(24–61 years old). Because tracer clearance changes with
age,32 a standard input function created from middle aged
and aged subjects may improve the reliability of the single
blood sample method.

The reasons for the great differences between BPo and
BPs in some ROIs in patient 3 are unknown. The calcu-
lated K1, k2, k3, k4, and BPo values in patient 3 were not
different from those in other patients (Table 1). The
differences were mainly due to the longer peak count
times than in the other patients and volunteers and to the
slow decrease rate after calibration time. The patient
showed no evidence of heart failure, renal failure, lung
abnormalities, or liver failure, and he was not a smoker.
We were unable to obtain this patient’s delayed peak
count time either during SPECT acquisition or in arterial
blood sampling before the clinical SPECT scan. His BPos
were within the normal range when calculated from his
own counts and his own arterial curve. If a leak had
occurred at the site of injection of IMZ, the peak count
times would have occurred later in all of the ROIs, but the
peak count times in the left basal ganglia, right thalamus,
and bilateral occipital lobes occurred within 50 min. We
could not exclude the possibility of extravasation in
patient 3, but no extravasation of the tracer injection was
seen on the actual IMZ SPECT scan, and the patient did
not complain of pain at the site of the injection. Acquisi-
tion of some of the brain data (right frontal lobe, bilateral
occipital lobe, and left parietal lobe) in patient 3 was
terminated around the peak, and measurements of binding
potential based on these data may be unreliable. However,
Eq. 3 and Eq. 4 can be solved without the limitation of the
shape of the ligand concentration curve in arterial plasma,
and the calculated K1, k2, k3 and BP values were not
outliers (Table 1).

Since the differences between BPo and BPm were very
large in patient 3, it was clear that the results of the
calculations were doubtful. However, if the differences

were smaller in other cases without sequential blood
samplings, these wrong calculations can be overlooked.
When automatically calculating BP maps, it is impossible
to confirm whether the values are reliable, because it is
difficult to check peak times in clinical measurements. If
the difference is small, or the peak count time is less than
100 min, the difference can be overlooked. When the
individual patient’s arterial curve has the same shape as
the curve of the reference population, the method with SIF
is successful, but it fails when the shape differs, as in
patient 3. This occurs relatively frequently in clinical
settings, particularly with uncooperative or demented
neurological patients.

There are some alternatives to the strategy which could
yield IMZ BP measurements without the need for arterial
blood sampling. Laruelle et al.33 described a constant
infusion approach involving IMZ infusion until brain-
to-blood equilibrium is established. In their procedure,
the static pattern of IMZ distribution is directly propor-
tional to BP. The subject is injected with high affinity
IMZ, and a receptor-saturating dose of flumazenil at the
end of a measurement to measure nondisplaceable ac-
tivity. This method requires two ligands. Logan34 and
Lammertsma 35 independently described a reference re-
gion approach involving only dynamic brain imaging.
Logan used [11C]raclopride and [11C]d-threo-methyl-
phenidate, and Lammertsma used [11C]raclopride. These
methods use data from a nonreceptor region. A map of
relative tissue volumes of distribution can be made by
transforming the scan data. This is proportional to BP.
There are no proper regions with sufficiently low benzo-
diazepine receptors. Even though the pons, which is
sometimes used as a receptor-poor region, displays a
considerable amount of specific receptors,21 one could
assume that a fixed fraction of the pons was free or non-
specific binding.

There were some limitations to our study: (1) param-
eters were obtained by sequential quadratic program-
ming, where the extent of the parameters is constrained;
(2) the compartment analysis used in this study was based
on 3-compartment-3-parameters; (3) when checking the
influence of the peak count time, some kinetic parameters
were fixed (K1/k2 = 3); (4) arterial curves were obtained
from plasma after octanol extraction, whereas SIF was
obtained from plasma after chloroform extraction; and (5)
the calibration of the arterial curves was based on count
values at 30 min post-injection. We do not think that (1)
is a major problem. A nonlinearly constrained problem
can often be solved in less iteration by using semisequential
quadratic programming than an unconstrained problem.
When making real estimates, parameters in tracer kinetics
entail certain constraints. As for (2) and (3), we calculated
the parameters by 3-compartment-2-parameter analysis
and 3-compartment-4-parameter analysis in several ROIs
of patient 3, and we also calculated BP by 3-compartment-
3-parameters where k4 was assumed to be 0.024. The
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results obtained were almost the same as those obtained in
this study. As for (4), all patients but patient 3 showed a
good correlation between BPo and BPs. Therefore, arterial
curves obtained after octanol extraction can be used
instead of curves obtained by chloroform extraction. As
for (5), we did not check any calibration times other than
30 min, and thus, the best calibration time may not be 30
min post-injection.36

Our simulation of changes in the late period of pTAC
showed the rate of count decrease was important for
precise calculation of BP. The late period of pTAC (Fig.
10) can be estimated from two points sampling (Fig. 10).
To decrease the difference between BPo and BPs, we used
one blood sampling after 30 min post-injection (for ex-
ample after the second or third SPECT scan). An arterial
curve at 0–30 min is obtained by calibration of SIF by
arterial blood sampling at 30-min, and from 30 min to the
endpoint the decay ratio is adjusted by using 30-min
samples and samples at another time.

Using additional arterial blood data at 180 min post-
injection reduced the mean BPs/BPo. This means that the
difference between BPo and BPm was decreased greatly
by two point blood sampling. This two point sampling
method does not decrease the influence of the peak plas-
ma value (Fig. 5), but we believe that it is effective in
decreasing calculation errors. In an iodine-123 IMP
cerebral blood flow study, venous sampling from the
dorsal hand was proposed instead of arterial blood sam-
pling.37 This venous sampling method might be used
instead of arterial sampling to obtain a patient’s individual
arterial curve in an IMZ study.

CONCLUSIONS

In conclusion, the standard input function can be used
instead of the patient’s own arterial curve to calculate BP
on condition that: (a) the rate of count decrease after 30
min post-injection is close to that of SIF (within 40%), or
(b) the time of peak brain radioactivity is less than 100
min. Height in the late scan period can produce signifi-
cant errors in estimated BPs. A single blood sampling is
insufficient to adjust the standardized blood input curve
for IMZ BP calculation. We recommend one or more
additional blood samplings after the calibration time or a
reference region approach.

In this paper we used IMZ as the receptor ligand. In
kinetic models with ligands having longer decay times of
more than several hours, like IMZ, the count of the arterial
curve in the late period is important when calculating by
the standard input function instead of the patient’s own
arterial curve.

Two or more sampling methods may be useful to
increase accuracy in a kinetic model with standard input
function in SPECT studies with ligands having longer
decay times of more than several hours.
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