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maps. In FDG-PET, the data of the normal elderly tem-
plate in our institute (n = 41, 51-78 years) were used as
a reference for the patients with Alzheimer’s disease. The
data of the normal volunteers whose age and eligibility
were matched with this protocol were used in normal
elderly template. Thresholds of P < 0,005 and P < 0.01
corrected for the cluster level were applied to ['CJMPDX
and FDG-PET images, respectively. The clusters with an
extent of greater than 300 voxels were considered.
For visualization of the ¢ score statistics [SPM (1) map],
the significant voxels were projected onto the 3D ren-
dered brain of a standard high-resolution MRI temp-
late provided by SPM2, thus allowing anatomical
identification.

Results

In the ROI-based analysis, the binding potential of
["CIMPDX in normal elderly subjects was high in the
striatum and thalamus and low in the cerebellum and
pons. The binding potential of ["CJMPDX in patients
with Alzheimer’s disease was high in the striatum and
thalamus and low in the medial temporal cortex and
cerebellum. The binding potential of ["'CJMPDX in
patients with Alzheimer's disease was significantly lower
in the temporal, medial temporal cortices, and thalamus
than that in normal elderly subjects (P = 0,038, 0.028,
and 0.039, respectively; Fig. 2). Especially, the binding
potential of ["CJMPDX in the medial temporal cortex
in patients with Alzheimer’s disease was nearly equal to
that in the cerebellum.
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The SPM analysis of ["CIMPDX PET between
patients with Alzheimer’s disease and normal elderly
subjects is shown in Fig. 3a. The binding potential was
widely and severely decreased in the temporal, medial
temporal cortices, and thalamus, and partially decreased
in the parietal cortex in patients with Alzheimer’s disease
with significance (P <0.003, corrected k >300). Decreased
binding potential was slightly prominent in the left
hemisphere.

The SPM analysis of FDG-PET in the same patienis
with Alzheimer's disease is shown in Fig. 3b. The FDG
uptake was widely and severely decreased in the temporo-
parietal cortex and posterior cingulate gyrus with signifi-
cance (P < 0.01, corrected &k > 300). Decreased FDG
uptake was slightly prominent in the left hemisphere.

Discussion

In Alzheimer’s disease subjects, ROI-based analysis and
SPM analysis clearly demonstrated the decreased binding
potential of [''CJMPDX in the temporal and medial tem-
poral cortices and thalamus when compared with normal
elderly subjects as shown in Figs. 2 and 3a. The finding
of decreased binding potential in the medial temporal
cortex is consistent with past postmortem autoradio-
graphic and pathological studies of patients with
Alzheimer’s disease [19-22]. Ulas et al. [20] reported that
decreased A, agonist binding was observed in the CAl
siratum oriens and outer layers of the parahippocampal
gyrus, whereas decreased antagonist binding was found
in the subiculum and CA3 region. Adenosine A, recep-
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Fig. 2 Binding potential of ["'C|[MPDX in the human brain.
Patients with Alzheimer's discase showed a significantly lower
value in the temporal and medial temporal cortices and thalamus
than normal clderly volunteers. The value in the cerebellum was
zeto because the value was calculated based on the assumption
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that adenosine A, receplors are very sparse in the cerebellum.
Abbreviations used are the same as in Fig. 1. Triangle normal
clderly subjects (v = 8), square patients with Alzheimer’s discase
(1 = 6), plus P < 0.05 compared between normal elderly subjects
and patients with Alzheimer's discase
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Fig. 3 Statistical analyses of the binding potential of ['CIMPDX
{a)and standardized uptake value (SUV) of [“Flfluorodeoxyglucose
(FDG, b) in pati with Alzheimer’s di Left Statistical
parametric mappmg (SPM) Z maps are superimposed onto the
right lateral, left lateral, |nl‘cnof. and mpmnr wcw: {from left

the top (right lower). Red and yellow represent the areas with sig-
nificant reduction in binding potential or SUV. a Decreased
binding potential of ['CJMPDX was noted in the temporal, medial
temporal cortices, and thalamus widely and parietal cortex
partially. Decreased binding is slightly prominent in the lefl

upper 1o right lower) of a vol spatially normalized
magnetic resonance imaging (MRI) study. mgm SPM Z maps are
superimposed onto the axial views of a spatially normalized T1-

MRI study. Each image represents from the bottom (left upper) to

tors are located on the terminal of the perforant pathway

which provides a major input to the molecular layer of

the dentate gyrus [34]. It has been reported that the per-
forant pathway contributes 80%-85% of the synapses on
the outer portion of the dendrites that arise [rom the

dentate gyrus granule cells [34, 35]. The cells of origin of

the perforant pathway in the entorhinal cortex are
destroyed in the brain of patients with Alzheimer's
disease [34]. Decreased binding potential of [''CIMPDX
in the medial temporal cortex is considered to be affected
by insufficiency or damage to the perforant pathway in
patients with Alzheimer’s disease. Decreased binding
potential of ['CJMPDX in the temporal cortex in patients
with Alzheimer's disease can be directly or indirectly
correlated with destruction of the cells of origin of the
perforant pathway. Thalamic nuclei have strong recipro-
cal connections with the cerebral cortex. forming
thalamo-cortico-thalamic circuits. An abnormal finding

hemisphere. b Decreased SUV of FDG was noled in the temporo-
parietal cortices. Decreased SUV is slightly prominent in the
left hemisphere

in the thalamus of Alzheimer’s disease has been described
in a few MRI reports [36, 37]. It is considered that
decreased binding potential of ['CJMPDX in the thala-
mus is derived from corticothalamic transmission from
the temporal and medial temporal cortices. The reason
for the laterality in ["'CJMPDX and FDG-PET can be
derived from investigations of small numbers (n = 6) of
patients. Lalerality in FDG-PET was also reporied in a
study with a small number of patients with Alzheimer’s
disease [38). It is necessary to investigate these issues in
greater number of patients.

We calculated the binding potential as a reference
for the cerebellar cortex because the cerebellar cortex
showed very low adenosine A, receptor densities [39] and
this method provided well-balanced data in our earlier
study [28]. Thecalculated binding potential of [ 'CIMPDX
in the medial temporal cortex was slightly lower than 0,
which means that adenosine A, receptor density in the
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medial temporal cortex in patients with Alzheimer’s
disease is nearly equal to or lower than that in the cere-
bellar cortex which contains very low adenosine A,
receptor densities [39]. A severely decreased binding
potential of ["'CJMPDX in the medial temporal cortex
means that the perforant pathway in the medial tempo-
ral cortex is markedly insufficient or damaged in patients
with Alzheimer’s disease.

We consider that the decreased binding potential of
[""'CIMPDX in the temporal and medial temporal corti-
ces directly or indirectly reflects insufficiency or damage
to the perforanl pathway. On the other hand, the SPM
analysis of FDG-PET findings in the present study
revealed that FDG uptake was decreased in the temporal
cortex and not in the medial temporal cortex, where the
binding potential of ["'CJMPDX decreased markedly.
The findings suggested that insufficiency or damage to
the perforant pathway in the medial temporal cortex
could not necessarily be reflected by the FDG-PET
results.

Hypometabolism in the temporo-parietal cortex
and posterior cingulate gyrus (Fig. 3b) is a typical
pattern revealed by FDG-PET in Alzheimer’s disease
subjects [23-285, 40, 41]. In the temporo-parietal cortex,
the area with severe hypometabolism was obviously
larger than that with decreased binding potential of
["CIMPDX in patients with Alzheimer's disease. In the
posterior cingulate gyrus, ["CJMPDX PET was not
coupled with hypometabolism. Therefore, FDG-PET is
more sensitive in detecting the degeneration of the
temporo-parietal cortex and posterior cingulate gyrus,
which is a typical manifestation in Alzheimer’s disease,
than ['CJMPDX PET. However, it is well known that
FDG-PET in Alzheimer's disease does not necessary
reflect the pathological changes [42-44]. ['CJMPDX
PET provides a different diagnostic tool than FDG-
PET, and could be valuable in detecting the degenera-
tion in the medial temporal cortex. In addition,
("CIMPDX PET has the possibility to detect corticotha-
lamic transmission from the temporal and medial tem-
poral cortices,

Conclusions

In patients with Alzheimer's disease, the binding poten-
tial of [""CIMPDX decreased significantly in the tempo-
ral and medial temporal cortices and thalamus, and a
small or no decrease was observed in the parietal cortex
and posterior cingulate gyrus. The pattern of the binding
potential of ['CJMPDX had the possibility to be dif-
ferent from that of the FDG-PET in patients with
Alzheimer’s disease.
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Abstract

Objective The sigma, receptor is considered to be
involved in cognitive function. A postmortem study
reported that the sigma, receptors were reduced in the
hippocampus in Alzheimer’s disease (AD). However, in
vivo imaging of sigma, receptors in the brain of AD
patients has not been reported. The aim of this study is
to investigate the mapping of sigma, receptors in AD
using ['CJSA4503 positron emission tomography
(PET).
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Methods We studied five AD patients and seven elderly
volunteers. A dynamic series of decay-corrected PET
data acquisition was performed for 90 min starting at the
time of the injection of 500 MBq of ["'C]SA43503. A two-
tissue three-compartment model was used to estimate
K,. ks, k,, k., and the delay between metabolite-corrected
plasma and tissue time activity using a Gauss- Newton
algorithm. The ratio of &, to k, was computed as the
binding potential (BP), which is linearly related to the
density of sigma, receptors. Unpaired 1 tests were used
to compare K, and BP in patients with AD and normal
subjects.

Results As compared with normals, BP in the AD was
significantly lower in the frontal, temporal, and occipital
lobe, cerebellum and thalamus, whereas K, was signifi-
cantly lower in the parietal lobe.

Conclusions |''C]SA4503 PET can demonstrate that the
density of cerebral and cerebellar sigma, receptors is
reduced in early AD.

Keywords Alzheimer's disease - Positron emission
tomography - Sigma, receptor + Cortex + Cerebellum

Introduction

Sigma, receptor has received considerable attention in
the regulation of cognitive function [1]. The sigma
receptor has been established as a distinct receptor,
although it was initially proposed as a subtype of opioid
receptors [2]. It is classified into at least two subtypes,
namely, sigma, and sigma, [3). Although an endogenous
ligand for the sigma receptors remains unclear, some
studies have reported that steroid hormones such as
progesterone and testosterone might interact with sigma
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receptors [4, 5]. Confirmed sigma, receptor ligand
functions are neuro-protective, anti-depressant, and
anti-amnestic functions [6, 7]. Sigma, receptor agonists
improved impairment of learning and memory in mice
[8-10]. Matsuno et al. [11-13] showed that the sigma,
receptor agonists such as (+)-SKF-10,047 and SA4503
increased extracellular acetylcholine levels in the rat
frontal cortex and hippocampus. The sigma, receptor
is considered to be involved in aging [14, 15] and various
diseases, such as schizophrenia [16], depression [17],
ischemia [18], and Parkinson's disease [19]. In patients
with Alzheimer's disease (AD), a postmortem study
showed that the sigma, binding sites were reduced in
the hippocampus [20]. The sigma, receptor agonists are
also expected as drugs for improving the cognitive defi-
cits of AD [21]. However, the distribution of sigma,
receptors in patients with AD remains to be determined.
We developed a positron emission tomography (PET)
ligand, ['C]JSA4503 (Fig. 1), for mapping the sigma,
receplors [22-24], and reported that sigma, receptor was
down-regulated in the putamen with Parkinson’s disease
[19]. The objective of this study was to investigate the
change of sigma, receptor in the early phase of AD
using [''C]SA4503 PET.

Materials and methods
Subjects

We studied five patients (two men and three women,
mean age £ SD, 74.6 & 3.2 years) diagnosed as having
probable AD on the basis of the National Institute of
Neurological and Communicative Diseases and Stroke/
Alzheimer’s Disease and Related Disorders Association
(NINCDS-ADRDA) criteria [25]. Magnetic resonance
imaging (MRI) scans were obtained with a MAGNEX
1.5-T machine (Shimadzu, Kyoto, Japan) in the First
Hospital of Nippon Medical School, and we confirmed
that they had no diseases other than AD including stroke
and brain tumor. To ensure the early diagnosis of AD,
each patient was also examined for glucose metabolism
by PET using [*FJfluorodeoxyglucose ([*FIFDG), and

Fig. 1 Chemical structure of ['C]SA4503
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we confirmed hypometabolism of glucose in the tempo-
roparietal lobe and posterior cingulate of all patients
[26, 27]. The clinical severity of AD was scored in each
patient according to the Functional Assessment of
Staging [28], Mini-Menial State examination [29], and
Clinical Dementia Rating [30] just before the [*F]JFDG
PET examination.

The control group consisted of seven volunteers (two
men and four women, age + SD 62.6 + 8.2), without any
history of neurological diseases or abnormalities on
physical or neurological examinations. MR1 scans were
obtained with a SIGNA 1.5-T machine (General Elec-
tric, WI, USA) in the Tokyo Metropolitan Geriatric
Hospital for the normal subjects, and we confirmed that
they had no neurological diseases, such as stroke and
brain tumor. They were not currently receiving medica-
tions known to affect brain metabolism. None had a
history of alcoholism.

The Ethics Committee of Tokyo Metropolitan Insti-
tute of Gerontology approved this study protocol.
Informed consent in writing was obtained from all of the
subjects who participated in this study.

[''C]SA4503 PET

Positron emission tomography was performed in the
Tokyo Metropolitan Institute of Gerontology Positron
Medical Center with an SET2400 W scanner (Shimadzu,
Kyoto, Japan) [31]. ["C]SA4503 was prepared as
described earlier [23]. The specific activity at the time
of injection ranged from 23.7 GBg/pmol to 130.2 GBg/
pmol (72.3 + 34.3 GBg/umol). The transmission data
were acquired with a rotating *Ga/**Ge rod source
for attenuation correction. A dynamic series of decay-
corrected PET data acquisition was performed in the
2D mode for 90 min starting at the time of the injection
of 500 MBq of [''C]SA4503. Arterial blood was sampled
at 10s, 205, 305, 405, 505, 605, 705, 80s, 905, 100 s,
110s, 120s, 135s, and 150s, and at 3 min, 5 min,
7 min, 10 min, 15 min, 20 min, 30 min, 40 min, 50 min,
60 min, 75 min, and 90 min. Plasma was separated,
weighed, and measured for radioactivity with an Nal
(T1) well scintillation counter. Metabolite analysis was
carried out by high-performance liquid chromatography
[23].

Data analysis

Image manipulations were carried out on an O2
workstation (Silicon Graphics, Mountain View, CA,
USA), using a medical image processing applica-
tion package “Dr. View” version 5.2 (AJS, Tokyo,
Japan).
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For ["'C]SA4503 PET, we generated early images for
each subject by adding up the frames of the dynamic
scan from 0 min to 10 min [32]. Circular regions of inter-
est (ROIs) 10 mm in diameter and extending over two
slices of the images were drawn on the cerebellum, medial
temporal lobe (included hippocampus), frontal lobe,
temporal lobe, occipital lobe, parietal lobe, post cingu-
late gyrus, thalamus, and striatum. The time course
of the tissue concentration of [''C]SA4503 was computed
from the PET data and the interpolated ROIs through-
out the scanning period. A two-tissue three-
compartment model was used 1o estimate K|, k,, &, ki,
and the delay between metabolite-corrected plasma and
ussue time activity using a Gauss-Newton algorithm
[15]. The ratio of k, to k, was computed as the binding
potential (BP), which is linearly related to the density of
sigma, receptors. Parametric images of total distribution
volume (DVt) for ['C]JSA4503 were also generated using
a graphical analysis [33].

Statistics

Unpaired ¢ tests were used 1o compare the BP in patients
with AD and normal subjects. The Bonferroni correc-
tion was applied for multiple comparisons (nine com-
parisons corresponding to nine regions). The level of
significance was set at P < 0.05. The statistical computa-
tion was performed using a software package “JMP”
version 5.1.2 (SAS Institute, Cary, NC, USA) on a
Macintosh computer.

Results

Table | summarizes the clinical profiles. Their average
duration of illness was 2.0 + 0.7 years. The severity of
cognitive dysfunction as assessed with the Mini-Mental
State examination ranged from 16 to 25.

In the ROI-based analysis, K, for [''C]SA4503 was
significantly lower in the parietal lobe of the AD pauents
than in that of normals, whereas there was no significant
difference in other regions between AD patients and the
normals (Table 2). On the other hand, BP for [''C)SA4503
was significantly lower n the frontal, temporal, and
occipital lobes, cerebellum and thalamus of the AD
patients than in that of normals (Table 2). We also
observed that BP also showed a tendency to decline in
other regions of AD. Figure 2 shows representative PET
images for a normal subject and a patient with AD. The
DVt image demonstrates that the sigma, receptors are
lower in the entire brain of the patient with AD than in
that of the normal subject.

Discussion

["C]SA4503 PET demonstrated that the distribution of
cortical sigma, receptors was reduced in the early phase
of AD. Only in the parietal lobe could we observe a sig-
nificant reduction of K|, which was linearly related to the
cerebral blood flow. The age of the control subjects was
slightly younger than that of the patient group. However,

Table 1 Demographic and clinical data for patients with Alzheimer's disease (AD)

No, Age (years) Sex Duration (year) Medication before PET FAST MMS CDR
| 79 M 3 Donepezil 3 25 1
2 76 M 2 Donepezil 3 2] 1
3 75 F 1 Donepezil 4 16 1
4 71 F 2 None 3 17 |
5 72 F 2 None 3 2 |

PET positron emission tomography, FAST functional assessment of staging, MMS Mini-Mental State examination, CDR clinical demen-

tia rating

Table 2 Comparison of K,

and binding potential for RO K, BP
sigma, receplors in each Normal AD Normal AD
region in normals and
patients with AD Frontal lobe 0.50 = 0.06 0.43 £ 0.06 164430 9.2+4.,5*
Temporal lobe 0.52£0.07 0.44 £0.04 17436 87443
ROI resi i Hip;)e_:campus 0.46 + 0,06 0.42 £0.03 186+38 122+ 6.8
regions of interest, Occipital lobe 0.58 £0.07 0.50 £ 0.09 13.722.6 5.5 & 330
BP binding potential, AD Parietal lobe 0.52 % 0.06 0.39 + 0.06* 16.7+2.6 13.6+10.5
3‘2"”“" s discase Posterior cingulate 0.62 + 0.08 0.50 % 0.09 1544132 87454
alues are mean £ SD Cerebellum 0.56 +0.10 0.58 = 0.06 225+4.8 90+ 5.1%
(normala =, AD.# = 5). Striatum 0.55 % 0.07 0.574 007 139424 88435
P <005, **£ <001 Thalamus 0.64 + 0.09 0.62 £ 0.09 152447 69423
(unpaired 1 test)
@Springcr
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Fig. 2 Positron emission tomography (PET) images for a 65-year-
old healthy woman (a), and a 71-year-old woman with Alzheimer's
disease (b). Parametric images for the DVt of [''CJSA4503 were
generated using a graphical analysis. ['C]SA4503 PET demon-
strates that the sigma, receptors are widely distributed throughout
the entire brain in 4 normal subject (a). In comparison with the
normal subject, the number of sigma, receptors was decreased in
the brain of the patient with Alzheimer's disease (b)

when the BP in the control subjects (62.6 + 8.2 years)
was compared with that in the young subjects (n =9, 28
+ 4 years) reported earlier [24], it was found to be slightly
decreased with aging without statistical significance
(unpublished data) in spite of an age-dependent increase
of the [''C]SA4503 binding in rats and monkeys [14, 15].
The reduction of the BP in AD was much more marked
compared with the BP in the aged control subjects.
Therefore, the reduced sigma, receptor density in AD
could not be derived from the slight difference in age
between the control and patient groups. PET with
["FIFDG and statistical image analysis applications
such as statistical parametric mapping (SPM) and 3D
stereotactic surface projections have shown that in
patients with AD, the cerebral glucose metabolism is
reduced in the temporal-, parietal-, posterior cingulate-,
and prefrontal regions [26, 27). We also confirmed a
similar pattern in the present patients with AD by
[“FIJFDG PET (data not shown). However, these find-
ings did not correspond with the distribution of neuronal
loss on postmortem studies [34]. In a ["'C)flumazenil
PET study on AD, Ohyama et al. [35] showed that ben-
zodiazepine receptor was less impaired than neuronal
function assessed by the cerebral blood low and glucose
metabolism in the association-cortex. The benzodiaze-
pine receptors are one of the gamma-aminobutyric acid
type A (GABA,) receptor complex, The present study
indicated that sigma, receptors were affected from the
early stages of AD, unlike GABA, receptors. Some
articles showed that the sigma, receptor agonists
increased extracellular acetylcholine levels in the rat
frontal cortex and hippocampus [I1, 12]. Increased

@ Springer

acetylcholine does not directly affect the [''C]JSA4503
binding, because acetylcholine does not bind to sigma,
receptors. However, reduction of the number of sigma,
receptors may reflect the cholinergic system and cogni-
tive function of patients with AD. Amyloid imaging by
PET currently represents a potentially useful tool for the
early diagnosis of pre-onset AD [36). We have an interest
in the relationship between sigma, receptor in the mild
cognitive impairment stage and pre-onset stage of AD.
Further studies will be needed using amyloid PET and
[''C]SA4503 PET.

The density of sigma, receptors in the cerebellum was
significantly lower in AD than in normals, although K,
in AD was comparable with that in normals. Although
the cerebellum was formerly thought to be unaffected in
AD, many studies have revealed cerebellar changes in
AD patients [37-43]. A pathological study showed that
the density of Purkinje cell was reduced in the cerebellum
of AD, especially in the vermis [41]. Using glutamate as
the neurotransmitter, the granule cells deliver an excit-
ability signal to the dendrite of Purkinje cells. Chaki
et al. [44] suggested that sigma, binding sites are involved
in modulating the release of dopamine by interacting
with N-methyl-p-aspartic acid (NMDA) receptors on
dopaminergic nerve terminals. Release of dopamine is
reduced in the putamen with Parkinson's disease, and
sigma, receptors were down-regulated in the putamen
with Parkinson's disease [19]. Sigma, receptors in the
cerebellum may be involved in the modulation of gluta-
mate receptor, as well as in the putamen.

Although we could observe a reduced density of
sigma, receptors in the early phase of AD, we cannot say
that [''C]SA4503 PET is suitable for the early diagnosis
of AD. We are obliged to force the subjects to remain
still for over 100min with their heads fixed in a PET
machine and to cannulate their radial artery to sample
the arterial blood, Most AD patients are not suitable for
the protocol of [''C]SA4503 PET. Prior to the examina-
tions, we had to confirm whether each of the AD sub-
jects in the current study could withstand the protocol
of [''C]SA4503 PET. Therefore, we are now investigat-
ing a shortened protocol for [''C]SA4503 PET; 40- to
60-min PET scans without arterial blood sampling could
possibly provide reliable results in the practical applica-
tion, which will be described elsewhere.
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Robust estimation of the arterial input function for Logan plots
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The Logan plot is a powerful algorithm used to generate binding-
potential images from dynamic positron emission tomography (PET)
images In neuroreceptor studies. However, it requires arterial blood
sumpling and metabolite correction to provide an input function, and
clinically it is preferable that this need for arterial blood sampling be
obviated. Estimation of the input function with bolite cor

using an intersectional searching algorithm (1SA) has been proposed,
The ISA secks the input function from the intersection between the
planes spanned by measured radioactivity curves in tissue and their
cumulative integrals in dats space. However, the 1SA is sensitive to
noise included in measured curves, and it often lails to estimate the
input function, In this puper, we propose o robust estimation of the
cumulative integral of the plasma time-activity curve (pTAC) using
ISA (robust EPISA) to overcome nolse fssues. The EPISA reduces
noise in the measured PET data using averaging and clustering that
gathers radiouctivity curves with similar Kimetic parameters, We
confirmed that a little noise made the estimation of the input function
extremely difficult in the simulation. The robust EPISA was validated
by application to eight real dynamic | CITMSX PET data sets used to
visualize sdenosine A; , receptors ond four real dynomic | CIPIB PET
data sets used to visualize amyloid-beta plaque. Peripherally, the latter
showed faster metabolism than the former, The clustering operation
improved the signal-to-noise ratio for the PET data sufficiently 1o
estimate the input function, and the caleulated neuroreceptor images
had a quality equivalent 1o that using measured pTACs after
metabolite correction. Our proposed method noninvasively vields an

* Comesponding author
Eamonl addvess; ukimursie ieee.org 1Y, Kimura)
Available online on Sci irect (www.sciencedirect.com).

HIS3-H119/% - see fromt matter © 2007 Elsevier Inc. All rights reserved,
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alternutive input function for Logan plots, allowing the Logan plor 1o
be more useful in neurorceeptor studies.
© 1007 Ebevier Inc. Al rights reseryed.

Kevwordy, Posiron  emussion tomography: Clustermg: Intersectional
searching algonthm: Anenal hlood sampling: Logan plot

Introduction

The Logan plot (Logan e al.. 1990) 1s a graplucal approach that
estimates volume of distribution (1°;) froin the slope of a plot. 15
refers to the sum of the volume of distributions in the free,
nonspecific binding. and specific binding compartments (Koeppe
et al, 1991; Inms ct al.. 2007). Becouse tns algorthm achieves
more robust and faster estimation compared wilh nonlinear least
squares inethods (Carson, 2002), it is widely used lor generating
parametric images of 'y in neuroreceptor mapping. The Logan plot
requires two measurable data seis: one 15 obtained by dynamic PET
scanning, und the other is obtaned by senal arerial blood
sampling. If the senal arterial blood sampling can be omitted, the
Logan plot bevomes a more useful and easy-10-use approach. There
are several approaches to avoiding invasive arterial blood
sampling. Reference-region-based Logan plo {Logan e al.,
1996) cancels out the term of the integral of the plasma time-
activity curve (pTAC) using a tissue lime-activity curve (ITAC) in
reference regions where the target receptor is negligible. Although
the term relating to the pTAC 1s expelled, the estmation equation
shill includes an efflux parameter, &y [Vmin]. I is sometimes
difficult 10 know the value of k> about reference regions in
advance. I an equiibnum state is achieved between (TAC and
pTAC. a prion knowledge of &y 5 not necessary, but such a
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situation is not always realized. Another approach, which we have
previously proposed, is based on a statistical model: independent
component analysis (Naganawa et al.. 2005a.b) and vanatonal
Bayes (Naganawa et al,, 2007a). These methods assume a factor
analysis model in which cach voxel includes the radioactivities
from ussue and blood, and estimates the tme-activity curve (TAC)
ol whole blood mdicactivity. The estimaied blood curve was
successfully used in Logan plois as an altemative to the measured
pTALC. Note that the plasma-to-whole blood ratio should be
constant in the ume for which the Logan plor was applied
(Naganawa ¢t al., 2005b). and the estmaled blood curve includes
the radioactivity in metabolites
In applying the Logan plot, an input blood function appears ina
form of the cumulative integral of the pTAC (inipTAC). li is
desirable for the n’llpTNL 1o be corrected metabolically. Wang et al.
d an inter | hing algorithm (I5A) 1w estimate the
mIpTA[ dircetly (Wang et al, 2005). The metabolite-cormected
intpTAC will be theoretically oblamed using their algonithm,
However, one aspect 1o be considered s noise i the measured
tTACSs. Because of its mathematical nature, the ISA is very sensitive
lo noise, and il is thus imponant 1o reduce the noise effectively in
estnnatimg mipTAC. We have developed methods to reduce the
measurement noise using clustering based on each TAC's kinetics
(Kimura et al., 1999, 2005a.b). It is expected that our clustering
method will improve estimation using ISA. In this paper, we
propose a method for robust extraction of the intpTAC using ISA
and clustening (robust EPISA). We clanify the sensitivily of the ISA
10 the measurement noise using simulations, and we investigate the
apphcability of the robust EPISA by applying it 1o dynamic PET
data using [7-methyl-""C]-(£)-8-(3 4 5-trimethoxystyryl)-1,3,7-tri-
methylxanthine (["'CITMSX). which visualizes adenosine Asa
receptors (Ishiwata et al., 2000, 20035, Mishina et al., 2007), and [V-
methyl-"' C]2-(4"-methylaminephenyl)-6-hydroxy-benzothiazole|
([''CIPIB). which visualizes amyloid-beta plague (Mathis et al.,
2003; Klunk et al., 2004),
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ISA (Wang et al., 2005) esumates the intpTAC using at least
Iwo (TACs with mutually different shapes and the carresponding
cumulative integral of the tTACs (intt TAC) based on the equations
for the Logan plot. This section provides an overview of the ISA
and discusses its drawbacks. The equation for the Logan plot is
desenbed as

T r
[ ! ndr / eple)de
J0 _— ‘IUI 1] A

AT AT . (r

where ¢'(1) is a tTAC at the ith voxel or region and ¢(7) is a pTAC.

[ a)dr and [l (ndr are mUTAC a1 the ith voxel and inpTAC,
respectively. For time T21*, the sccond term A" (<0) is a constant,
and "' corresponds 10 a ¥y, Eq. (1) is armanged for [ (0di a5
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Because the values of ' and A" are constant, constani co-
eflicients b und 1" are denoted as o} and ol respectively

Assuming that a (TAC 15 measured al imes =1y, f. o, s B (2)
can be writien in tenmis of vectors as
Cpin = [.I‘hf”‘ . {I:. r‘;, (3)

where gy, €', and o) are column veciors of m elements
coresponding 1o [J cnde. (7). and [l (0dr respectively.
Bevause e, 15 @ common vector between the ith and jth voxels or
regions (i /), the lollowing equation is obtained.

+at' el =ul'e! +
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Eq. 14} can be rewrnitten as
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where C=R"™™" is a matnx (n>4) and a=R'"' is a column

vector. Because the mank of the matrix € is at most three, the
vector u can be d as a right singular vector correspoanding
1o the smallest right singular value of €. Because any vector
whose direction is equal to the right singular vector @ satisfies Eq.
(5), the length of & cannot be determined. Accordingly, the
absolute value of the intpTAC cannot be determined. 1SA infers
only the shape of the impTAC dunng the period m which the
Logan plot can be applied. Although the absolute value of the Fr
al each voxel cannot be determined using the Logan plot with
1SA-estimated inpTAC, the ratio between themn can be estimated.
Note that the estimation of the inipTAC is limited 1o the range of
time used for the Logan plot, because ISA is defined only on the
fraines where the Logan plot is applicable. Thus, ISA is useless in
estimating the impTAC at early times, and the estimated inpTAC
cannot be used as an input function for the nonlinear least squares
method.

Let us give a geometrical interpretation of ISA algorithin to
allow intuitive understanding of the effect of noise. Ey. (3)
means. that the intpTAC vector ¢y is on the plme that is
spanned by the TAC vecior ¢ and the intTAC vector ¢ Eq.
(4) shows that ¢ 1s an intersectional vector of two planes by
the + and jth voxel. Fig. | shows ihe geomerric relationship
between intpTAC. the ITACs and the inttTACs. In reality, there is
a large amount of noise i the measured PET data. Therelore, the
plane spanned by the ITAC vector and the i TAC vector is
deviated from the true plane. Accordingly. the measurement
noise produces estimation error in the direction of the inter-
sectional vector ¢

Rubust EPISA

The proposed method, robust EPISA, improves the signal-to-
noise ratio of the measured PET data using averaging and
clustering. The voxels that locate close 1o each other tend 10
have similar kinetics. In addition, there exist ITACs that have
similar kinetics  but locate at separate positions, In robust
EPISA, first, a spatial avernging filter is applied. Clusiening is
subsequently performed to gather fTACs based on their kinetics,
and ITACs classified imo the same clusier are averaged. Finaily,
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Fig | Schematic illustration of a relationship between intpTAC. the (TACs,
and the mTACs, The mipTAC is estimated as an intersection vector of twa
plones

the ntersection-searching algorithm s applied 10 noise-reduced
data.

To reduce noise. clustering was performed using o quantity pro-
posed in (Kimura et al,, 1999, 2002). The quantity, R, is defined as

T
f i I”'rhi‘
Rmdb

- [0}
' (e

where T is the time of the final frame. The amplitude of R is
determined by only the shape of the (TAC emphasized by 1. The
quantity R s invariam when the 1TAC becomes the product of a
constant 2 tmes the tTAC ¢"'(n, because 7 is canceled out between
the numerator and the denominator in Eq. (6), Therefore, the
quantity £ evaluates the tTAC's shape. For example, the quantity £
becomes a function of a kinetic efflux parameter &> when a kinetic of
the admimistered radioligand is descnbed by o one-tissue two-
compartment model (Kimura el al.. 1999).
The actual procedures in robust EPISA are shown below:

I The region outside the brain was excluded and voxel-based PET
data were spatially averaged.

2. The quantity. R, was calculated about each vosel, und voxels
with similar R were categorized into one cluster. The same
number of voxels were assigned 1o each cluster.

3. The 1TACs categorized mto the same cluster were averaged.
Note that each ITAC was normalized by each time integral.

4. The mpTACs were estimated from all possible pairs of the
averaged ITACs.

5. The candidate intpTACs were obained from all estimated
intpTACs by excluding failed curves, and the final result was the
averaged candidate intpTACs.

A suitable size of clusiers for Slcrl 2 was investigated. An

mipTAC should be a me ically i function with
positive values. The failed curves in Step § mean Ihl.‘ mlpTA(‘s with
negative values or the impTACs that do not tonically

Materials and methods
Simulationy

Simulations were camed oul to investgate the behavior of the
ISA m the presence of nuise 10 make sure of the necessity of noise
reduction in applying ISA. Perfeet ITACSs were gencrated using a
metabolite-comected pTAC obuined from o human ["'CJTMSX
study with serial 1l blood 2. Kinetic ter values
of [''C]TMSX in the putamen and the frontal lobe (Naganawa et
al., 2007b) were chosen lor the generation ol noise-free (TACS
(K;=032 (mL plasma)min ' (ml. tissue) | £2=043 min .
ky=0.44 min ', A4=036 min ' and K, =029 (mL plasmaymin '
(mL ussue) ' A3=039 min ', k=013 min ', k=029 min ',
respectively). Noisy data were subsequently oblained by adding
Giaussian noise o (he noise-free data, Added noise was expressed

as _-\'(H.H‘%I). where Ar 15 the frome wadith and ff 15 a

proportional constant that represents the noise level, The simula-
tions were conducted for a protocol of 27 frames over a period of | h
(10s%6,305x3,60s%5, 1505 5. and 5 min = 8). The noise level
was set to be 0 and 16 The noise level was scaled so that the value
of 16 corresponded to the averaged tTAC aver 100 voxels. In the
stmulation, 20 realizations of noisy ITACs were generated, and 10
pairs of ITACs were randomly selected from the ITACs, and ISA
wits apphied to them because an inipTAC is estimated using iwo
TTACs in EPISA. ISA was also applied 1o noise-Tree tTACs. Because
it is possible 1o apply Logan plots to |"'CJTMSX 10 min after
i et al,, 2007b), ISA was performed using
the simulated data between 27.5 and 57.5 min after adminisiration,
The estimated intp TACs were compared with the true intpTAC.

istiation (N
b1

[ CITMSX PET studies

The presented method (robust EPISA) was applied 1o eight
human ["'CITMSX PET data sets in order 1o investigate the effects
of averaging and clustering. The Ethics Committee of Tokyo
Metropolitan Institute of Gerontology approved the siudy protocol.
["'CTTMSX PET data were acquired from seven healthy volunteers
and one patent with Parkinson's disease. Written informed consent
wiis oblained from all subjects before the study. Aller a fransmission
scan, 590 103 MBq of ['CJTMSX with a specific activity of 40 =
21 GBg/pmol was admmistered intravenously, and a | h dynamic
PET scan was perf d n two-d | mode using a SET-
2400W (Shimadzu Co., Kyoto, Japan). The acquisition consisted of’
27 frames of data (105 =6, 305 % 3,605~ 5. 1505 = 5. and 5 min = 8),
The dynamic PET data were reconstructed using a filtered back-
projection algonthm with a second-order low-pass filter with a
cutelT frequency of 1.25 eyclesiem. Twenty-Tive slices were
scanned-each slice with 96 = 96 voxels—and the resulting voxel size
was 226,25 mm. Senal artenal blood sampling and metabolite
analysis were performed during the scan. Arterial blood samples
were laken from the brachial amery at 10, 20, 30, 40, 50. 60, 70, BO,
90, 100, 110, 120, 135 and 150 s and 3, 5. 7. 10, 15, 20, 30, 40, 50
and 60 min. The radioactivity in the plasma was measured using a
well-type gamma counter (BSS-1, Shimadieu Co.. Kyoto, Japan)
agamnst which the PET camera was cross-calibrated. The unmeta-
bolized fraction was measured by high-perfurmance liquid chroma-

In Step 5. a scale of the intpTAC should be normalized before
averaging because 1t cannot be determimed using 1SA

tography (Ishiwaa et al,, 2003). The unmetabolized finction in the
plasma samples was (itted w the funclion proposed in Watabe et al,
(2000).
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Fitteen shees that cover the whole bran were used for estuniation
by robust EPISA. The regions outside the brain were specified as the
voxels below the 70th percentile of the summed PET images and
were excluded from the target of the robust EPISA. Approximately
63,000 voxels were used for the estimation. The 5-by-5 average filier
was applied 10 the measured PET images 1o improve the signal-to-
noise rabo by spatial averaging. The number of clusters was set 1o
50, and approximately 1250 voxels were included in one cluster
Thus. sufliciently noise-reduced ITACs were obtamed. PET images
taken between 27.5 and 57.5 min after administration were used in
the ISA. The estimated inlpTAC was divided by its value at the last
frame for normalization, Logan plot was applied to obain the 1y
image using the metabolite-cormected inpTAC and the estimated
mipTAC. The cemrum semiovale was manually defined as a
n:h:nn_h.'n: region, and the binding potential, BPyy,, image was given

¥
by I_'L = 1 where ¥y, is the averaged Fy over the centrum

s
semiovile.

{"'CIPIB PET studies

The peripheral metabolism of ["'CITMSX 15 slow: more than
95 of administered ["'CITMSX remains as the intact form at
60 min post injection (Naganawa et al, 2007b), Therefore. the
measured pTACs with and without metabolite comection have
similar shape m [""CITMSX data In order to investigate the
influence of metabolites meluded m plasima and the number of
clusters, the robust EPISA was also applied to four human [''C)
PIB PET data sets with laster metabolism, Parent fraction of [''C]
PIB was 48 = 1 3% at 20 min and 30 £ 8% a1 60 min pos! injection

The Ethics Committee of Tokyo Metropolitan  Insiitute of

Geromology approved the study protocol. ['CIPIB PET duta
were acquired from two healthy volunteers and two patients with
Alrheimer disease who met the critena of probable AD by NINDS-
ADRDA and Dementia of Alzheimer's Type with DSM-IV. Wnitten
informed consent was obtained from all subjects before the study.
Afler a transmission scan, 455=55 MBq of [''CIPIB wilh a
specific activity of 88232 GBg/pmol was administered intrave-
nously, and a 1 h dynamic PET scan was performed in three-
dimensional mode using the same scanner as [''C]TMSX scan,
The acquisition consisted of 23 frames of dita (10 sx6, 20 8% 3,
60 sx2, 2 min> 1, 4 min= |, and 5 minx 10). Image reconsiruc-
tion, serial arterial blood sampling and metabolite analysis were
conducted in the same way as [''CJTMSX scan, and 50 slices were
scanned.

Slices thut cover the whole brain were used for estimation by
robust EPISA. The regions outside the brain were specified as the
voxels below the 80th percentile of the summed PET images and
were excluded from the target of the robust EPISA. Approximarely
126,000 voxels were used for the estimation. The 9-by-9 average
fiker was applied 1o the measured PET images. The number of
clusters was set to 10 (12,600 voxels/'cluster), 20 (6300 voxels/
cluster), 40 (3150 voxels/cluster) and B0 (1575 voxels/cluster). ISA
was applied to PET images taken between 37.5 and 57.5 min after
administration (Price e al, 2005; Lopresti et al. 2005). The
estimated intpTAC was divided by its value ai the last frame for
normalization. Logan plot was applied (o obtain the F; image
using the metabolite-corrected intpTAC and the estimated
intpTAC, The cercbellum was manually defined as a reference
region (Price et al., 2005}, and the distribution volume ratio (DVR)
nnage was caleulated.

Nivervlmoe £0 1 20040 2o 44 »

Results
Simatlation

The noise sensiivity of the ISA was conlirmed using the
simulated ["'CJTMSX data. The noise-free ITACs and examples of
noise-added ITACs used for the srmulation are presented in Fig. 2
Fig 3 shows the esumated mnipTACs and the tue impTAC The
scale was adjusted so that the value an the last frame corresponds 1o
that of the true inpTAC. There was no difference between the ISA-
estimated intpTAC and the true intpTAC with noise-fiee data,
However, the estimated impTACs were apparently deviated from
the truc mipTAC with # noise level of 16,

{7/ CJTMSX PET studies

Clustering results are shown in Figs. 4 and 5. In Fig. 5, the
voxels that have larger clustering eriterion R are represented in a
brighter color. While the neighboring voxels tend to belong 1o the
same cluster and brain structure ¢an be observed in Fig. §, some
remate voxels were also categorized into the same cluster. The
intpTAC was estimated from the clustered and averaged 1TACS as
shown in Fig. 4. The noise level in the cluster-averaged ITACs was
well supy . The esti I mipTACs using the proposed
robust EPISA 15 d trated with standard deviation in Fig. 6(A)
Note that standard deviauon was not caleulated from all estimated
intpTACs but the candidate mntpTACs as described in Step 5 in the
Raobust EPISA section. The estimated impTACs were similar 1o the
measured mipTACs with metabolite comection. The scale of the
robust EPISA estimated intpTAC cannot be determined. In order (o
compare the estimated impTACs with the measured intpTACs, the
estimated nipTACs were scaled using the value ot the last frame.
The measured inpTACs without inetabolite correction were also
sculed using the value at the last frame. It took 5 to 7 s to estimate
the mipTAC from one subject’s data. The Logan plot was 'L]'Iphcd
1o the measured PET data to g the Iy ic
and Fig. 7 shows BPy, umgu, caleulated using the osnmu:d ¥

% 10 20 30 40 50 60
Time after administration [min)

Fig. 2 Example u!'mmbﬁ‘u lTAts (dashed lines) and noisy ITACS (solid
limes) for ihe si 2 the infl of noise in ITACs. The
noise level of the noisy 1ITACs uruuscl 1o 16 Two kinds of ITACs were used
for estimation using ISA.
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Fig 1 Estimated intpTACs from the noise-free dats (A) and tlhe noisy data (B). The penod used for the 15A was 275 mm w 375 min after admuustraton. The

true mip TAL wits obt

i by ¢ I Iy int

g the true pTAC. The estimated mipTACs are shown as solid lines. and the e mipTACs are shown as

dished lines. The scale of the estimated mntpTAC was adjusted using the value ul the last frame

parametne images and the specified reference region. The BPyy,
images with the estimated and measured intpTACs matehed well in
all eight subjeets, In the linear regression between the ineasured and
estimated By, images, the slopes and v-intereepts were 1.00=
0,011 and 0,035 = 0,016. respectively, The coetlicient of determima-
tion () was 100200016,

{""CIPIB PET stindies

Fig. 6(B) shows the estimated impTAC and the standurd
deviation calculated from candidate impTACs  The estimated
mtpTACs were similar o the measured intpTACSs with metabolite
correction. For comparison, the scale of the estimated intpTACs
and the measured intpTACs withoul melabolite comection was
adjusted using the value at the last frame of the measured intpTACs

0.05 -

o o o
B ] £

Normalized radioactivity

o
o
-

%% 20 3. a0 =0
Time atter administration [min]

Fie 4. Representative ITACs after clustenng in [V CITMSX data. ThetTACs
of the measured PET duts were categorized into 50 clusters and subsequently
averaged i oeach cluster. Each (TAC wus normalized by dividing by its
integrnl

with metabolite correction. The calculation time was comparable 1o
"' CTTMSX study. The relationship berween ihe number of clusters
and estimation results were demonstrated in Fig. 8. Standard
deviation increased as the size ol the clusters became sinaller
However, the final estimated mipTAC was little influenced by the
choice of the number of clusters. In each case with different
number of clusters, the candidate intpTACs from which the final
resuli was obtmined were approximately 22% curves out of all
estimated mipTACs. When the number of the clusters set 10 be less
than 3, the propased method did not work. The Logan plot was
applied to the measured PET duts o generate the Vy parameinc
images, and Fig. 9 shows the DVR images of Alzheimer disease
patient that were caleulmed using the esumated Fy parameine
images in case of 20 clusters. The DVR images with the esumated
and measured mipTACs matched well in all four subjects. In the
lincar regression between the measured and estimated DVR images.
the slopes and -intercepts were 0.97 L0.038 and 0,060=0.057.
respectively. The coefTicient of detenmimation () was 0.97 £0.026.

Discussion

The proposed method, robust EPISA, settles the mathematical
drawback in 1SA., in that performance is mfluenced by the noise in
the measured tTACs. The measurement norse included in PET dota
was reduced by clusiening based on ITAC kineucs. and an mpui
function for Logan plots was estimated robustly based on ISA
(Wang e al. 2005) Robust EPISA estimates a shape of a
cumulative integml curve of pTAC appearing in the operational
equation of the Logan ploi, and enables binding-potential imaging
1w be gencrated with no artenal blood sampling or metabolite
comection Omission of arterial blood sampling reduces the
invasiveness of PET measurement and contnibutes to the shortened
total time needed for preparation of senal anterial blood sampling.
Before discussing the robusiness of the proposed method, we
should consider the advantages and disadvaniages of ISA

ISA has two advantages: no requiremenl for mctabolite
correction of pTAC and wide apphcabihty 1w PET dama with
various radioligands. because of the broad application of the Logan
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Fig. 5. Example of a clustered image in [""CITMSX data. The voxel value cormesponds to the cluster number. As the clusier number becomes larger, the

corresponding criterion R also becomes larger.

plot. Many methods have been proposed to preclude anterial blood
sampling. One of these methods is based on a factor model 1o
estimate the shape of a whole blood curve (Barber, 1980; Paola
et al, 1982; Wu et al,, 1995; Lee et al,, 2001; Naganawa et al.,
2005a,b), where the radioactivity in the measured PET data is
assumed to be the sum of the radioactivities in the blood and tissue.
In this method, metabolite correction is unattainable. On the other
hand, ISA can theoretically give a metabolite-corrected pTAC, ISA
is derived from the operational equation for the Logan plot, and the

x 10° (A)
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g

4
o3
o
>3
3
g 2t
=
2] i
c 1S

o8

0 10 20 3 40 80

Time after administration [min]

equations of the Logan plol are based on a companment model.
Thus, the estimated intpTAC does not include the radioactivity in
metabolites. There is a great difference between the measured
intpTAC with and without metabolite correction in [''C]PIB datw.
The estimated intpTAC matched well with the measured intpTAC
with metabolite correction as shown in Fig. 6. From our results, the
estimated BPyp, of [''C]TMSX (Fig. 7) or DVR of [''CIPIB (Fig
9) using the proposed method coincide well with those using a
measured pTAC with metabolite comection. Il is expected that ISA

(B)
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Fig. 6. Example of a robust EPISA-estimated intpTAC (black solid line) in (A ) [”(']T\&SX and (B)[''C ‘P18, In {”( '] PIB, 40 clusters were used for clustering
Measured intpTACs with and withoul metabolite cormection were plotied in black dotted line and gray break line, respectively. Standand deviation was calculated

from the candidate intpTACs.
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1.63

0

Fig. 7. Example of the parametric images of the BPyg in [''CITMSX PET
data using the robust EPISA-estimated intpTAC (A) and the measured
intpTAC with metabolite comection (B). These images were calculated from
the ¥ images and a reference region
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Fig. 9. Example of the purametric images of [''C]|PIR DVR in brain with
Alzheimer discase. These images were calculated from the Iy images and a
reference region using the robust EPISA-estimated inipTAC (A) and the
measured intpTAC with metabolite correction (B)
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Fig. 8. Typical example of robust EPISA-estimated impTACs (black solid line) in ["'CIPIB. The number of clusters was set 1o (A) 10, (B) 20, () 40, and (D) 80
Measured intpTACs with and without metabolite correction were plotied in black dotied line and gray break line. Standund deviation was calculated from the

candidate intpTACs that were shown in gray solid lines.
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will be apphcable 0 adiophannaceutcals whose metabolies
cannat be ignored, or PET data with bolism vaned b of
diseuse, dose, or other pathophysiol |

The next issue is lhc wide .‘I])p'lu.ﬂhllll} of ISA Usimyg ISA.
parametnic wmages of BPy;, can be caleulaied using the estimated
itpTAC and the speaified reference region. When artenal blood
sampling is not available, the basis funetion method (Gunn et al.,
1997} 15 commonly used. While the basis funclion method 1s
appropriate only when the PET dota 15 deseribed by a simplified
teference tissue model (Lammentsma and Hume, 1996), ISA cun be
applied 10 any PET data with reversibly binding tracers. In this
paper. o assure the wide apphicability. EPISA was applied w two
radioligands: |"'CJTMSX with slow penpheral metabolism and
("'C]PIB with fast one.

ISA has a disadvantage in practical application because ol its
high sensitivity to measurement noise ISA is i algorithm 1w
estimate the intersection between the plimes spannesd by (TAC and
mitTAC. As shawn in Fig. 3, ISA failed in estimaung the impTAC.
even with low-noise. The reason for this 15 considered here. The
ISA algorithm leads to the singular value decomposition problem.
Generally. the singular vector with the smallest singular value is
maccurately estimated in the presence of noise. Therefore, it is
important 10 reduce noise from the measured PET data before
applving ISA,

In addition, the absolute value of the impTAC cunnot be
estimated using I15A, as with other mathematical algonthms for the
pTAC cstunation (Barber, 1980: Paola e1 al., 1982, Wu @ al.
1995: Lee ef al., 2001; Naganawa et al., 2005a,b). because only
the direction of a singular vector is presumable. Therefore, the
relative 1y s obtained using Logan plot with the estimated pTAC
or ntpTAC. Al least ane-point anenal blood sampling 15 required
to scale the estimated pTAC or mtpTAC and caleulate the sbsolute
Fr. However, BPwy can be caleulated from the ratio of F; values
between target voxels and the reference region, and this
calculation docs not require the absolute value of the impTAC
ISA can form the paramemnc image of BPy, by specifying
reference region.

In this study, a kinetic model-based clustering scheme was
applied for noise reduction. It has been successfully applied in the
rapid and robust parametric imaging of regional cerebral blood
flow (Kimura et al., 1999) and ["FIFDG studies (Kimura et al,
2002), In this paper, we proposed averaging and clustering as a
way to successiul ISA. The measured ITACSs were clusiered based
on their kinetic shape. In the [' 'CITMSX studies, approximately
1250 voxels were assigned to a single cluster. Although the size of
the cluster is too large as an anatomical ROI, such a large RO is
appropriate for EPISA because reducing noise is more imponant
than mereasing heterogeneity in the clusters. The estimated resull
was not influecneed oo much by the chowee of the number of the
clusters as shown in Fig. 8, IntpTACs were estimated from all
possible pairs of the noise-reduced ITACS. In some pairs. estimated
intpTACs were not monotonically increasing. The derivative of the
mpTAC equals the pTAC. Therefore, the pTAC includes negative
values when the inlpTAC was not monotonically increasing.

The reference-region-based Logan plot ulso successiully esti-
mates DVR or BPyy, without artenial blood sampling. Comparing
EPISA with the reference-region-based Logan plot. robust EPISA
does not need any kinetic parameters, while the reference-region-
based Logan plol requires the population value of &; in the reference
region in advance, We thmk that it is an advantage over the
noninvasive Logan analysis. Note that noninvasive Logan analysis

Nevovifmenge 400 e 0080 2644 33

and our method will provide comparable results when the volues of
Ky in o reference region are sulliciently similar in all subjects.
Exact values should be specified for the sei of parameters used
in the robust EPISA: the size of the averaging filter and the number
of elusiers. When the PET daw have a low signal-to-noise ratio, a
lorger averngmg filler and lewer clusters are preferable. We
conclude that the 1SA 1s a pracuical algorithim for the obviation of
anterial blood samipling using noise reduction with clustering
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ABSTRACT

Background: Several follow-up ['®F]fluorodeoxy glucose (FDG)-positron emission tomography (PET) studies
have been performed in patients with mild cognitive impairment, but none have examined subjects with
a Clinical Dementia Rating (CDR) of 0.5. Therefore, we used FDG-PET to investigate whether baseline
glucose metabolism (CMRglc) in CDR 0.5 converters to dementia showed changes consistent with early
Alzheimer’s disease (AD).

Methods: Based on our earlier study, which we refer to as Prevalence Study 1998, we were able to examine
14 CDR 0, 42 CDR 0.5, and 12 AD subjects with PET and follow these subjects for five years. Baseline
neuropsychological and CMRglc values were compared among groups of CDR 0, CDR 0.5/converters, CDR
0.5/non-converters, and AD subjects.

Results: All CDR 0 subjects were reassessed as CDR 0 after the five-year period. For CDR 0.5 subjects, 20 had
converted to AD and 22 remained as CDR 0.5. In cognitive tests, CDR 0.5/converters showed significantly
deteriorated recent memory function compared with CDR 0.5/non-converters ar the baseline evaluarion.
Most brain areas showed decreased CMRglc in AD patients. CDR 0.5/converters had a significantly lower
baseline CMRglc in the right cingulate, left inferior parietal and left temporal gyrus compared with CDR
0.5/non-converters.

Conclusions: Our findings suggest that CDR 0.5/converters have a baseline metabolic decline in areas that

might be specific to AD.

Key words: MCl, CDR 0.5, FDG, PET, Alzheimer’s disease

introduction

Early diagnosis of the borderline condition between
healthy aging and dementia may be important for
health policy planning for dementia prevention or
early intervention, since some borderline cases are
reported to be reversible (Larrieu er al, 2002).
This condition is referred to as mild cognitive
impairment (MCI) (Petersen er al, 1997) or
Clinical Dementia Rating (CDR; Morris, 1993)
0.5, and the rate of progression to dementia is 8-
20% per year. Impairment of cognitive functions
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such as recent memory and executive function
(Chen et al., 2000) and a lower clinical observation
score (Morris er al., 2001) are predictors of decline.

Hippocampal atrophy (Visser et al, 2002)
shown by magnetic resonance imaging (MRI)
is characteristic of the neurological background
of CDR 0.5 subjects, particularly in association
with early Alzheimer’s disease (AD). Five major
longitudinal studies of MCI have been performed
using the baseline cerebral metabolic rate for
glucose (CMRglc) determined by positron emission
tomography (PET) with ['®*F]fluoro-deoxyglucose
(FDG) (Arnaiz et al., 2001; Chetelat er al., 2003;
Drzezga et al., 2003; Mosconi ez al., 2004; Fellgiebel
er al., 2007). All these studies used clinic samples,
with four using neuropsychological tests based on
Petersen’s MCI criteria (Petersen et al., 1997) and
the fifth using Global Deterioration Scale (GDS)
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