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Table 1
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Alzheimer- type senile changes from the Genome Resource of the Brain Bank for Ag-

Braak NFT Stage
0 I 1 m v v \Ui total
0 29 309 97 47 14 2 0 498
Braak SP A 13 282 82 53 15 0 0 445
Stage B 8 160 90 66 16 3 1 344
c 3 48 48 73 58 81 30 341
total 53 799 317 239 103 86 31 1628

NFT: neurofibrillary tangles; SP: senile plaques.

Table 2 CDR 05 cases with pure Alzheimer pathology
from the Half Brain Resource of the Brain Bank for Aging

Research
Age Ge Staging of Senile Changes ApoE
BW | NFT SP LB AG
82 F 1,070 m C 0 0 34
88 F 1.030 o C 0 0 k7]
88 M | 1370 I B 0 0 33
9 M | L155 m C 0 0 34
94 F 1.550 bilg B 0 1 33
94 F 1.080 m B 0 2 33

GE: gender; BW: brain weight: NFT: neurofibrillary tangles: SP:
senile plaques: LB: Lewy body: AG: argyrophlic grains, apoE:
apoE genotyping

Inbnd, MEFEEEELELREFEEILD% L
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CADREOAZRTHAEMB LA A6 FA SR
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Z B
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@ AD O XF X Mayo Study & (EF—3T 5. 7, FRAEH]
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DLBOMETH 3. bhhbhOBEEBE Tid, DG % NFTD
OBRF#E:8iE AD % DLB IZMZ TRV =%, CDROS L)
By THRETEICEITTA L, AHPNEEIEC 2T ENR
HEExbha,

—7. CDR 05 B THE: AD REDEIRBIIZ, AD MDE
B HE-LTWED, bhbhodobdhsikiz 2006 4
W0B252007 428 TIELLAEFNOFHTORLD

oM E#HTH L. UL, kD Mayo Study THRIERT
HY, MENLRBZIEDNBEFITIOENAHERTHS.
EBREERIRAIOBRED,HIX, REDIWEEL DRHEEIZ
AD L ZWEh DI 10% THH, BAELED 1/412EIC
BEZVEIZRPAEILETHS. dobThiEIZ AD
2EMELTVADTHERIIINEL  BoTH, £SO
6, GHAESEA I LT IEETILESDH .
AB ® PET i3, AD O#IHIZHICER & Sh, MXEHBUT
w5, Ll bhbhoikit ¢, BEEERiRs T ZA
BE® Braak A 57— ¥ C @ 341 B, Stage IV UL EDOHER
AD BHEAZTRTEMIEBICABE 2. RYOERIE, 730
4 MRS L7252, Shd o 10ELMIC AD 2 RET
BIEBBDITT, ABZUT SV AREONRLEEED
F7EH%, AKIZT I 04 FRBATE LV DZEBRIE R 222w,
44E R, K E ADNI(Alzheimer Disease Neuroimage Initia-
tive) IZFEIGE B H7-H T, J-ADNI &9, MRIFEEE{ER%
iz, BTN YRR ERONRE L THREICH
MEa7avxs bHRAS— T2 DX HENT T
o—F3, MCI#i® AD ORBIZHICIE, FARTHZ I L
EHAL, UL
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Abstract

Neuropathology of mild cognitive impairment alzheimer’s disease

Shigeo Murayama" and Yuko Saito”
"Department of Neuropathology, Tokyo Metropolitan Institute of Geriatrics
2Department of Pathology, Tokyo Metropolitan Geriatrics Hospital

The pathological study of mild cognitive impairment (MCI) was very few. Consecutive 1,628 autopsy cases
from the Brain Bank for Aging Research (BBAR) with the mean age of 80.7 years were employed for this study.
All the cases were studied with the BBAR protocol (www.mci.gr.jp/ BrainBank/) and clasasified into Braak’s
seven neuforibrillary tangle (NFT) stages (0- VII) and four senile plaque (SP) stages (0- C). CDR from the most re-
cent 545 cases were independently evaluated by three neurologists in two different occasions. Among the 1,628
cases, 10.1% fulfilled morphological requirement of Alzheimer disease, consisting of NFT stage equal to or more
than IV and SP stage equal to or more than C. Postmortem assessment of CDR was possible for 486 cases amoug
. 545 cases with frozem half brain and 57 cases were classified into CDR 0.5. CDR 0.5 group was clinicopathologi-
cally classified into 33 cases with degenerative changes, nine cases with vascular changes and four cases with
combined degenerative and vascular changes. Only 6 among the 57 cases presented pure AD pathology. These
data indicate that the pathological background of MCI is not always Alzheimer disease and combined pathology
with AD as well as non-AD pathology should be carefully ruled out. For this purpose, ADNI (Alzheimer Disease
Neuroimage Initiative) approach could be useful to identify MCI stage of AD.

(Clin Neurol, 47: 912—914, 2007)
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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
sampling 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 metabolite correction
using an intersectional searching algorithm (ISA) has been proposed.
The ISA seeks the input function from the intersection between the
planes spanned by measured radioactivity curves in tissue and their
cumulative integrals in data space. However, the ISA is sensitive to
noise included in measured curves, and it often fails to estimate the
input function. In this paper, we propose a robust estimation of the
cumulative integral of the plasma time-activity curve (pTAC) using
ISA (robust EPISA) to overcome noise issues. The EPISA reduces
noise in the measured PET data using averaging and clustering that
gathers radioactivity curves with similar kinetic 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 [MCITMSX PET data sets used to
visualize adenosine A,, receptors and four real dynamic ["'CJPIB 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 to
estimate the input function, and the calculated neuroreceptor images
had a quality equivalent to that using measured pTACs after
metabolite correction. Our proposed method noninvasively yields an

* Corresponding author.
E-mail address: ukimura( icee.org (Y. Kimura).
Available online on ScienceDirect (www.sciencedirect.com).

1053-8119/8 - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016-j.ncuroimage.2007.11.035

alternative input function for Logan plots, allowing the Loéan plot to
be more useful in neuroreceptor studies.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Positron emission tomography; Clustering; Intersectional
searching algorithm; Arterial blood sampling; Logan plot

Introduction

The Logan plot (Logan et al.. 1990) is a graphical approach that
estimates volume of distribution (V) from the slope of a plot. V¢
refers to the sum of the volume of distributions in the free,
nonspecific binding, and specific binding compartments (Koeppe
et al., 1991; Innis et al.. 2007). Because this algorithm achieves
more robust and faster estimation compared with nonlinear least
squares methods (Carson, 2002), it is widely used for generating
parametric images of ¥Vt in neuroreceptor mapping. The Logan plot
requires two measurable data sets: one is obtained by dynamic PET
scanning, and the other is obtained by serial arterial blood
sampling. If the serial arterial blood sampling can be omitted, the
Logan plot becomes a more useful and easy-to-use approach. There
are several approaches to avoiding invasive arterial blood
sampling. Reference-region-based Logan plot (Logan ct al..
1996) cancels out the term of the integral of the plasma time—
activity curve (pTAC) using a tissue time—activity curve (tTAC) in
reference regions where the target receptor is negligible. Although
the term relating to the pTAC is expelled, the estimation equation
still includes an efflux parameter, k, [1/min]. It is sometimes
difficult to know the value of k, about reference regions in
advance. If an equilibrium state is achieved between tTAC and
pTAC, a priori knowledge of %, is 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 variational
Bayes (Naganawa et al.. 2007a). These methods assume a factor
analysis model in which each voxel includes the radioactivities
from tissue and blood, and estimates the time-activity curve (TAC)
of whole blood radioactivity. The estimated blood curve was
successfully used in Logan plots as an alternative to the measured
pTAC. Note that the plasma-to-whole blood ratio should be
constant in the time for which the Logan plot was applied
(Naganawa ct al., 2005b), and the estimated blood curve includes
the radioactivity in metabolites.

In applying the Logan plot, an input blood function appears in a
form of the cumulative integral of the pTAC (intpTAC). It is
desirable for the intpTAC to be corrected metabolically. Wang et al.
proposed an intersectional searching algorithm (ISA) to estimate the
intpTAC directly (Wang ct al.. 2005). The metabolite-corrected
intpTAC will be theoretically obtained using their algorithm.
However, one aspect to be considered is noise in the measured
tTACs. Because of its mathematical nature, the ISA is very sensitive
to noise, and it is thus important to reduce the noise effectively in
estimating intpTAC. 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 clustering (robust EPISA). We clarify the sensitivity of the ISA
to the measurement noise using simulations, and we investigate the
applicability of the robust EPISA by applying it to dynamic PET
data using [7-methyl-''C]-(E)-8-(3,4,5-trimethoxystyryl)-1,3,7-tri-
methylxanthine ([''C]JTMSX), which visualizes adenosine Aja
receptors (Ishiwata ctal., 2000, 2005; Mishina et al.. 2007), and [N-
methyl-! lC]2-(4'-methy]aminophenyl)-6-hydroxy-benzothiazole]
([''CJPIB), which visualizes amyloid-beta plaque (Mathis et al.,
2003: Klunk et al., 2004).

Theory
154

ISA (Wang et al., 2005) estimates the intpTAC using at least
two tTACs with mutually different shapes and the corresponding
cumulative integral of the tTACs (inttTAC) 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
described as

T T
[ o0 ) [ et
0 —_ 40 Jo i
c(T) =d cO(T) +9, (M

where c’(¢) is a tTAC at the ith voxel or region and ¢,(f) is a pTAC.
[P (t)ds and [fc,()dt are inttTAC at the ith voxel and intpTAC,
respectively. For time T>#*, the second term 5% (<0) is a constant,
and d® corresponds to a V1. Eq. (1) is arranged for [c,()ds as

T -9 17w
/o cp(t)dt = PR (THEW/O cNt)dr

5 o o r o
= a9 (T) + of? /o D). @)

Because the values of d” and b are constant, constant co-
efficients —5“/d® and 1/d” are denoted as af? and a¥, respectively.
Assuming that a tTAC is measured at times T=1,, f5,..., tm, Eq. (2)
can be written in terms of vectors as

Coint = aic) + ael, (3)
where cpim, ¢, and ¢} are column vectors of m elements
corresponding to [§ ¢ (d)ds, ¢)(T), and [ic” (1)ds, respectively.
Because ¢, is a common vector between the ith and jth voxels or
regions (i#/), the following equation is obtained.

a(,i)c(i) + ag")ci(z = ag")c(") + ag )ci(l’;)‘ 4)

Eq. (4) can be rewritten as

a0
0000 | @
(cVeinc” Ciy) ) =Ca=0, (5)
ol
)

where CeR™* is a matrix (m>4) and a=R**! is a column
vector. Because the rank of the matrix C is at most three, the
vector a can be estimated as a right singular vector corresponding
to the smallest right singular value of C. Because any vector
whose direction is equal to the right singular vector a satisfies Eq.
(5), the length of a cannot be determined. Accordingly, the
absolute value of the intpTAC cannot be determined. ISA infers
only the shape of the intpTAC during the period in which the
Logan plot can be applied. Although the absolute value of the V¢
at each voxel cannot be determined using the Logan plot with
ISA-estimated intpTAC, the ratio between them can be estimated.
Note that the estimation of the intpTAC is limited to the range of
time used for the Logan plot, because ISA is defined only on the
frames where the Logan plot is applicable. Thus, ISA is useless in
estimating the intpTAC at early times, and the estimated intpTAC
cannot be used as an input function for the nonlinear least squares
method.

Let us give a geometrical interpretation of ISA algorithm to
allow intuitive understanding of the effect of noise. Eq. (3)
means that the intpTAC vector cpine is on the plane that is
spanned by the tTAC vector ¢” and the inttTAC vector ¢ Eq.
(4) shows that ¢, is an intersectional vector of two planes by
the i and jth voxel. Fig. | shows the geometric relationship
between intpTAC, the tTACs and the inttTACs. In reality, there is
a large amount of noise in the measured PET data. Therefore, the
plane spanned by the tTAC vector and the inttTAC vector is
deviated from the true plane. Accordingly, the measurement
noise produces estimation error in the direction of the inter-
sectional vector cpine.

Robust 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 to each other tend to
have similar kinetics. In addition, there exist tTACs that have
similar kinetics but locate at separate positions. In robust
EPISA, first, a spatial averaging filter is applied. Clustering is
subsequently performed to gather tTACs based on their kinetics,
and tTACs classified into the same cluster are averaged. Finally,
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Fig. 1. Schematic illustration of a relationship between intpTAC, the tTACs,
and the inttTACs. The intpTAC is estimated as an intersection vector of two
planes.

the intersection-searching algorithm is applied to noise-reduced
data.

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

/ oy
R= __o_r_—. (6)
/ D (r)dt

0

where T is the time of the final frame. The amplitude of R is
determined by only the shape of the tTAC emphasized by ¢. The
quantity R is invariant when the tTAC becomes the product of a
constant « times the tTAC ¢)(?), because  is canceled out between
the numerator and the denominator in Eq. (6). Therefore, the
quantity R evaluates the tTAC's shape. For example, the quantity R
becomes a function of a kinetic efflux parameter &, when a kinetic of
the administered radioligand is described by a one-tissue two-
compartment model (Kimura et al., 1999).
The actual procedures in robust EPISA are shown below.

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

2. The quantity, R, was calculated about each voxel, and voxels
with similar R were categorized into one cluster. The same
number of voxels were assigned to each cluster.

3. The tTACs categorized into the same cluster were averaged.
Note that each tTAC was normalized by each time integral.

4. The intpTACs were estimated from all possible pairs of the
averaged tTACs.

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

A suitable size of clusters for Step 2 was investigated. An
intpTAC should be a monotonically increasing function with
positive values. The failed curves in Step 5 mean the intpTACs with
negative values or the intpTACs that do not monotonically increase.
In Step S, a scale of the intpTAC should be normalized before
averaging because it cannot be determined using ISA.

Materials and methods
Simulations

Simulations were carried out to investigate the behavior of the
ISA in the presence of noise to make sure of the necessity of noise
reduction in applying ISA. Perfect tTACs were generated using a
metabolite-corrected pTAC obtained from a human [''C]TMSX
study with serial arterial blood sampling. Kinetic parameter values
of ['"C]JTMSX in the putamen and the frontal lobe (Naganawa ct
al., 2007b) were chosen for the generation of noise-free tTACs
(K;=0.32 (mL plasmaymin~' (mL tissue)”’, =043 min~',
k3=0.44 min~ ", k4=0.36 min~' and K;=0.29 (mL plasma)min~'
(mL tissue)', k,=0.39 min~', k;=0.13 min~', k=029 min™",
respectively). Noisy data were subsequently obtained by adding
Gaussian noise to the noise-free data. Added noise was expressed
as N(O,ﬂ—c-g), where At is the frame width and B is a
proportional constant that represents the noise level. The simula-
tions were conducted for a protocol of 27 frames over a period of 1 h
(105%6,305%3,605%5,150 sx5,and 5 min x 8). The noise level 8
was set to be 0 and 16. The noise level was scaled so that the value
of 16 corresponded to the averaged tTAC over 100 voxels. In the
simulation, 20 realizations of noisy tTACs were generated, and 10
pairs of tTACs were randomly selected from the tTACs, and ISA
was applied to them because an intpTAC is estimated using two
tTACs in EPISA. ISA was also applied to noise-free tTACs. Because
it is possible to apply Logan plots to ("'C]TMSX 10 min after
administration (Naganawa et al.. 2007b), ISA was performed using
the simulated data between 27.5 and 57.5 min after administration.
The estimated intpTACs were compared with the true intpTAC.

[ C]TMSX PET studies

The presented method (robust EPISA) was applied to eight
human [!'CJTMSX PET data sets in order to investigate the effects
of averaging and clustering. The Ethics Committee of Tokyo
Metropolitan Institute of Gerontology approved the study protocol.
{"'C]TMSX PET data were acquired from seven healthy volunteers
and one patient with Parkinson's disease. Written informed consent
was obtained from all subjects before the study. After a transmission
scan, 590+ 103 MBq of [''C]JTMSX with a specific activity of 40+
21 GBg/umol was administered intravenously, and a 1 h dynamic
PET scan was performed in two-dimensional mode using a SET-
2400W (Shimadzu Co., Kyoto, Japan). The acquisition consisted of
27 frames of data (105 % 6,30sx3,60s%5,1505% 5, and 5 minx 8).
The dynamic PET data were reconstructed using a filtered back-
projection algorithm with a second-order low-pass filter with a
cutoff frequency of 1.25 cycles/cm. Twenty-five slices were
scanned—each slice with 96 x 96 voxels—and the resulting voxel size
was 2x2x6.25 mm. Serial arterial blood sampling and metabolite
analysis were performed during the scan. Arterial blood samples
were taken from the brachial artery at 10, 20, 30, 40, 50, 60, 70, 80,
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, Shimadzu Co., Kyoto, Japan)
against which the PET camera was cross-calibrated. The unmeta-
bolized fraction was measured by high-performance liquid chroma-
tography (Ishiwata ct al., 2003). The unmetabolized fraction in the
plasma samples was fitted to the function proposed in Watabe ct al.
(2000).
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Fifteen slices that cover the whole brain were used for estimation
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 filter
was applied to the measured PET images to improve the signal-to-
noise ratio by spatial averaging. The number of clusters was set to
50, and approximately 1250 voxels were included in one cluster.
Thus, sufficiently noise-reduced tTACs were obtained. PET images
taken between 27.5 and 57.5 min after administration were used in
the ISA. The estimated intpTAC was divided by its value at the last
frame for normalization. Logan plot was applied to obtain the V¢
image using the metabolite-corrected intpTAC and the estimated
intpTAC. The centrum semiovale was manually defined as a
reference region, and the binding potential, BPyp, image was given

by VT—-I where Vyp is the averaged Vr over the centrum
ND
semiovale.

["’C]PIB PET studies

The peripheral metabolism of [''CJTMSX is slow; more than
95% of administered ['!CJTMSX remains as the intact form at
60 min post injection (Naganawa et al, 2007b). Therefore, the
measured pTACs with and without metabolite correction have
similar shape in ['!CJTMSX data. In order to investigate the
influence of metabolites included in plasma and the number of
clusters, the robust EPISA was also applied to four human [!!C]
PIB PET data sets with faster metabolism. Parent fraction of {''C]
PIB was 48+13% at 20 min and 30+8% at 60 min post injection.
The Ethics Committee of Tokyo Metropolitan Institute of
Gerontology approved the study protocol. [''C]PIB PET data
were acquired from two healthy volunteers and two patients with
Alzheimer disease who met the criteria of probable AD by NINDS-
ADRDA and Dementia of Alzheimer's Type with DSM-IV. Written
informed consent was obtained from all subjects before the study.
After a transmission scan, 455+55 MBq of [!'C]PIB with a
specific activity of 88+32 GBg/umol was administered intrave-
nously, and a 1 h dynamic PET scan was performed in three-
dimensional mode using the same scanner as {''CJTMSX scan.
The acquisition consisted of 23 frames of data (10 sx6, 20 sx3,
60 sx2, 2 minx1, 4 minx1, and 5 minx 10). Image reconstruc-
tion, serial arterial blood sampling and metabolite analysis were
conducted in the same way as [''C)TMSX scan, and 50 slices were
scanned.

Slices that 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. Approximately
126,000 voxels were used for the estimation. The 9-by-9 average
filter was applied to 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 80 (1575 voxels/cluster). ISA
was applied to PET images taken between 37.5 and 57.5 min after
administration (Price et al.. 2005: Lopresti et al., 2005). The
estimated intpTAC was divided by its value at the last frame for
normalization. Logan plot was applied to obtain the V; image
using the metabolite-corrected intpTAC and the estimated
intpTAC. The cerebellum was manually defined as a reference
region (Price ct al,, 2005), and the distribution volume ratio (DVR)
image was calculated.

Results
Simulation

The noise sensitivity of the ISA was confirmed using the
simulated [''CJTMSX data. The noise-free tTACs and examples of
noise-added tTACs used for the simulation are presented in Fig. 2.
Fig. 3 shows the estimated intpTACs and the true intpTAC. The
scale was adjusted so that the value at the last frame corresponds to
that of the true intpTAC. There was no difference between the ISA-
estimated intpTAC and the true intpTAC with noise-free data.
However, the estimated intpTACs were apparently deviated from
the true intpTAC with a noise level of 16.

[''CITMSX PET studies

Clustering results are shown in Figs. 4 and 5. In Fig. §, the
voxels that have larger clustering criterion R are represented in a
brighter color. While the neighboring voxels tend to belong to the
same cluster and brain structure can be observed in Fig. 5, some
remote voxels were also categorized into the same cluster. The
intpTAC was estimated from the clustered and averaged tTACs as
shown in Fig. 4. The noise level in the cluster-averaged tTACs was
well suppressed. The estimated intpTACs using the proposed
robust EPISA is demonstrated with standard deviation in Fig. 6(A).
Note that standard deviation was not calculated from all estimated
intpTACs but the candidate intpTACs as described in Step 5 in the
Robust EPISA section. The estimated intpTACs were similar to the
measured intpTACs with metabolite correction. The scale of the
robust EPISA estimated intpTAC cannot be determined. In order to
compare the estimated intpTACs with the measured intpTACs, the
estimated intpTACs were scaled using the value at the last frame.
The measured intpTACs without metabolite correction were also
scaled using the value at the last frame. It took 5 to 7 s to estimate
the intpTAC from one subject's data. The Logan plot was applied
to the measured PET data to generate the V¢ parametric images,
and Fig. 7 shows BPyp images calculated using the estimated ¥y

%+ Noise level 0
== Noise level 16

Radioactivity (Bq/mL]

0 10 . 20 30 40 50 60
Time after administration [min]

Fig. 2. Example of noise-free tTACs (dashed lines) and noisy tTACs (solid
lines) for the simulation investigating the influence of noise in tTACs. The
noise level of the noisy tTACs was set to 16. Two kinds of tTACs were used
for estimation using ISA.
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Fig. 3. Estimated intpTACs from the noise-free data (A) and the noisy data (B). The period used for the ISA was 27.5 min to 57.5 min after administration. The
true intpTAC was obtained by cumulatively integrating the true pTAC. The estimated intpTACs are shown as solid lines, and the true intpTACs are shown as
dashed lines. The scale of the estimated intpTAC was adjusted using the value at the last frame.

parametric images and the specified reference region. The BPnp
images with the estimated and measured intpTACs matched well in
all eight subjects. In the linear regression between the measured and
estimated BPyp images, the slopes and y-intercepts were 1.00+
0.011 and 0.035+0.016, respectively. The coefficient of determina-
tion (*) was 1.00+0.0016.

["C]PIB PET studies

Fig. 6(B) shows the estimated intpTAC and the standard
deviation calculated from candidate intpTACs. The estimated
intpTACs were similar to the measured intpTACs with metabolite
comrection. For comparison, the scale of the estimated intpTACs
and the measured intpTACs without metabolite correction was
adjusted using the value at the last frame of the measured intpTACs

Normalized radioactivity

0 10 20 30 40 50
Time after administration [min]

Fig. 4. Representative tTACs after clustering in [''CJTMSX data. The tTACs
of the measured PET data were categorized into 50 clusters and subsequently
averaged in each cluster. Each tTAC was normalized by dividing by its
integral.

with metabolite correction. The calculation time was comparable to
[''CITMSX study. The relationship between the number of clusters
and estimation results were demonstrated in Fig. 8. Standard
deviation increased as the size of the clusters became smaller.
However, the final estimated intpTAC 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
result was obtained were approximately 22% curves out of all
estimated intpTACs. When the number of the clusters set to be less
than 5, the proposed method did not work. The Logan plot was
applied to the measured PET data to generate the V7 parametric
images, and Fig. 9 shows the DVR images of Alzheimer disease
patient that were calculated using the estimated V1 parametric
images in case of 20 clusters. The DVR images with the estimated
and measured intpTACs matched well in all four subjects. In the
linear regression between the measured and estimated DVR images,
the slopes and y-intercepts were 0.97+0.038 and 0.060+0.057,
respectively. The coefficient of determination (%) was 0.97+0.026.

Discussion

The proposed method, robust EPISA, settles the mathematical
drawback in ISA, in that performance is influenced by the noise in
the measured tTACs. The measurement noise included in PET data
was reduced by clustering based on tTAC's kinetics, and an input
function for Logan plots was estimated robustly based on ISA
(Wang et al., 2005). Robust EPISA estimates a shape of a
cumulative integral curve of pTAC appearing in the operational
equation of the Logan plot, and enables binding-potential imaging
to be generated with no arterial blood sampling or metabolite
correction. Omission of arterial blood sampling reduces the
invasiveness of PET measurement and contributes to the shortened
total time needed for preparation of serial arterial blood sampling.
Before discussing the robustness of the proposed method, we
should consider the advantages and disadvantages of ISA.

ISA has two advantages: no requirement for metabolite
correction of pTAC and wide applicability to PET data with
various radioligands, because of the broad application of the Logan
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Cluster
number

Fig. 5. Example of a clustered image in (*'C]TMSX data. The voxel value corresponds to the cluster number. As the cluster number becomes larger, the

corresponding criterion R also becomes larger.

plot. Many methods have been proposed to preclude arterial blood
sampling. One of these methods is based on a factor model to
estimate the shape of a whole blood curve (Barber. 19280; 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
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equations of the Logan plot are based on a compartment 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 data.
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]JTMSX (Fig. 7) or DVR of [''C]JPIB (Fig.
9) using the proposed method coincide well with those using a
measured pTAC with metabolite correction. It is expected that ISA
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Fig. 6. Example of a robust EPISA-estimated intpTAC (black solid line) in (A) [''CJTMSX and (B) [*'CJPIB. In [''C) PIB, 40 clusters were used for clustering.
Measured intpTACs with and without metabolite correction were plotted in black dotted line and gray break line, respectively. Standard deviation was calculated

from the candidate intpTACs.
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will be applicable to radiopharmaceuticals whose metabolites
cannot be ignored, or PET data with metabolism varied because of
disease, dose, or other pathophysiological situations.

The next issue is the wide applicability of ISA. Using ISA,
parametric images of BPyp can be calculated using the estimated
intpTAC and the specified reference region. When arterial blood
sampling is not available, the basis function method (Gunn et al,,
1997) is commonly used. While the basis function method is
appropriate only when the PET data is described by a simplified
reference tissue model (Lammertsma and Hume. 1996), ISA can be
applied to any PET data with reversibly binding tracers. In this
paper, to assure the wide applicability, EPISA was applied to two
radioligands: {*'CITMSX with slow peripheral metabolism and
["'C]PIB with fast one.

ISA has a disadvantage in practical application because of its
high sensitivity to measurement noise. ISA is an algorithm to
estimate the intersection between the planes spanned by tTAC and
inttTAC. As shown in Fig. 3, ISA failed in estimating the intpTAC,
even with low-noise. The reason for this is considered here. The
ISA algorithm leads to the singular value decomposition problem.
Generally, the singular vector with the smallest singular value is
inaccurately estimated in the presence of noise. Therefore, it is
important to reduce noise from the measured PET data before
applying ISA.

In addition, the absolute value of the intpTAC cannot be
estimated using ISA, as with other mathematical algorithms for the
pTAC estimation (Barber, 1980: Paola et al,, 1982: Wu et al.,
1095 Lee et al. 2001; Naganawa et al., 2005a.b), because only
the direction of a singular vector is presumable. Therefore, the
relative Vr is obtained using Logan plot with the estimated pTAC
or intpTAC. At least one-point arterial blood sampling is required
to scale the estimated pTAC or intpTAC and calculate the absolute
V1. However, BPxp can be calculated from the ratio of V7 values
between target voxels and the reference region, and this
calculation does not require the absolute value of the intpTAC.
ISA can form the parametric image of BPnp 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 ct al.. 1999) and ['®F]FDG studies (Kimura et al..
2002). In this paper, we proposed averaging and clustering as a
way to successful ISA. The measured tTACs were clustered based
on their kinetic shape. In the {!'C]TMSX 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 ROI is
appropriate for EPISA because reducing noise is more important
than increasing heterogeneity in the clusters. The estimated result
was not influenced too much by the choice of the number of the
clusters as shown in Fig. 8. IntpTACs were estimated from all
possible pairs of the noise-reduced tTACs. In some pairs, estimated
intpTACs were not monotonically increasing. The derivative of the
intpTAC equals the pTAC. Therefore, the pTAC includes negative
values when the intpTAC was not monotonically increasing.

The reference-region-based Logan plot also successfully esti-
mates DVR or BPyp without arterial 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 plot requires the population value of &, in the reference
region in advance. We think that it is an advantage over the
noninvasive Logan analysis. Note that noninvasive Logan analysis

and our method will provide comparable results when the values of
k, in a reference region are sufficiently similar in all subjects.
Exact values should be specified for the set of parameters used
in the robust EPISA: the size of the averaging filter and the number
of clusters. When the PET data have a low signal-to-noise ratio, a
larger averaging filter and fewer clusters are preferable. We
conclude that the ISA is a practical algorithm for the obviation of
arterial blood sampling using noise reduction with clustering.
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