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A new method has been developed for diffusible tracers, to quantify
CBF at rest and after pharmacological stress from a single session of
dynamic scans with dual belus administration of a radiotracer.

The calculation process consisted of three steps, including the
procedures of incorporating background radioactivity contaminated
from the previous scan. Feasibility of this approach was tested on
clinical SPECT studies on 16 subjects. Two sequential SPECT scans,
30 min apart, were carried out on cach subject, after each of two split-
dose administrations of 111 MBq IMP. Of these, 11 subjects received
acetazolamide at 10 min before the second IMP injection. Additional
PET scans were also carried out on 6 subjects on a separate day, at vest
and after acetazolamide administration. The other 5 subjects were
scanned only at rest during the whole study period.

Quantitative CBF obtained by this method was in a good agreement
with those determined with PET (y(ml/100 g/min)=1.07 x (ml/100 g/min)
—1.14, r=0.94). Vasareactivity was approximately 40% over the whole
cerebral area on healthy controls, which was consistent with a literature
value. Reproducibility of CBF determined in the rest—rest study was
1.5+5.7%. Noise enhancement of CBF images, particularly the second
CBF, was reduced, providing reasonable image quality.

Repeat assessment of quantitative CBF from a single session of
scans with split-dose IMP is accurate, and may be applied to clinical
research for assessing vascular reactivity in patients with chronic
cerebral vascular disease.
© 2006 Elsevier Inc. All vights reserved.

Keywords: Split-dosc administration: '**[-IMP SPECT; CBF mapping
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Introduction

Positron emission tomography (PET) and single photon
emission computed tomography (SPECT) are capable of providing
physiological functions in vivo in a quantitative manner. This is
based on mathematical modeling of the kinetic behavior in the
body of a tracer that highlights the physiological processes of
interest. Two important assumptions are often made, namely, (a)
the physiological functions measured are constant over the whole
study period, and (b) there is no residual tracer in the body before
the tracer administration. These requirements give rise to a crucial.
restriction in the detection of temporal change of physiological. .
parameters such as cerebral blood flow (CBF). Only a single set of
parameters can be determined for a given physiological condition
from a series of PET or SPECT mecasurements. In case of
additional assessment at a different physiological condition, an
additional scan has to be initiated after decay or excretion of the
radioactivity from the body, and the stimulation needs to be applied
before the next scan. ‘ =

One ﬂdvanfuge of tracer with a short-lived radieisotope such h.§
150 in PET is that the radioactivity decays quickly {approximately
2 min half life), which allows a repeat assessment of -CBF for.
several condition within a reasonable interval of typically 10
15 min. However, most PET tracers with longer half-lived
radioisotope, such as "E and ''C, and most 'SPECT tracers,
require background radioactivity compensation, which may be
obtained by using the first scan as background or performing an ~
additional image immediately before the second tracer injection.
This background subtraction method has been applied to many
perfusion studies with SPECT (Hashikawa et al., 1994; Oku et ak.:
1994; Hattori et al., 1996; Imaizumi et al., 2002), and even.to H3?0
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PET studies (Chmielowska et al., 1998; Chmiclowska et al., 1999).
The subtraction method, however, degrades the image quality and
quantitative accuracy. A tracer that shows clearance or limited
retention in the tissue requires minimizing the scan period for the
background not to affect the parameter estimation in the second
scan, but this results in the degraded image quality. In trn, a
prolongation of the background scan, intended to prevent
degrading image quality, causes inconsistency with the parameter
estimation due to the time-dependent distribution of the tracer in
the next. Clearance of the tracer from tissue is observed not only in
the PET study using H520 but also in several SPECT studies, such
as ' l-iodoamphetamine (IMP) for quantitation of CBF (lida et al..
1994a.b).

For repeat CBF studies in a single session, we have presented a
new mathematical formulation to compensate for the background
radioactivity contamination in tissue from the tracer previously
administered (lida et al., 2000: Nishizawa et al.. 2003). This allows
estimation of “snapshot™-like background radioactivity distribution
just before the second tracer scan from the information obtained
from whole the previous scan data assuming a compartment model.
This background distribution was then built into a model for the
parameter estimation using the second tracer, data. Based on this
formulation, we demonstrated the applicability of this approach to
repeat CBF measurement using HY*0O PET in a shorter interval
(Watabe et al.. 2002).

In this study. we have aimed to make the CBF images of repeat
SPECT scan. based on the above formulation, and to evaluate the
validity and applicability of this functional mapping method by
means of clinical studies performed with SPECT and IMP.
Quantitative accuracy of this method was also tested by comparing
CBF values with those in HO PET studies.

Materials and methods
Theory
The new mathematical approach, Dual-Table autoradiography

(ARG) method was formulated for a cerebral perfusion tracer,
which has high trans-capillary extraction to the cerebral tissue

with signiticant clearance. IMP has been chosen in this study. It
was assumed that the kinetics of this tracer follows a single-
tissue compartment model (Kuhl et al.. 1982: lida et al., 1994a,
b). The calculation of CBF at baseline and after the
pharmacological stress included three processes as shown n
Fig. 1. The first process caleulates a CBF (f;) map from an early
image obtained immediately after the first tracer administration
based on a previously validated in vivo autoradiography
technique for IMP. by employing a lookup table procedure
(Fig. 1A) (lida et al., 1994ab: lida et al., 1996). The second
process estimates a background radioactivity distribution 1m-
mediately before the next injection of IMP, using the CBF image
obtained from the first process (Fig. [B). This is an inverse
procedure of the first process. but estimates the momentary
(“snapshot™-like) radioactivity distribution at the time of the
second IMP injection. The third process then calculates a CBF
(/5) map after the pharmacological stress from the next ecarly
image in addition to the background image generated by the
sccond process (Fie. [C). For this calculation, the tissue
radioactivity concentration was formulated as follows;

o s i
/ Ci(t)dt =fa- Co(f)eg e dr
JT1 AT
; i I (fem T
+ C;(TPe) - / e TlET gy (1)

Jn

where () is regional tissue radioactivity concentration (cps/g) in
the next early image at time ¢ f» CBF (ml/min/g) after the
pharmacological stress. V4 distribution volume of the tracer (ml/
ml), 7, and 75 the scan start and end times for the second scan,
respectively, 7°%¢ is the time defined for the background activity
before 7T, C,(r) arterial input function (cps/g). and & convolution
integral, respectively. The first-pass extraction fraction is assumed to
be unity and independent of time.

The lookup table process therefore includes two tables (see
Fig. 2), namely response to the second tracer administration (the
fist term in the right of Eq. (1)) and the contribution of
remaining radioactivity (the second term in the right of Eq. (1))
The second table is scaled by the background counts, T8y,
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Fig. 1. Mathematical procedure to estimate the first and sccond CBF maps from a serics of SPECT scans following split-dosc administration of IMP. The
calculation process consists of thrce steps, namely, (A) calculation of a bascline CBF map from the carly image according to the IMP autoradiography. (B)
cstimation of a transicnt radioactivity distribution at the end of the scan (or at the time of the next scan initiation) from the CBF map, and (C) calculation of
additional CBF map from the sccond SPECT image. Note that the estimated background distribution is implemented in the model formulation of the second CBF
calculation process. Pharmacological stress can be given prior to the second IMP administration in a typical clinical study.
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Fig. 2. The procedure to estimate the CBF map from the sccond SPECT scan. Onee a table between CBF and SPECT counts is generated. a lookup table
procedure provides a CBF map from pixel counts of the second SPECT image. This table is the sum of two tables corresponding to cach term of Eq. (1). The first

component corresponds to the response to the newly supplied tracer, and the second table corresponds to the contribution of background activity. Note that the

sccond table is scaled in cach pixcl by referring the background radioactivity counts at the time of the second sean initiation, which are generated from the

previous CBF map.

It is likely that CBF varies during the scan, particularly
when pharmacological challenge is given betfore the end of the
first scan. With the definition of a transient weight function, w
(f). describing effects of the transient CBF change on the
estimated background radioactivity that should be used in the
next CBF calculation, the observed tissue concentration, Cy(7),
is expressed with w(s) and the transient CBF or f{r) as (lida
et al., 1991);

T
CAT) = / w(t) o (¢)dr (2)
0

With assuming a two-compartment model for a constant f

during the study and differentiation, w(#) can be approximated by:

Thus the transient weight in the estimated background image is
nearly equal to the first derivative of the tissue concentration curve
during the previous scan. This suggests that the estimated
background distribution for the next scan is predominantly
sensitive to flow during the rising period following the bolus
injection of IMP, and is only moderately affected by flow atter a
certain period has elapsed from the previous scan. Thus, minimal
effects are expected in the background estimation process. even
when pharmacological stress is applied before end of the previous
scan.

Subject

Studies were performed on subjects. Subjects were divided into
3 groups. The first group (7=>5) was consisted of clinical patients
with cerebral ischemia, who were assigned to the IMP SPECT
studies for clinical diagnosis, and were used to evaluate the
reproducibility of the method. In this group, patients were scanned
at rest during the whole study period (rest-rest condition). Their
age ranged from S| to 71 ycars old (mean+SD; 61+9). Four
patients suffered from chronic cerebral hemorrhage, and one had
an unruptured aneurysm.

The second group consisted of only healthy male volunteers
(n=5), who had no signs or symptoms of stroke or other ischemic
diseases, and were expected to show normal range of CBF values.
All subjects belonging to this group were studied at rest during the
first scan, but acetazolamide (ACZ) was administrated before the

second IMP injection (rest-ACZ condition). Their ages ranged
from 27 to 35 (mean=SD; 30£4).

The third group included 6 patients with stenosis or occlusion
of extracranial internal carotid artery on unilateral (7=3) or
bilateral (#1=3) side. Their age ranged from 71 to 74 years old
(mean=SD; 72+ 1). All patients underwent the IMP SPECT scans
at rest and with an acetazolamide challenge, as in the second group,
and PET scans following intravenous 'O-water both at rest and
after the same dose of acetazolamide, were done 2 days apart from
the SPECT study with acetazolamide challenge. The second scan
data of one subject among the subjects in this group, were excluded
in the data analysis, because of the severe head motion and
urination during SPECT acquisition.

All subjects had MRI scans prior to the SPECT study, which
has been used for identification of region-of-interest (ROI) and also
for generating attenuation maps that have been utilized for
corrections of attenuation and scatter in the SPECT reconstruction
(sce below). All subjects gave written informed consent, and were
studied by the protocol approved by the local ethical committee.

SPECT scan

All SPECT studies were carried out following the split-dose
administration of IMP. For the first and the second groups, a triple-
headed SPECT camera attached with low-energy high-resolution
fan-beam collimator (GCA-9300A, Toshiba .Medical Syétem,
Tokyo, Japan), installed at Azabu Neurosurgery Hospital, was
used. And a dual-headed gamma camera attached with low-energy
high-resolution fan-beam collimator (ECAM, Siemens” Medical
System, USA), installed at National Cardiovascular Center
Hospital was used for the third group. The size of acquired
projection was 64-by-64 pixels, and the energy window selected
was 20% on the center of 159 keV for all studies.

In each subject, the split-dose IMP injections (111 MBq each)
were separated by an interval of 30 min. The infusion period was
| min, and was controlled using a constant infusion pump
(Terumo, Tokyo, Japan). Two sets of dynamic SPECT scans were
initiated at the time of the IMP injection. The duration ot each
dynamic scan was 30 min for the Ist and 2nd groups and 25 min
for the 3rd group, respectively. For both SPECT scans, the
detectors were rotated continuously collecting 60 projections over
360° initially every 10 s and, after 5 min, every 2 min for the triple-
headed camera, and initially every 2 min and, after 10 min, every
5 min for the dual-headed camera. The acquired projection data
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were re-binned to paraliel beam projection for further process.
Each dynamic projection data with the parallel-beam transtorma-
tion were summed to a static data for each session, and two sets of
images were reconstructed for further image calculation (sce
below). In the second and third groups, 16 mg/kg (1000 mg
maximum) of acetazolamide was administered intravenously at
20 min after the first IMP injection.

Arterial input function was determined in individual studies.
Arterial blood was sampled from the radial artery at 15-s intervals
during the first 2 min with gradual prolongation thereafter. The
whole blood radioactivity concentration was counted using a well
counter, and its octanol extraction fraction was also counted as
reported previously (Kuhl et al., 1982: Lear et al., 1982; Kurisu
et al., 2002).

A uniform cylindrical phantom ot 16-cm diameter (axial length
of 15 em) filled with approximately 20 MBq of '**l-solution was
scanned following the same scan protocol as for the clinical
SPECT studies. The solution was sampled and its radioactivity
concentration was counted in the well counter that was used for
measuring the arterial blood radioactivity concentration.

PET scan

Six subjects belonging to the third group underwent a series of
PET scans within 2-day period from the IMP study. The ECAT
Exactd7 PET scanner (Siemens-CTIl Inc., Knoxville, USA) was
used, which provides 47 tomographic slices. The observed spatial
resolution of reconstructed image was approximately 7-mm
FWHM both in-plane and in axial direction.

After a transmission scan for attenuation correction, a 90-s scan
was performed following a bolus injection of “O-labeled water
(HY*0). The functional CBF images were calculated according to
the ]1{50 autoradiography (ARG) technique (Kanno et al., 1987),
The partition coetficient of water was assumed to be 0.80 mli/g,
which was meant to minimize effects of tissue heterogeneity (lida
ct al.. 1988). The arterial input function was determined from the
continuously monitored arterial blood time-activity curve includ-
ing corrections for delay and dispersion (lida et al.. 1986, 1989).
The scans were performed twice, the first at rest, and the second at
10 min after administration of the same dose of acetazolamide as in
the SPECT study.

SPECT image reconstruction

To generate uniform attenuation map by means of MRI image,
both static projections of the first and second sessions were
reconstructed without correction of attenuation or scatter, to
provide SPECT images for each session, and MRI image of each
subject was co-registered to the reconstructed image without
attenuation correction, using SPM2 (Welcome Department of
Imaging Neuroscience, University College London, London, UK).
The co-registered MRI image was converted to an attenuation
map, after defining the head contour and assigning a value of
uniform attenuation coefficient of 0.167 cm™ " into the area inside
the head contour (lida et al., 1998). The uniform attenuation map
was used in image reconstruction with corrections of attehuation
and scatter. Scatter component in emission projection was
corrected by employing a technique of transmission-dependent
convolution subtraction (TDCS), as previously validated (Meikle
et al., 1994; Narita et al.. 1996; lida et al., 1998). The TDCS can
provide the pixel-by-pixel estimation, k(x, v), of scatter compo-

nent in measured emission data, by means of the following
formulation:

k(xy) =1 —I’_T + ko (4)
A= Bt(xp)"”

where #(x, y) is an attenuation factor for pixel (x. v) and & is a
term illustrating both septal penetration and scatter in the
collimator due to contamination of high-energy photon of '*[.
The parameter sets for TDCS are 4=2.4718, B=4— 1, =0.2088,
and k,=0.2141 for the triple-headed camera, A=2.3069, B=A4— 1.
£=0.2926, and k,=0.3000 for the dual-headed camera, respec-
tively. These parameters were empirically determined by the
previous study (Kim et al.. 2001). The scatter-corrected projec-
tions were then reconstructed using the in-house package for
quantitative SPECT reconstruction (QSPECT), which employed
the ordered-subset expectation maximization (OS-EM) algorithm
including the attenuation correction with the attenuation map
(Hudson and Larkin., 1994). The reconstructed images were then
cross-calibrated to the well counter system using the cross-
salibration factor determined as below.

Images of the cylindrical phantom were reconstructed following
the same procedures as for the clinical study. including correction
for scatter and attenuation. A circular region-of-interest (ROI) of 8-
cm diameter was placed on the transverse image, and mean counts
over this ROl were referred to the radioactivity concentration of
this solution (cps/g) measured by the well counter. The ratio of
these two values was defined as the cross-calibration factor
between the SPECT and the well counter system.

Data analysis

The reconstructed images of the first and second session were
realigned using SPM2, to correct a possible head motion between
both scan sessions. Quantitative CBF images were calculated for
both the first and second SPECT images, respectively, as described
in the theory, with setting 7°%¢ to 7;. The distribution volume of
IMP, 174, was fixed at 35 ml/ml in the CBF calculation (Ilatazawa
et al, 1997; lida et al., 1998). The image of background
radioactivity generated during CBF calculation was compared
with the reconstructed image immediately before the second IMP
injection, i.e., the image with scan duration of 20-30 min for the
first and second groups, and 20-25 min for the third group,
respectively. All calculated CBF images of SPECT and PET were
co-registered to its own MRI image, using SPM2.

In total, 39 circular ROIs with 2 cm of diameter were placed on
MRI image, to cover the whole brain according to the criteria
described elsewhere (Yamaguchi et al., 1986; lida et al., 1998).
These ROIs were projected on all CBF images to investigate the
reproducibility between the first and second scans, and the
consistency of the proposed method with PET. The rest-—rest study
was used to evaluate the reproducibility of the estimated CBF
values between the two sessions, while the rest-acetazolamide
study was used to evaluate the vasareactivity in normal subjects
(namely the second group). Consistency of the calculated CBF
values between the present method and PET was also evaluated.

All data were presented as mean=SD, and Pearson's correlation
and linear regression analysis were used to evaluate relationships
between the two CBF values. The reproducibility of both measured
and estimated background images was evaluated by means of
Mann—-Whitney rank sum test.
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Results

Figs. 3A-C show a comparison of the background radioactivity
concentration at 25 min after the first IMP injection estimated by
the present model-based approach, with those obtained from a scan
with short duration. Fig. 3A is a typical comparison of the
background images obtained from one study among the first group.
It appears that the estimated images show visually smoother,
therefore smaller noise, than the measured images, while the
absolute counts are equivalent. ROI counts of the estimated
background images were also compared with those of the
measured images for the rest-rest studies of the Ist group and
the rest acetazolamide studies of the third group in Figs. 3B and C,
respectively. There is no significant difference between the two
methods both in the rest-rest (p>0.5) and rest-acetazolamide

(p>0.1) studies. However, the rest-acetazolamide study indicated
slightly greater spread about the regression line.

Fig. 4A shows comparison of CBF images obtained from one
of the rest-rest studies, indicating the reproducibility of the CBF
measurement by the present method (Dual-Table ARG method).
The visual difference between the estimated and measured
background images in Fig. 3A leaded to the similar quality
between the first and second CBF image set. although there is
some difference in noise between test and retest. It is clear that the
quantitative values of CBF are consistent between the two CBF
images obtained from the first and second scans (sce also Fig. 4B).
The reproducibility between the two CBF values obtained from the
rest-rest study as evaluated as a deviation of the two averages
between the first and second CBF values was 1.5+5.7%. There
was no significant difference between them.
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Fig. 3. (A) Comparison of background images cstimated by the proposed method (top) with those acquired by a 10-min scan (1=20-30 min) with the triple-
headed camera. (B) Comparison of pixel counts estimated by the proposed method with those acquired by a 10-min scan with the triple-hecaded camera. Values
were obtained from 39 circular regions of interest that had a size of 314 mum?. Data arc obtained from the rest—rest studics (7=35), and regression lines are plotied
for cach subject. (C) Same as for pancl (B) but from the rest-acetazolamide studics. in which background activity was compared with those by a 5-min scan

(t=20-25 min) with dual-hcaded camera.
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deep and cortical gray matier (frontal, temporal, occipital gyri) and cercbellum. No significant difference was observed between the first and the sccond CBF

valucs.

In the second group, CBF values of three gray matter regions
(e.g.. cortical and deep gray matter and cerebellum) were 37.4 ml/
100 g/min, 36.4 ml/100 g/min, and 44.4 ml/100 g/min for rest state,
and 53.1 ml/100 g/min, 51.5 ml/100 g/min, and 63.7 ml/100 g/min
for acetazolamide state, respectively (Figs. SA, B). The CBF values
of whole region including white matter, which were obtained from
the 39 ROIls, were 37.1£5.0 ml/100 g/min for restand 52.2+8.0 ml/
100 g/min for acetazolamide states, respectively. These CBF values
resulted in the global CBF increase of 40.5£9.4%, and was
homogeneous in all cerebral regions (43.0% for cortical, 42.3% for
deep gray matter and 39.4% cerebellum). This increase of 40%
agreed with the literature value (Hayashida et al., 1996). No
significant difference in the amount of increase was observed among
the regions (see Fig. 5B).

Figs. 6A~C show the results of comparison of rest-acetazola-
mide studies with SPECT and PET. The CBF images by both the

Dual-Table ARG SPECT and H3°0O ARG PET methods were
similar both quantitatively and qualitatively (Fig. 6A). The CBF
values by the SPECT method showed the consistency with those
by PET over the regions of deep and cortical gray matter (frontal,
temporal, occipital gyri) and cerebellum (Fig. 6B), and this
consistency resulted in the good correlation of CBF increase
between PET and SPECT (Fig. 6C).

Discussion

In this study, we developed a new method of quantitative
CBF mapping, which is based on the mathematical formulation
for repeat CBF quantitation using a diffusible tracer that
incorporates time-dependent changes of tissue radioactivity
distribution, and showed that this method allows the test-retest
assessment of quantitative CBF images within a reasonable scan
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Fig. 5. (A) CBF valucs at both of rest and acctazolamide-stress states and (B)
vchange of CBF obtained from the rest—acetazolamide studies performed
on the sceond group. The values of CBF and %change of three gray matter
regions, namely the cortical and deep gray matter and cerebellum, and the
whole brain regions, were summarized. No significant difference was
observed in the %change among the regions.

interval. The noise enhancement, which has been a major
restriction in previous approaches when using a simplified
background subtraction technique, has been suppressed with the
present approach.

Validity of this method has been demonstrated in sequential
SPECT studies at rest and after acetazolamide in conjunction with a
split-dose administration of IMP. IMP is a diffusible tracer with
significant clearance from the brain over time (Kuhl et al., 1982:
lida et al., 1994a.b). 1t should, however, be noted that the kinetic
behavior of IMP can be well described by a mathematical model
(single-tissue compartment model). Thus, in this study, the
formulation was given, based on the single-tissue compartment
model, for a split-dose administration protocol, allowing the
accurate quantitation of CBF at two physiological conditions. The
quantitative accuracy and the precision of this approach at rest and
after acetazolamide are acceptable in the clinical setting, allowing
the rest-acetazolamide study to be carried out with a total study
time of less than | h with an interval of 20 to 30 min between the
two IMP administrations.

The new formulation that estimates the second CBF from the
second SPECT scan by incorporating the background radioactivity
from the previous scan into the formulation, has been validated
successfully in this study with clinical scans. The calculated CBF
images were consistent between the first and the second scans in
the rest-rest study, in which image quality of the second CBF was
not different from that from the first scan. In the previous work
(lida et al.. 2000), we have evaluated the reproducibility of both
CBF image in rest-rest study, using 160 square ROIs
(34 %34 mm?) those were placed on brain region including gray

and white matter of 5 tomographic slices of CBF images at axial
position shown in Figs. 3A and 4A, and obtained the difference
within 3%. In other study presented in domestic meeting (Annual
meeting of Japanese Society of Nuclear Medicine (2000)), we have
also compared the test-retest CBF image sets generated in rest-rest
study by the presented method, with those by a traditional
microsphere method (Kuhl et al., 1982), and found same
reproducibility of the both test-retest CBF images for the both
CBF calculation methods, with better quality of the second CBF
image by the presented method than by the traditional method.
Therefore, from these previous results showing enough accuracy of
reproducibility over whole brain regions, we have focused the
variation of CBF values in regions those have been interested in
many clinical studies, rather than whole brain regions. The rest-
acetazolamide study also demonstrated reasonable quality of CBF
images both at rest and after acetazolamide. The estimated values
of CBF at both rest and acetazolamide states, and %increase of
CBF showed a good linear relationship with those by H3°0 PET,
although there was a small offset in the comparison of %increase of
CBF. This small bias was resulted from the slight underestimation
of background radioactivity, which might be affected by
reconstructed image with lower count statistics due to the fewer
number of detector and relatively higher scatter fraction in the data
acquired from dual-headed camera, compared to that of triple-
headed camera (k,=0.3000 for dual-hcaded and k,=0.2141 for
triple-headed). The amount of about 40% increase of CBF in
healthy volunteers, however, agreed with the literature values,
which also suggests validity of the present method (Hayashida
et al., 1996).

The transient distribution of the tissue radioactivity concentra-
tion at the time of the second IMP injection can be accurately
estimated from the first scan with the present method with minimal
enhancement of statistical noise. It was shown that this estimated
tissue radioactivity distribution was in a good agreement with that
directly measured by a short (10 min or 5 min) SPECT scan,
without enhancement of statistical noise (Figz. 3A). It is important
to note that this agreement was confirmed not only in the rest-rest
protocol (Fig. 3B), but also in the rest-acetazolamide protacol (Fig.
3C), in which the acetazolamide challenge was given during the st
SPECT scan. This can be understood by referring to the
approximate formulation of the transient contribution weight as
defined in Eq. (3). As has been described in theory, the transient
contribution is approximately proportional to the first-derivative of
the tissue radioactivity concentration, and thus highly weighted
only at the early phase after the tracer administration, but small
after the peak of tissue radioactivity when a bolus administration
protocol in employed. CBF changes some time after the immediate
period post IMP injection have only a very small or negligible
effect on the background activity. Eq. (2) also implies that the
estimated CBF maps at rest and after acetazolamide are highly
weighted to the early period immediately after each of IMP
administrations, which has been shown in the previous study using
simulation (lida et al. 2000). From these findings, it can be
expected that the second CBF should yield the clevated CBF
values even though CBF is decreased after a certain period such as
>10 min after the 2nd IMP administration.

In general, kinetic analysis in PET or SPECT assumes a
constant physiological condition throughout the whole study
period, and only a single set of physiological parameters such as
CBF is typically estimated from a series of data. The temporal
resolution of the PET/SPECT methodology has therefore been
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Fig. 6. (A) A comparison of calculated CBF images obtained by PET (top two) and SPECT (bottom two) from a typical clinical study with the rest—
acetazolamide protocol. CBF images are shown for both first (first and third rows) and second (sccond and forth images) scans. respectively, and reveal that the
present method is comparable with that by PET in CBF estimation. CBF images obtained by the present method (bottom two) were also compared with those (top
two) by the conventional HY0 ARG PET. All images are displayed with the same color scale in units of ml/100 g/min. (B) Comparison of calculated CBF values
obtained from the rest—acetazolamide studics with dual-hcaded camera and PET (2=6). Each value corresponds to a mean value of regions of interest in cach
arca of deep and cortical gray matter (frontal, temporal, occipital gyri) and cerebellum. (C) Comparison of Yeincrease of CBF values calculated with the CBF
valucs of (B). %lIncrease of CBF was calculated by ([CBF(acctazolamide)/ CBF(rest)] — 1)x 100.

restricted by this limitation. It is, however, important to note that transient weight in the estimated CBF has been discussed already
the CBF estimated by the present method was highly weighted by in previous publications for HO PET ARG (lida et al., 1991), and
the transient CBF for a certain period. This contribution of this has been applied to cognitive activation studies to detect 30-s

Hd



1134 K.AM. Kim et al. / Newrolmage 33 (2006) 11261135

momentary change (Silbersweig et al.. 1993, 1994). All of these
findings support the validity of the present Dual-Table ARG
approach for estimating CBF maps with the split-dose administra-
tion of IMP.

The evaluation of rest-acetazolamide CBF was a goal of the
application of this methodology. This is based on the on-going
project in Japan, which re-evaluates the previous reports regarding
the value of extracranial/intracranial arterial anastomosis in patients
with symptomatic occlusive disease of the internal carotid artery
(Vortrup et al., 1984; The-EC/IC-Bypass-Study-Group, 1985a.b;
Vortrup et al.. 1986). The previous study tailed to show significant
efficacy of the bypass surgery, but it did not selected patients by the
aid of information for cerebral hemodynamics using functional
imaging. The on-going project is intended to select only the
severely ischemic patients (Stage Il ischemia) by means of
evaluating the reduced baseline CBF with a lack of vasarcactivity
after acetazolamide challenge (Powers. 1991; Hayashida et al.,
1996, 1999). PET is able to provide useful information (Powers and
Raichle, 1985), but due to its limited availability in clinical centers,
this Dual-Table ARG approach with IMP and SPECT may be of use
for this project. A further evaluation is needed to confirm this.

The present Dual-Table ARG method may be applied to other
tracer studies. Chmiclowska et al. (1998, 1999) claimed that the
qualitative CBF mapping during cognitive activation may be
obtained with a 6-min interval by involving a simple background
subtraction, yielding consistent activation foci as compared with a
traditional protocol based on repeat PET scanning with repeat
H%0 injection at [0- to [2-min interval. DT-ARG approach to
various tracer studies was evaluated by simulation (lida et al,
2000), in which dual bolus administration and transient CBF
change were simulated with assumption ot V4=28 for IMP and
Vy=0.8 for HYO, respectively. The simulation demonstrated that
the increased CBF is estimated only when the true CBF was
‘increase at the extremely early phase after the administration of
IMP or HYO, while the second CBF was independent of the
change of CBF during previous scans in the both IMP and HO
simulations. Application of the present Dual-Table ARG approach
to the 115’0 PET activation study may be able to further shorten the
scan interval (approximately 1.5 min) (Watabe et al., 2002), by
incorporating the background radioactivity distribution into the
kinetic model formulation. Another possibility is the quantitative
CMRO, study by means of PET scans following sequential
administration of >0, and H3*0. The previous protocol proposed
by Mintun et al. (1984) was based on independent three step
measurements following each of the C"0, "0, and H}’O
administration. The present approach, with the help of the
estimated background radioactivity distribution in the sequential
administration, could reduce the intervals between the scans
without the loss of quantitative accuracy and image quality of each
functional images of CMRO, and CBF, respectively, in anesthe-
tized monkey study (Kudomi et al., 2005). Systematic studies are
obviously needed in order to evaluate the feasibility of this
technique in clinical studies.

We have previously demonstrated the importance of accurate
image reconstruction in SPECT and employed a novel program
package in order to achieve accurate reconstruction. Scatter,
which was shown to cause serious reduction of the image
contrast between the high CBF and low CBF areas, was
corrected by the previously validated TDCS method (Meikle et
al., 1994; Narita et al., 1996; Tida et al., 1998) together with
correction for the penetration from the high-energy contamina-

tion (Kim et al.. 2001). The photon attenuation correction was

included in the OS-EM reconstruction procedure by using the
attenuation map that was estimated from the head contour of its
own MRI image (lida et al., 1998). Details of the procedures
and their validation have been described elsewhere (lida et al..
1998 Kim et al., 2001). These procedures improved image
contrast, and enabled to provide quantitative image that are
equivalent to PET (»(ml/100 g/min)=1.07> (ml/100 g/min)—
.14, r=0.94).

In conclusion, CBF can be quantitied by means of split-dose
administration of IMP using SPECT. Contribution of the back-
ground radioactivity attributed to the previous administration of
radiotracer can be built into the model, with minimal enhancement
of statistical noise. The estimated CBF appeared to be most
sensitive to the transient CBF immediately after the IMP injection
but not to later periods, thus allowing the pharmacological
challenges even during the first SPECT scan. Repeat quantitation
ot CBF could be feasible with considerably shorter intervals than
with previous approaches. Accuracy of this approach was
sufficiently high and may be of use for clinical studies.
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Predicting human performance by channelized Hotelling observer in
discriminating between Alzheimer’s dementia and controls
using statistically processed brain perfusion SPECT

Miho SHiDAHARA,* Kentaro INoug,* Masahiro MARUYAMA,** Hiroshi WATABE,*** Yasuyuki Taky,*
Ryoi Goto,* Ken Oxkapa,* Shigeo Kinomura,* Shinichiro Osawa,* Yoshimi Onishp, *#%%
Hiroshi Ito,* Hiroyuki Arar¥***** and Hiroshi Fukupa®

*Department of Radiology and Nuclear Medicine, Institute of Development, Aging and Cancer, Tohoku University
1 <) ging )
*=%Department of Geriatric and Respiratory Medicine, Tohoku University School of Medicine
=% Department of Investigative Radiology, National Cardio-vascular Center Research Institute
=x%kxQoction for Medical Image Information Systems, Research Center for Frontier Medical Engineering, Chiba University
§ . g 8 ]
wxixxDeopariment of Geriatric and Complementary Medicine, Center for Asian Traditional Medicine Research,
Tohoku University School of Medicine

Objective: We compared the diagnostic accuracy achieved by a human observer (nuclear medicine
physician) and a channelized Hotelling (CH) observer on the basis of receiver-operating character-
istics (ROC) curve for the differential diagnosis of Alzheimer’s disease (AD) from SPECT images.
Methods: The 1-123-IMP brain perfusion SPECT images of 42 subjects (21 AD patients and 21
healthy controls) were used for an interpretation study and those of 10 healthy subjects were for a
normal database. SPECT images were processed into four types: original SPECT images, three-
dimensional stereotactic surface projection (3DSSP) images derived from them, Z-scores of
SPECT images, and Z-scores of 3DSSP images. Five nuclear medicine physicians evaluated the test
dataset sequentially as to whether the presented images were those of AD patients, which were rated
using five categories of certainty: definitely, possibly, equivocally, possibly not, and definitely not.
The test statistics (A) of the dataset generated by the CH observer were rated for ROC analysis. The
areas under the ROC curves (Az) for the four image types interpreted by the human and CH
observers were estimated and compared. Results: Among the four image types, the best perfor-
mance based on Az obtained by both the CH and human observers was observed for the Z-score of
3DSSP images, and the lowest was for the original SPECT images. Conclusions: The performance
of the CH observer was similar to that of the human observers, and both were dependent on the image
type. This indicates that the CH observer may predict human performance in discriminating
Alzheimer’s dementia and can be useful for comparing and optimizing image processing methods
of brain perfusion SPECT without human observers.

Key words: channelized Hotelling observer, Alzheimer’s disease, single-photon emission
tomography, ROC analysis, three-dimensional stereotactic surface projection

INTRODUCTION

RecentLy, new medications such as cholinesterase

inhibitors have been reported to effectively delay
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