the statistical manipulation of SPECT images after recon-
struction and anatomical standardization makes it easier
for a radiologist to detect subtle changes.®™ The Z-score
of three-dimensional stereotactic surface projection
(3DSSP) images also adds information regarding cortical
perfusion even in very early stages of AD. 1012

The receiver-operating characteristics (ROC) analysis
by human observers is often used to assess the benefits
of newly developed diagnostic techniques.*!! Conven-
tionally, interpretation by human observers has been the
standard for assessing the detection performance of any
algorithm. However, human-observer studies are difficult
and time-consuming. Therefore, an alternative method
using a mathematical “model,” such as a channelized
Hotelling (CH) observer, has been developed to assess the
effect of image processing (e.g., filter cutoff frequency
and scatter compensation strategies).'™'% A CH observer
is characterized as having a psychophysiologic basis in
the frequency-selective channels of the human visual
system and is expected to predict human performance in
image interpretation, '

A good agreement between the CH observer (or a
similar numerical model) and a human observer for myo-
cardial and hepatic SPECT imaging was reported previ-
ously.'®2! Sankaran et al. reported that the reference
index for the performance of defect detection, that is, the
area under the ROC curve (Az), is slightly higher for the
CH observer than for the human observer, but was mar-
ginally within 1 S.D. of human Az for all combinations of
attenuation. detector response, and scatter corrections for
myocardial SPECT images."® Gifford et al. reported that
the CH observer in tumor detection by “7Ga SPECT gives

__Channgli

Images

| Fourier

a good quantitative agrecment with human data sets
obtained from two image reconstruction strategies, Fil-
tered-Back Prbjection (FBP) and Order Subset Expecta-
tion Maximization (OS-EM).2! These studies were aimed
at evaluating the diagnostic accuracy of a CH observer
compared with a human observer for different image
reconstruction and processing protocols. The results sug-
gest that a CH observer may be used as an approximation
of a human observer for various detection tasks, The CH
observer, however, has not been validated for the assess-
ment of statistically processed brain perfusion images.

The goal of this study was to compare human and CH
observers through ROC curves to detect the perfusion
pattern characteristic of AD on SPECT images. In this
study, we investigated the effects of three frequency
cutoff channel models of CH observers,

MATERIAL AND METHODS

Subjects

Brain perfusion SPECT images of 52 subjects were ana-
lyzed (AD patients, n = 21; healthy volunteers as controls,
n=31). In the patient group, there were 6 males and 15
females, with a mean age of 69.3 = 6.3 years (range, Si—
75). They were clinically diagnosed by geriatric physi-
cians as having probable AD on the basis of NINCDS-
ADRDA criteria.? Their averaged Mini -Mental State
Examination (MMSE) score was 21.6 + 2.1 (range, 17—
26).23 The controls comprised 15 males and 16 females,
with a mean age of 64.9 = 6.27 years (range 54-74). They
were participants in a research program on brain aging in
city dwellers conducted by the Institute of Development,

_Hotelling Observer

Ar
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e
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Fig. 1 Schematic diagram of a CH observer. Image f was first converted by Fourier transformation. In
trequency domain, filtering was upplied for Fourier transformed image F using radially symmetric
channels u, and then the channel matrix r was obtained (named as Channelized process). The channel
matrix r was processed by pre-whitening (Ku!) and matched filter (Ar) and then finally, test statistic A
was obtained. The test statistic A was diagnosed using threshold Anyesh. Whether the input image f falls
in one group or the other (numed as Hotelling observer process). Character of Hotelling observer is the
use of averaged matrix from the two-covariance matrices derived from channel matrices for one group

or the other for Ky matrix.
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Fig. 2 Representative SPECT images (A), 3DSSP images (B), Z-scores of SPECT images (C) and Z-
scores of 3DSSP images (D) used for image interpretation experiment. Images in (B) and (D) are. from
left to right, right lateral, left lateral, superior, inferior, anterior, posterior, right mid-sagittal. and left
mid-sagittal views. Images in (C) and (D) were superimposed on template MR images.
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Fig. 3 Profiles of Fourier amplitude spectra from normal control (solid line) and Alzheimer’s dementia
patient (dotted line) calculated from SPECT image (A), 3DSSP image (B), Z-score of SPECT image (C)
and Z-score of 3DSSP image (D). Individual profiles for the four types of image were obtained from the
following images: images in (A) and (C) are transverse views at central slices of 3D Fourier amplitude
spectra. Images in (B) and (D) are summed 2D Fourier amplitude spectra along eight individual slices
of 3DSSP images.
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Aging and Cancer, Tohoku University and there were no
abnormalities on their MR images.?* In this study, we
randomly selected [0 controls (mean age, 64.8 = 5.65
years) as the normal database for the calculation of Z-
score, and the other 21 controls were used as test subjects
for ROC analysis. We obtained informed consent from all
AD patients or their next of kin. Written informed consent
was obtained from all controls after a proper explanation
of the study, in accordance with the Code of Ethics of the
World Medical Association (Declaration of Helsinki).

SPECT study

SPECT study of cerebral perfusion was performed using
N-isopropyl-['**I]p-iodoamphetamine (IMP). All sub-
jects received 111 MBq of the compound intravenously
under standard resting conditions while lying supine on a
scanning couch. The main projection data (158 keV =
15%, 4 degree sampling) were acquired continuously for
30 min using a triple-head SPECT camera (Multispect3,
Siemens, Malvern, PA, USA) with fan-beam collimators.
The projection data were smoothed using a Butterworth
filter (order 8 and a cutoff of 0.3 cycles/pixel) and recon-
structed by FBP with a Ramp filter (10.6 mm FWHM of
image resolution). Attenuation correction by Chang’s
method was applied assuming an attenuation coefficient
of 0.08 cm™'. Scatter correction was not performed.

Channelized Hotelling observer
A schematic diagram of CH observer is shown in Figure 1.
CH observer accepts as an input an image f belonging to
either a class of normal images, fg, or a class of abnormal
images (in this study, “abnormal” refers to AD), fi, and
provides the test statistic A, which indicates the statistical
index that determines whether the input image f falls in
one group or the other.'®!4

Initially, image f is converted by Fourier transforma-
tion. In frequency domain, filtering is applied for Fourier
transformed image F (p) using radially symmetric chan-
nels uc(p) defined by the formula [2/]

oy = [ TP ILE [po2°, po2°)
uAp) {O Otherwise ’

= Zptdp)Fp) M
‘T Z pll C(P)

forc €{1,2,3,4,5}]. By this filtering process, the channel
matrix r (=[r1, .. ., 1c]) is obtained. In this study, sets with
the frequency cutoff po (0.015, 0.02313, and 0.03125
pixel™!) were tested. These were designated as the low-,
mid-, and high-pe channel models, respectively. The
cutoff py values of 0.015 and 0.03125 were obtained from
Gifford et al.?! and Wollenweber et al.,'” respectively, and
0.02313 is the mean of these two values. The test statistic
A of a CH observer for the task of detecting AD is as
follows:
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A =[Fi - T Ky, )

where 1y and rg are the means of the two classes of
channel matrices for the AD and control groups, respec-
tively. The script “T” denotes a matrix transposition, and
Ky is the ¢ x ¢ matrix averaged from the two-covariance
matrices derived from channel matrices for the AD and
control groups.

lmage processing

As shown in Figure 2, we generated four types of images.
A) SPECT images: After anatomical standardization by
SPM 99, the normalization of global counts for each
subject was set to 500 with proportional scaling. The
matrix size of a SPECT image was 79 x 95 x 68 (2 x 2 x
2 mm?). B) 3DSSP images: 3DSSP images (128 x 128;
pixel size, 2.25 x 2.25 mm?; and eight (projection) im-
ages) were processed according to a previous report,'?
where the maximum cortical activity was extracted adja-
cent to predefined surface pixels on a pixel-by-pixel basis,
and the normalization of global counts for each subject
was set to 500 with proportional scaling. C) Z-score
images: The Z-value of SPECT images was calculated on
a pixel-by-pixel basis with the following equation using
SPECT images: Z = (mean of normalized pixel of normal
database ~ normalized pixel of a patient)/SD of database.
The normal database consisted of 10 controls as described
in the previous section. D) Z-score of 3DSSP images: Z-
score of 3DSSP images was calculated on a pixel-by-pixel
basis using the equation described in C).

[mage interpretation
We performed image interpretation using the four types of
image for the differential diagnosis of AD patients from
controls by human and CH observers.

Five experienced nuclear medicine physicians (4, 6, 8,
9, and 18 years of experience in brain nuclear medicine)
were involved in the following four interpretation ses-
sions: A) SPECT images: SPECT images in transverse
(48 slices), sagittal (42 slices), and coronal planes (42
slices) were printed on two separate sheets. B) 3DSSP
images: 3DSSP images were interpreted together with
SPECT images. A 3DSSP image comprised eight projec-
tion images of the brain’s surface and was printed on a
sheet (Fig. 2B). C) Z-score images: Z-score images were
interpreted together with SPECT images. A Z-score
image (z = 1) superimposed upon template MR images
(Fig. 2C) was printed on two sheets in transverse, sagittal,
and coronal planes. D) Z-score of 3DSSP images: Z-
scores of 3DSSP images were interpreted together with
SPECT and 3DSSP images. A Z-score of 3DSSP image (z
2 1) superimposed on a template MR image (Fig. 2D) was
printed on a sheet. The nuclear medicine physicians were
unaware of subject information or of predicted results,
except for the information that the subjects comprised
aged normal and AD patients. At the beginning of the
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Fig. 4 Averaged (bold solid lines) and individual physician’s (thin solid lines) ROC curves obtained
from SPECT images (A), 3DSSP images (B), Z-scores of SPECT images (C) and Z-scores of 3DSSP

images (D).

interpretation study, the nuclear medicine physicians re-
ceived lectures, and practiced on one normal SPECT
study and one study of a patient. The studies were not
included in the study materials. Allotted time for the
lecture and practice was 30 minutes in total. The lecture
explained the typical SPECT findings in AD. The criteria
were hypoperfusion of bilateral posterior cingulate gyri
and precunei and/or hypoperfusion of bilateral medial-
temporal and temporo-parietal lobes. Images were evalu-
ated on a five-point scale of certainty: definitely, possibly,
equivocally, possibly not, and definitely not. To avoid
crossover interpretation artifacts, only one set of images
was interpreted per session.

For the CH observer, the test statistics A for all test
images—A) SPECT images, B) 3DSSP images, C) Z-
score images, and D) Z-score of 3DSSP images—were
calculated and then a diagnosis was made after applying
a fixed threshold value. First, all test images were con-
verted into Fourier amplitude spectra and then channelized
with a radial symmetric channeling filter using Eq. 1. The
SPECT and Z-score images were performed using a 3D
Fourier transform.> Because of slice independency, each
slice of the 3DSSP and Z-score of 3DSSP images was
processed using a 2D Fourier transform, and then Fourier
amplitude spectra were summed along axial slices. The
continuously distributed A values of these test statistics

Vol. 20, No. 9, 2006

for 42 test data (SPECT, Z-score. 3DSSP and Z-score of
3DSSP images) were used for the ROC analysis.

Data analysis

The human observer ratings data and continuously dis-
tributed CH observer data were analyzed using the
ROCKIT 0.9.1 8 program developed by Metz and co-
workers (http://xray.bsd.uchicago.edu/krl).>®*” This pro-
gram fitted a binormal ROC curve to the given data using
a maximum-likelihood technique, and then Az was esti-
mated. Az was used as the measure of comparison be-
tween the human and CH observers for the four image
types. Especially, correlations between averaged Az of
human observer and Az of CH observer for four image
types were statistically evaluated using the t-distribution
of standardized r (Pearson’s correlation coefficient).

RESULTS

Figure 3 shows the profiles of Fourier amplitude spectra
for a control and an AD patient for the four types of image.
Differences in spectra between AD and controls were
quite small for SPECT and 3DSSP images. However, the
profiles for controls and AD were quite separable for the
Z-scores of the SPECT and 3DSSP images.

Figure 4 shows the ROC curves for SPECT, 3DSSP,
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Fig. 6 Comparison of Az obtained by human and CH observers
for four types of image. Error bars represent 1 SD for the results
from the human observers (n = 5).

Z-score of SPECT, and Z-score of 3DSSP images as
interpreted by the five physicians. The average perform-
ance of these human observers, as indicated by the aver-
age ROC curves, varied with the image type, and was
generally better for Z-score images than for SPECT im-
ages, and was best for Z-score of 3DSSP images.
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Figure 5 shows the ROC curves for SPECT, 3DSSP, Z-
score of SPECT, and Z-score of 3DSSP images analyzed
by the CH observers using the low-, mid-, and high-pg
channel models in Eq. 1, compared with the averaged
curve for the images analyzed by the five physicians. The
performance of the CH observer in analyzing the SPECT
images (Fig. 5A) was highly dependent on the definition
of frequency cutoff values. This dependency was not
observed in Figure 5B, C and D for the other image types.

Table | and Figure 6 show, respectively, a summary
and a comparison of the averaged Az for the four image
types as interpreted by the human and CH observers.
Significant differences in Az obtained by human observ-
ers were observed between SPECT and Z-score of 3DSSP
images (p < 0.05; paired t-test). CH observers on average
performed betler than the average human observer, as
indicated by the Az values, with the exception of the CH
observer that used a high-pg channel model for the SPECT
images. In both groups, similar image-dependent trends
were observed; that is, performance generally improved
from the original SPECT images to the Z-score images of
each respective data set. Pearson’s correlation coefficient
(r: index of linearity between two variables) for Az for the
four image types between the average human and the CH
observer using a mid-po, low-pg and high-py, channel
model was 0.979, 0.997 and 0.887, respectively. There
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Table 1 Summary of diagnostic performance of human observers with ROC analysis and CH observers with three
frequency cutoff channel models. For human observers, mean = 1 SD were calculated among individual Az values of

5 physicians

SPECT 3DSSP Z-~score Z-score of 3DSSP
Human observer 0.816 = 0.066 0.860 = 0.087 0.874 £ 0.073 0.905 = 0.094
CHO-Low 0.936 0.954 0.957 0.971
CHO-Mid 0.886 0.944 0.957 0.973
CHO-High 0.750 0.961 0.972 0.977

were significant correlations between CH observer using
a mid- and low-pg and human observers (p < 0.05).

DISCUSSION

In this study, we used a CH observer to segregate SPECT
perfusion brain images of AD patients from those of
controls. The performance of the CH observer was similar
to that of the human observers.

The averaged ROC curve obtained by human observers
was different among the four types of images shown in
Figure 4. Az is 0.816 or 0.905 when either a SPECT image
or the Z-score of a 3DSSP image is analyzed. This finding
is consistent with that of Honda et al.,'! who reported that
the combined interpretation of the Z-score of a 3DSSP
image and the SPECT image elicited an improved Az
(0.778) compared with the interpretation of a SPECT
image alone (0.679). The absolute values and magnitudes
of changes in our study are different from those of Honda
et al., perhaps due to differences in patient population
(averaged MMSE score: 24 in Honda et al. and 21.6 in our
study) and in the experience level of the nuclear medicine
physicians.

Figure 5 and 6 show that the rank order of the four types
of image processing by the CH observer was similar to
that by the human observer. Significant correlations be-
tween human and CH observer were observed in condi-
tion with mid- and low-pp channel model. In particular, the
performance of the CH observer with the mid-pg ‘channel
model was either close to or within 1 S.D. of human Az.
Furthermore, the performance of the CH observer for the
SPECT image (Fig. 5A) was heavily dependent on the
frequency cutoff; this may be due to the characteristics of
the frequency spectra of the SPECT images, which were
distributed at the center as shown in Figure 3A.

Physicians focus on test images according to anatomi-
cal information and comparison with normal perfusion
patterns experienced during previous diagnostic proce-
dures. In contrast, the CH observer identifies frequency
patterns on which it bases its inferences. Taking into
account this mechanistic difference in image interpre-
tation, the input images for human and CH observers
were different in this study. Because statistically proc-
essed Z-score images lack anatomical information for
the physician’s interpretation, the Z-score images were
thresholded and superimposed on template MR images
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(Fig. 2C and D). Additionally, the human observers
always read the unprocessed SPECT images together
with each processed image in three sessions. On the other
hand, the CH observer identifies frequency characteristics
and does not require any anatomical information. There-
fore, the CH observer was able to work on a test target
image alone without any additional information such as
the MR template image and the setting of a threshold. The
difference in input image for both human and CH observ-
ers makes this study unique from previous CH observer
studies. Preliminary data suggest that the effects of the
superimposed MR image and threshold value were negli-
gible for the performance in the CH observer’s analysis of
Z-score images (data not shown).

In this study, the CH observer was implemented with
3D or 2D Fourier transformation for volumetric or sur-
face-projection images, respectively. The CH observer
with 2D Fourier transformation was originally developed
in association with the human visual system on single-
slice image’s.13 3D or 2D Fourier transformation with
axial summation is used for multislice images®!?%; how-
ever, there is no clear evidence showing any pertinent or
obvious benefit of any technique. We assumed that when
physicians interpret multislice brain perfusion SPECT
images, they generate a mental image of three-dimen-
sional images, and that this human interpretation is as-
sociated with 3D data handling. For this reason, we
preferred to use 3D Fourier transformation for the multi-
slice CH observer. However, whether 2D or 3D Fourier
transformation generates a more accurate representa-
tion requires further investigation,?’

Even though a significant correlation between the hu-
man and CH observers was observed, the CH observer
with mid-pp and channel number 5 tends to overestimate
the performance compared with the human observer.
Another channel number for the CH observer or other
numerical observer models, such as channelized non-pre-
whitening (CNPW) and non-pre-whitening (NPW) ob-
servers,' may provide a more accurate prediction of the
human observer.

The present approach may be useful for evaluating the
effectiveness of a certain image processing technique.
The current results suggest that although the SPECT
images exhibited such dependence, yielding optimal re-
sults for the mid-py channel model, statistically processed
images may be relatively independent of such models.
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However, it is unknown whether the independency of the
frequency cutoff channels is observed for other condi-
tions such that the optimization of frequency cutoff chan-
nels may be required.

This CH observer model with a frequency cutoff chan-
nel can be used to evaluate the effects of partial volume
correction on statistically processed or unprocessed SPECT
images.?® Similarly, the effect of scatter correction for
relative studies, such as is used in statistical analyses,
has not yet been evaluated and may prove to be a useful
substrate for further CH observer research.

CONCLUSION

The performance of the CH observer was similar to that of
the human observers across all image types. This indi-
cates that CH observer may be useful for evaluating
image-processing methods in brain-perfusion SPECT.
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Hamamatsu University School of Medicine, Hamamatsu, Japan; *Department of Nuclear Medicine and
Diagnostic Imaging, Graduate School of Medicine, Kyoto University, Kyoto, Japan; *Department of
Investigative Radiology, National Cardiovascular Center Research Institute, Suita, Japan

The threshold of cerebral blood flow (CBF) into infarction in rats has been indicated to be similar to
that in patients. However, CBF does not reflect metabolic function, and so estimations of oxygen
metabolism have been required. Here, we estimated changes in oxygen metabolism after occluding
the right middle cerebral artery (MCA) in rats using an injectable '*0-0, we developed. A decrease in
CBF (left: 0.67+0.22 mL/min/g, right: 0.44::0.17 mL/min/g, P<0.05) and compensatory increase in the
oxygen extraction fraction (OEF) (left: 0.42+0.13, right: 0.50+0.19, P<0.05) were observed at 1-h
after occlusion. In contrast, a marked decrease in CBF and the cerebral metabolic rate for oxygen
and a collapse of the compensatory OEF mechanism were found at 24 h after occlusion. Injectable
150-0, could be used to reliably estimate oxygen metabolism in an infarction rat model with positron

emission tomography.
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Introduction

Stroke is closely related to alterations in cerebral
blood flow (CBF), the cerebral metabolic rate for
oxygen (CMRO,), the oxygen extraction fraction
(OEF), cerebral blood volume, and so on while some
neurodegenerative disorders such as Alzheimer’s
disease and Parkinson’s disease are also reported to
induce a change in CBF (Derejko et al, 2001; Mori,
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2002) because of tissue degradation. Therefore,
estimation of these circulatory and metabolic para-
meters is important for both pathophysiological
studies and the development or evaluation of new
methods for treating stroke.

Studies on changes in parameters of cerebral
circulation after the onset of stroke have been
performed in several animal models (Belayev et al,
1997; Ginsberg, 2003; Heiss et al, 1997, 1994;
Pappata et al, 1993; Takamatsu et al, 2000; Tenjin
et al, 1992; Young et al, 1996; Zhao et al, 1997} and
patients (Baron, 2001; Heiss et al, 2001). In the
studies using larger animals, CBF, OEF and CMRO,
were estimated after the onset of ischemia by
positron emission tomography (PET) with **O-H,O
and °0-O, gas and used as predictors for the
progression of brain infarction. These reports in-
dicated that areas showing a decrease in CBF and
compensatory increase in OEF in the early phase of
stroke were vital several hours after the onset. Also,
in studies with rats as an animal model of ischemia,
CBF was certainly indicated to be a good predictor
for infarction in comparison with the results for
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patients (Belayev et al, 1997; Ginsberg, 2003; Zhao et
al, 1997). However, CBF does not reflect cell energy
metabolism and so measurements of oxygen meta-
bolism are required to accurately estimate tissue
viability. Additionally, since that there are func-
tional differences between rodents and humans
(Walovitch et al, 1994), careful evaluation is needed
when using rats to investigate the pathophysiology
and progression of human stroke. On these bases, we
adopted MCA occluded rats, widely used ischemia
model (Kuge et al, 1995; Longa et al, 1989;
Minematsu et al, 1992), and evaluated the changes
in CBF, OEF and CMRO, after the onset of stroke
with PET.

On the other hand we recently developed a
method of measuring regional OEF in the rat brain
noninvasively using PET (Magata et al, 2003). Here,
we designed experiments to estimate CBF, OEF and
CMRO, by PET in the early and late phases of a
permanent ischemia in rats.

Materials and methods

Animals

Male Sprague-Dawley rats (250 to 310g) supplied by
Japan SLC Co. (Hamamatsu, Japan) were housed for 1
week under a 12-h light/12-h dark cycle and given free
access to food and water. The animal experiments in this
study were conducted in accordance with institutional
guidelines and approved by the Kyoto University Animal
Care Committee.

Preparation of **O-Labeled Compounds

The production of **0-H,O and injection of **O-oxygen
(injectable **0-0,) were conducted as reported previously
(Magata et al, 2003). Briefly, **0-H,0 was synthesized by
the reduction of *0-0, with H, gas (catalyzed by Pd black
at 140°C) and trapped in a saline solution. As for
injectable '°0-O,, part of an infusion line kit (Terumo
Corporation, Tokyo, Japan) used as a blood reservoir and
an artificial lung 18 cm in length (Senko Medical Instru-
ment Mfg Co. Ltd, Tokye, Japan) designed for small
animals such as rats were connected to a peristaltic pump
(EYELA roller pump RP-1000, Tokyo Rikakikai Co. Ltd,
Tokyo, Japan) to make a closed system. Then, 18 to 20 mL
of blood was collected from several rats and filtered with
saline-wetted gauze. The blood was circulated (100mL/
min) in the system and **0-O, gas (4100 to 5100 MBq/min/
500 ml) was introduced into the artificial lung to prepare
injectable **0-0, (51 to 90 MBgq/ml).

Animal Preparation

Rats were divided into two groups. One was for the early
phase PET experiment (n=7, 1h after the onset of
occlusion) and the other was for the late phase experiment
(n=6, 24h after the onset of occlusion). The rats were
starved for 6 h before the operation and anesthetized with
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chloral hydrate (i.p. 400 mg/kg). For the early phase group,
anesthesia was sustained throughout the experiment. The
left femoral artery in each rat was catheterized using a PE
20 catheter (i.d. 0.5mm, o.d. 0.8 mm) for blood sampling
during PET study. Then, the right middle cerebral artery
(MCA) was occluded intraluminally using a nylon 4-0
monofilament (Kuge et al, 1995; Longa et al, 1989,
Minematsu et al, 1992). For the late phase group, each
rat was aroused from anesthesia after the right MCA
occlusion and then anesthetized for the catheterization of
the left femoral artery and PET experiments. After the
completion of the operation, rats were administered i.v,
with 1001U of heparin. The animal was placed supine ina
stereotaxic apparatus, and its head was restrained by
mouth and ear bars. After the acquisition of a blank scan
for 180mins, the apparatus was placed in a PET camera
(SHR-7700L, Hamamatsu Photonics, Hamamatsu, Japan)
(Watanabe et al, 1997). The position was standardized
with the aid of a laser beam, and the desired cranial
position in the camera was oriented. Rectal temperature
was maintained at around 37 °C with the aid of heating
pads and blood gases were measured using a blood gas
analyzer (Rapidlab 348, Chiron Diagnostics Ltd, Essex,
England) several times during the experiment. After the
PET experiments, 2,3,5-triphenyltetrazolium chloride
(TTC) staining was performed in some cases for evaluating
the progression of stroke.

Positron Emission Tomography Experiments

A transmission scan was performed for 30mins for
attenuation correction following the blank scan. Then, a
dynamic PET scan was performed using ®0-H,0 (i.v., 148
to 185 MBq) to measure CBF values 1h or 24h after the
initiation of MCA occlusion. A second PET scan was
performed with the administration of injectable **0-O,
(i.v., 74 to 148 MBq) over a 60-secs period to measure OEF
values after the radioactivity of **0-H,O had decayed in
the body. In both cases, the total scan acquisition period
was 120secs and the scan consisted of 12 x 10-second
frames. Arterial blood sampling was performed continu-
ously throughout the PET scans and blood centrifugation
was also performed for measuring the plasma concentra-
tion of *°0 radioactivity. The radioactivity of each sample
was measured with an Nal well scintillation counter
(Packard AutoGamma 500, Packard Instruments, Meriden,
CT, USA) calibrated using a ?Na standard radioactive
source,

Data Analysis

Positron emission tomography images were obtained as
described previously (Magata et al, 2003). The rat brain
was visualized in four consecutive coronal slices. Then,
two regions of interest (ROIs) in each slice, right and left
hemispheres, were visually chosen according to the
magnetic resonance images obtained previously in the
another study using 1.5T MRI Activity in ROIs was
calibrated using a cross calibration factor calculated in




another phantom study with a 10-cm-diameter hollow
phantom.

The CBF value in each ROI was calculated by
numerically solving the equation (1) as reported pre-
viously (Temma et al, 2004).

R(t) = fAw(t)  e” V7P (1)

where the asterisk denotes the convolution integral and
other marks are the tissue concentration of **O radio-
activity (R{#)), a typical example of that in the late phase
experiment is presented in Figure 1, CBF (f), the arterial
concentration of **0O-water radioactivity (Aw(#)), partition
coefficient of water between the brain and blood (P=0.8)
and physical decay constant of **0 (4).

Then, the OEF value was calculated using the same
equation (Eq. 2) as that applied to the bolus inhalation of
150-0, gas method (Mintun et al, 1984; Shidahara et al,
2002), which could be used with this pharmaceutical as
shown previously (Magata et al, 2003)
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Figure 1 Typical curves of 120 radioactivity obtained by the PET
scanning using (A) 150-H,0 and (B) injectable 50-0, 24 h after
the right MCA occlusion.
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where the arterial concentration of **0-0, radioactivity
(Ao(t), cerebral blood volume (Vz=0.04 mL/g), the hema-
tocrit ratio between central and peripheral regions
{(R=0.85) and the effective venous ratio in the brain
(V{=0.835) are used.

The CMRO; value was calculated using equation (3). In
this equation, Hb is gram hemoglobin/mL blood and %Sat
is percent saturation of O, (Shidahara et al, 2002).

1.39xHbx %Sat)

CMRO, = 05 xOEF xCBF (3)

Results
Injectable **0-0O, Labeling

The shape of an artificial lung was modified to
increase **0 labeling efficiency. Namely, the artifi-
cial lung used was three times longer (18 cm) than
the previous version while the density of plastic
fibers and diameter of the lung were unchanged
(Magata et al, 2003). In this system, 90 MBq/ml was
obtained at maximum.

Physiological Parameters

Blood gases were analyzed several times during the
experiment (Table 1). Although several parameters
were significantly changed, these changes were
slight and levels were not in the abnormal range.

Studies at 1h After Onset

The relationships between CBF, OEF and CMRO; at
1 h after the occlusion are shown in scatter diagrams
(Figures 2 and 3). As revealed in Figure 2, in the
right hemisphere, a decrease in CBF and compensa-
tory increase in OEF were indicated in comparison
with the opposite side, inducing a good reciprocal
relationship as a whole. Also, the decrease in CBF in
the right hemisphere was not so marked. Figure 3
shows the relationship between CBF and CMRO,.

Table 1 Arterial blood gas values before and after PET
experiments in MCA occlusion

1h 24h

Before After Before After

pH 7.32 (0.03) 7.33 (0.03) 7.36 (0.04) 7.35 (0.04)
PO, (mm Hg} 97.4(5.7) 102.8(10) 94.8(7.4) 1015 (4.3)*

PCO, (mm Hg) 44.3 (4.2) 39.8(3.4) 39.7 (4.8) 36.9(3.7)*
Het (%) 54.4 (4.8) 51.5(3.8)* 55(3.3) 53.5(3.1)
0,Sat (%) 96.9 (0.4) 97.2 (0.8) 96.9(0.7) 97.4 (0.3)*
Hb (g/dl) 18.5 (1.6)  17.5 (1.3)* 18.7 (1.2)  18.2 (1.0)

Statistical differences in each physiological parameter between before and
after PET experiments were determined using the Wilcoxon signed-rank test;
*P <0.05.

Values listed are means (s.d.).

w
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Figure 2 Scatter diagram of CBF (ml/min/g) and OEF values
1 h after the onset of MCA occlusion.
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Figure 3 Scatter diagram of CBF (mL/min/g) and CMRO, (my/
min/100g) values 1 h after the onset of MCA occlusion.

These two values also exhibit a good correlation, in
which the decrease in CMRO, in the right hemi-
sphere was not so marked.

Studies at 24h After Onset

The relationships among parameters at 24 h after the
occlusion are shown in scatter diagrams (Figures 4
and 5). As shown in Figure 4, in the right hemi-
sphere, the decrease in CBF was more pronounced
than at 1 h (Figure 2} and there was no compensatory
increase in OEF, resulting in a loss of the good
correlation between CBF and OEF. Figure 5 shows
the relationship between CBF and CMRO,. The right
hemisphere exhibited a marked decrease in CMRO,.

Quantitative Values of Cerebral Blood Flow, Oxygen
Extraction Fraction and Cerebral Metabolic Rate for
Oxygen

Figure 6 and Table 2 show the averaged hemispheric
values of CBF, OEF and CMRO, at 1h {n=7) and
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24 h after the onset of MCA occlusion.
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Figure 5 Scatter diagram of CBF (ml/min/g) and CMRO,
(mL/min/100 g) values 24 h after the onset of MCA occlusion.

24 h {n=6) after the onset of MCA occlusion. In the
right hemisphere at 1h, the decrease in CBF was not
so marked (0.44+0.17 mL/min/g; P<0.05 compared
with the left side) and a compensatory increase in
OEF (0.50+0.19; P<0.05 compared with the left
side) was observed, inducing a slight decrease in
CMRO, (4.5+1.1mL/min/100g; P<0.05 compared
with the left side). In contrast, at 24 h, there was a
marked decrease in CBF (0.26+0.07 mL/min/g,
P<0.05 compared with both the left side and at
1h) and no compensatory increase in OEF (0.49+
0.19; OEF in the left hemisphere was 0.51+0.12, not
significant with each other), resulting in a large
decrease in CMRO; (2.9+0.8 mL/min/100g; P<0.05
compared with both the left side and at 1 h).

Discussion

In our previous report (Magata et al, 2003}, up to
72MBg/ml of injectable *0-O, was obtained with
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Figure 6 The averaged hemispheric values of (A) CBF (mL/min/g), (B) OEF and (C) CMRO, (ml/min/100¢) obtained by PET 1
(n = 7) and 24 h (n = 6) after the onset of MCA occlusion. Significant differences in each parameter (CBF, OEF, CMRO,) between the
left and right hemispheres at the same time point and between 1 h and 24 h on the same hemisphere were determined using the
Wilcoxon signed-rank test and the Mann-Whitney U-test, respectively; *P < 0.05, n.s. not significant.

Table 2 The averaged hemispheric values of CBF (mL/min/g), OEF and CMRO, (mL/min/100 g) obtained by PET 1 (n=7) and 24

hours {n = 6) after the onset of MCA occlusion.

1h 24h
Left Right Left Right
CBF (mL/min/g) 0.67 (0.22) 0.44 (0.17)* 0.50 (0.08) 0.26 (0.07)*
OEF 0.42 (0.13) 0.50 (0.19)* 0.51 (0.12) 0.49 (0.19)
CMRO, (mL/min/100g) 6.2 (1.3) T 4.5 (.1 6.2 (1.4) 2.9 {0.8)*7

Significant differences in each parameter (CBF, OEF, CMRO,) between the left and right hemispheres at the same time point and between 1 and 24 h on the
same hemisphere were determined using the Wilcoxon signed-rank test (*P < 0.05) and the Mann-Whitney U-test (P < 0.05), respectively. Values listed are

means (s.d.).

an artificial lung (6 cm length) and about 10ml of
blood. In the present study, the artificial lung was
made three times longer to increase the labeling
efficiency. First, we used three small artificial lungs
connected in series to improve the labeling effi-
ciency. In that system, more blood was needed for
summation of the dead volume of each lung, and,
the labeling efficiency, radioactivity per unit blood
volume, did not increase. Since the total activity in
the labeling system is constant if the radioactivity in
the supplied gas is constant, highly specific activity
of injectable **0-0, can be obtained when a small
amount of blood is used. Therefore, the ‘long’
artificial lung can increase the specific activity of
injectable **0-O, owing to the small dead volume.
Actually, with this new artificial lung and 18.6 ml of
blood, 90 MBg/m! of injectable **0-O, was obtained.

During the experiments, arterial blood gases were
analyzed several times (Table 1). At both 1 and 24h,
significant changes were observed in two or three
parameters. At 1h, Hct and Hb decreased after the
experiment, indicating slight hemolytic anemia. At
24 h, pO,, pCO, and O,Sat changed during the PET

scans. These values, especially pCO,, are known to
be closely related to the depth of anesthesia and so
might reflect a change in the condition of the animal
in PET studies. In any case, the changes of these
parameters were not so marked and they might not
affect the results of experiments.

At 1h after the onset of MCA occlusion, CBF
decreased slightly but significantly in the right
hemisphere in comparison with the left side; some

-ROIs showed normal values and others showed low

values (Figure 2). The OEF increased in ROIs with
decreased CBF, but not in ROIs with normal CBF
(Figure 2). The results indicate that the metabolic
compensatory mechanism worked well at 1h after
MCAQO. Cerebral metabolic rate for oxygen was also
kept in the area of low CBF (Figure 3}, and a good
correlation between CBF and CMRO, with a gentle
slope was obtained (Figure 3), suggesting that the
compensatory mechanism was working well at this
time point. :

At 24 h after the onset of MCA occlusion, while all
ROIs in the right hemisphere showed .severely
decreased CBF with small variation, OEF showed a

ot
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large variation (Figure 4). In the relationship
between CBF and CMRO,, all ROIs in the right
hemisphere showed severely decreased CMRO,
(Figure 5). These results indicated that the compen-
satory mechanism at 1h after MCAO onset had
collapsed at 24h and the progression of ischemic
injury was severer than at 1h.

In Figure 6 and Table 2, quantitative values and
standard deviations of CBF, OEF and CMRO, are
summarized. In the right hemisphere, CBF de-
creased slightly at 1h and severely at 24h. Both
values were significantly low compared with the
opposite sides (P<0.05) at both time points and the
difference between the 24h was also significant
(P<0.05). In the left hemisphere, CBF showed a
little decrease but was not significant during 24h
(P=0.0865). Since CMRO, expressed exactly the
same values at both time points, the decrease in CBF
might not mean a metabolic dysfunction but a
vascular disturbance at 24 h. Although blood vessels
in the left hemisphere should not be affected
directly in our MCAO operation, the progression of
the ischemic damage in the right hemisphere
included both the spreading of the ischemic core
and the disturbance of surrounding blood vessels so
that it is considered that the decrease in CBF on the
opposite side could have occurred. Furthermore,
CMRQ, in the left hemisphere was close to the value
obtained previously in normal rats using ***Xe as a
CBF tracer and a surgical method for determining
OEF (6.3+0.3mL/min/100g) (Kozniewska and
Szczepanska-Sadowska, 1990). It underlined the
preceding discussion that the brain tissue in the
left hemisphere was not damaged at all during 24h
and the reason for the little decrease in CBF was
vascular disturbance.

In the right hemisphere, CMRO, decreased se-
verely during 24h in the same manner as CBF
(Figure 6, Table 2). Since these values did not
represent CMRO, in the ischemic core but just
values in the entire right hemisphere because of the
large size of ROIs, it is difficult to discuss the
progression of impairment. However, taken together
with the decreases in CBF in both hemispheres
during 24 h, the decrease in CMRO, might not mean
an ischemic core-specific progression of tissue
disturbance but a spreading of the ischemic damage
throughout the hemisphere. In fact, TTC staining
revealed no sign of disturbance at 1h but severe
disruption at 24h in the right hemisphere.

Meanwhile, an obvious change of OEF was also
evident during 24 h (Figure 6, Table 2). The increase
in OEF in the right hemisphere compared with the
left side at 1h after the onset of MCAO (P<0.05)
showed that the metabolic compensatory mechan-
ism was working well. However, at 24h, the OEF
was the same in both hemispheres (P=0.7532),
which indicates that the compensatory mechanism
did not function at 24h after the onset. Therefore,
considering that the condition in the left hemi-
sphere at 1h was actually normal or stage I in the

Journal of Cerebral Blood Flow & Metabolism (2006), 1-7

course of the ischemic disorder (Nemoto et al, 2004;
Powers, 1991), the right hemisphere at 1h might
include partly stage II and stage IIl (Figures 2 and 3;
CBF was normal or decreased, OEF increased and
CMRO, was normal or slightly decreased), the left
hemisphere at 24h might be expressed at stage II
{(Figures 4 and 5; CBF decreased, OEF increased,
CMRO, was normal) and the right hemisphere at
24 h might include early and severe phases of stage
III (Figures 4 and 5; CBF decreased, OEF increased
or decreased and CMRO, strikingly decreased).

Conclusion

In this paper, we estimated the changes in CBF, OEF
and CMRO, after the onset of MCA occlusion in rats
by PET using injectable **0-O,. In the early phase
after occlusion, a decrease in CBF and compensatory
increase in OEF were shown, and in contrast, CBF
and CMRO, were severely decreased in the late
phase. This is the first report to indicate reliable
oxygen metabolism in a MCAO rat model using PET.
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PET kinetic analysis—compartmental model
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PET enables not only visualization of the distribution of radiotracer, but also has ability to quantify
several biomedical functions. Compartmental model is a basic idea to analyze dynamic PET data.
This review describes the principle of the compartimental model and categorizes the techniques and
approaches for the compartmental model according to various aspects: model design, experimental
design, invasiveness, and mathematical solution. We also discussed advanced applications of the

compartmental analysis with PET.

Key words: PET, compartmental model, pharmacokinetics

1. Introduction

RECENTLY, positron emission tomography (PET) imaging
with ¥F labeled fluorodeoxyglucose (FDG) has shown
great success in tumor detection and cancer staging.
Furthermore, PET has been widely accepted as a tool for
“molecular imaging,” which is regarded as the main
paradigm for twenty-first century biology.!> Among
several imaging modalities {such as MRI, SPECT, optical
imaging) for molecular imaging, PET imaging has sev-
eral advantages such as high sensitivity and ability for
quantitative measurement. However, in order to exploit
PET’s potential fully, one must understand some basic
principles behind PET. Data measured by PET camera
are composed of various signals. In order to isolate the
component of the signal of interest, a mathematical frame-
work has been developed by several investigators. “Com-
partmental model” originated from the field of pharmaco-
kinetics and is a commonly used mathematical model for
analyzing PET data. Many methods to analyze PET data
have been developed based on the compartmental model
including the quantification of blood flow,* cerebral meta-
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bolic rate for glucose,’ cerebral oxygen utilization® and
neuroreceptor ligand binding.” In this review, the concept
of the compartmental model with PET is introduced and
several applications by the compartmental model and
PET are discussed.

2. General concepts for compartmental model to
analyze PET data

In a typical PET study, PET data are sequentially obtained
after the radioactive tracer is introduced (usually admin-
istrated intravenously) over time. By applying proper
corrections for attenuation, dead-time of detector, physi-
cal decay of radioactivity and scattered photons, PET data
represent the tracer concentration (Bq/m/) at a certain
time. In order to interpret the observed PET data over
time, we assume there are physiologically separate pools
of tracer substance as “compartments.” Figure | repre-
sents general four compartments model or three tissue com-
partments model. The first compartment is the arterial
blood. From arterial blood, the radioligand passes into
the second compartment, known as the free compart-
ment. The third compartment is the region of specific
binding which we are usually interested to observe. The
fourth compartment is a nonspecific-binding com-
partment that exchanges with the free compartment.
The transport and binding rates of the tracer (K, [m/*
g~ *min~'1, k2 [min™'], k3 [min~'], k¢ [min~!], ks [min~!]
and ks [min~!] in Fig. 1) are assumed to be linearly related
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to the concentration differences between two compart-
ments, and the following differential equations are de-
scribed at time 7 [min].

dCu(1) = IsCr(6) = kaC(1)
dt
(/(C[;([) pusd K’}CI’([) + /((\Cr/([) + /\4C/)(,) - (k: + 1\‘ * !\Q)C‘/([)
(/( r:(l) - 'I\»SC"([') - /\’(,C‘n(’) .
dt

(H

where Cp(). Cr(n), Cn() and C (1) are radicactivity con-
centrations at time ¢ [min] for each compartment. Data
obtained by PET camera (Cper(#)) are a summation of
these compartments as

Copr(t) = CAD + Co(r) + Cu(D) (2)

The parameters can be estimated by fitting the model to
measured PET data with arterial radioactivity concentra-
tion (Cp(1) as input function. The Cp(r) must be measured
separately from PET data acquisition. The frequent manual
sampling of the arterial blood or continuous radiocactivity
monitoring by external radiation detector®”? is required
(there are several techniques to avoid blood sampling,
which will be discussed later).

It is sometimes more useful to employ combinations of
the parameters as “macro parameter” to represent the
observed data rather than individual parameter. The fre-
quently used macro parameters are distribution volume
(K/k2), and binding potential (f_%f or 2—:) These estimated
parameters or the macro parameters provide several use-
ful pieces of information such as the behavior ol target
molecule, physiological function, and pharmacokinetics.

There are several assumptions that underlay the com-
partmental model to interpret PET data. Physiological
process and molecular interactions are not influenced by
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Fig. 1 General three tissue (or four-compartments) compart-
mental model. This model consists of components of plasma,
free ligand in tissue, specific binding and non-specific binding
and six rate constants (Ky—ke).
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injected radioligand and should be constant during PET
measurement. Because PET imaging has sensitivity of
1671110712 mol//, most PET studies fulfill this assump-
tion. We presume that each compartment is homogeneous
and the radioligand that passes from one compartment to
the other is instantaneously mixed in the compartiment.

3. Classification of the compartmental models and
analyzes

Many compartmental models and many methods have
been proposed to analyze PET data. In this section. we
classify the models and methods in different aspects.

3.1 Number of the compartnents

The answer for how many compartments must be consid-
ered depends on the chemical and biological properties of
the radioligand. Moreover, the three tissue compartmen-
tal model in Figure | has six parameters and the statistical
guality of the observed PET data or the statistical proper-
ties of the defined model often does not allow to estimate
six parameters at once. By reducing the number of the
compartments, the number of estimated parameters is
reduced and the statistical variability of the parameters is
suppressed.

The simplest compartmental model is the model which
has only one tissue compartment (Fig. 2). The most
popular application of the single-tissue compartment is
blood flow measurement by 7O labeled water and PET
based on the Fick principle.? The single-tissue compart-
mental model is sometimes enough for many radioligands
to describe their kinetics. The neuroreceptor ligand actu-
ally behaves under the two or three tissue compartmental
model; however, practically one tissue compartmental
model is sufficient to describe the kinetics of the ligand in
some cases. !0-!!

The two tissue compartmental model (Fig. 3) fits many
radioligand tracers well. ['SFIFDG is a typical example of
the two tissue compartmental model. For many neuro-
receptor radioligands, rapid equilibrium between the
nonspecific-binding and free compartments can be as-
sumed and the two tissue compartmental model is enough
to interpret the kinetics of the ligand.

If the injected radioligand is metabolized and the me-

R .
Fig. 2 Single tissue compartmental model. This model has only
one compartment in tissue and exchange radiotracer between
plasma compartment (Cp) and tissue compartment (Cr) by two
rate constants Ky and k2.
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Fig. 3 Two tissue (or three-compartments) compartinental
model. This model consists of components of plasma, free
tigand (plus non-specific binding) in tissue and specific binding
and four rate constants (Ky—k4).
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Fig. 4 Compartmental model of FDOPA metabotism.'? The
model consists of FDOPA, fluorodopamine (FDA), FDA me-
tabolites (FMET consist of ['’F}6-fluoro-1-3,4-dihydroxy-
phenylacetic acid, ['"*F}6-fluorohomovanillic acid) and 3-0-
methyl-fluorodopa (3-OMFED).

tabolized compounds are detectable by the PET camera,
the compartmental model must take into account the
kinetics of the metabolites, which results in more com-
partments and parameters (o be estimated. {'*F]6-fluoro-
L-dopa (FDOPA) is a typical example of these kinds of
radioligands (Sec Fig. 4).1

Alternatively, there are several approaches which do
not require assumption of the number of compartments.
Instead, they estimate the macro parameters such as the
distribution volume based on common properties among
the compartmental models, Graphical approaches by Patlak
et al.'? and Logan et al.'* estimate the macro parameter by
graphically fitting a straight line to the transformed ex-
perimental data. Spectral analysis'*-'® assumes that the
observed PET data can be described by sets of exponentials
as impulse response function and employs non-negative
least squares fitting to estimate exponential basis func-
tions. The spectral analysis also supplies information on
the number of compartments. The basis pursuit denosing'’
extends the concept of the spectral analysis and permits
negative coefficient for the basis functions, facilitating
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adaptation for the reference tissue mode! (see below lor
explanation of the reference tissue model).

3.2 Bolus or infusion adminisiration of the radiotracer
In many cases, the radiotracer is administrated as a bolus,
and dynamic changes of PET data are observed and
analyzed. As shown in Eq. 1, the compartmental model
mathematically includes differential equations. If equi-
librium condition is achieved, i.e. the change rate of the
concentration against time in the compartment is zero, the
left side of Eq. 1 becomes zero, which simplities math-
ematical formulations for the compartmental analysis.
Continuously supplying radiotracer may produce equi-
librium condition. Well established technique using
this strategy is measurements of cerebral blood flow and
oxygen consumption by continuous inhalations of O~
CO, F0O-CO7 and P0-0: gases.’™ Another example of
usage of the equilibrium condition is bolus plus constant
infusion paradigm for neuroreceptor study.'” This experi-
mental paradigm starts with bolus injection of the ra-
diotracer followed by continuously infused administra-
tion of the radiotracer to achieve constant concentrations
in the tissue and blood. The distribution volume and
binding potential can be casily obtained by calculating
ratios between the radioactivity concentrations in the
tissues and blood. The rate of the infusion may vary
between subjects, and optimal scheduling of the experi-
ments must be sought for success of the bolus plus
infusion paradigm.*® :

3.3 Compartmental analysis with the arterial input
function or without the arterial input function

As described above, the arterial radioactivity curve as the
input curve is essential for the compartmental analysis
with PET. However, arterial sampling is invasive and
technically demanding. If the heart chamber is inside the
ficld-of-view of PET camera, the arterial input function
can be directly derived from PET images.”"*? Or the input
function is estimated by extracting components of blood
from PET images by means of image-processing >

Alternatively, several techniques based on compart-
mental analysis have been developed. A common strategy
for these techniques is omitting the arterial wput func-
tion by assuming that all pixels of the interest in the PET
data share the same arterial input function.”**® Many
radioligands for neuroreceptor use the reference tissue
model (Fig. 5) of Lammertsma et al.’ or its extensions.”’
Although these techniques have several advantages over
the method with the arterial input function, especially
non-invasiveness, these techniques generally have more
assumptions and need caution for use. For example, the
existence of the specific binding in the reference region
result in an uniderestimation of specfic binding in the
target region.™
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Fig. 5 Reference tissue model.®” The target region and the
reference region have the sume plasma input function. [t uses the
C'r time activity curve of the reference region as an indirect
input function.

3.4 Non-linear or linear fitting

In order to estimate parameters from Egs. 1 and 2, non-
linear least squares fitting procedure is required. Gener-
ally, the non-linear fitting procedure is computationally
expensive. Several graphical approaches’ 3143132 are avail-
able to make non-linear problems into linear ones, which
results in quick estimation of parameters. One must select
the proper graphical approach for a particular radiotracer.
For instance, Patlak plot'* must be applied for irreversible
tracer and Logan plot!* for reversible tracer. The statisti-
cal bias may be introduced due to noise in PET data, and
the improper selection of the graphical approach leads to
wrong parameter estimation.*>** Basis function ap-
proach™-* is another major method for linearization. In
this approach, non-linear terms of solution for the com-
partmental model are discretely precalculated within avail-
able ranges of the kinetic parameters, which results in a
linear system to solve. Although the method is computa-
tionally more demanding than the graphical approaches,
the method allows determination of the individual kinetic
parameters of the model.

4. Advanced applications using the compartmental
analysis

As mentioned above, the compartmental model assumes
that kinetic parameters are constant during the experi-
ment, By intentionally violating this assumption, how-
ever, PET can detect and quantify transient changes in
neurotransmitter concentrations.™ Endres et al.¥ extended
the compartmental model to cousider endogenous dopa-
mine release (Fig. 6) and showed that PET data were well
fitted to the model. ‘ :

Recently, there has been growing interest in detecting
multiple functions simultaneously within the same sub-
Jject by multiple injections of radiotracer. Koeppe et al.?
developed a combined compartmental model (Fig. 7)
and studied dual injections of ['!C}flumazenil (FMZ),
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Fig. 6 Extended receptor model which accounts for dopamine
competition.’” Amphetamine is introduced at time fujm. and
endogenous dopamine is released. The parameter &3 is varied
according to free receptor Biree.

Brzin
! SN g—._. O ——
W | i
Lo | o ) W_k_i,%_ ooy
. _: T Tt 1
]
‘ |
_____ ! e
Ko |
Gope i el Gor r
] i R o ]
L — i
888

Fig. 7 Combined compartmental model for dual injections of
PMP and DTBZ or FMZ.%

N-["'"Clmethylpiperidinyl propionate (PMP) and
[Y1C]dihydrotetrabenazine (DTBZ). Kudomi et al.?¢ de-
veloped a model which compensates for the background
radioactivity {rom a previously injected radiotracer and
computes CBF and CMRO; from a single PET acquisition
with a sequential administration of [*0]03 and [SOH,0.

As molecular imaging, many trials are currently under-
way to image reporter gene expression i vivo using PET.
The compartmental model can play a role to quantify
kinetics of the reporter protein. Green et al.* showed that
the kinetics of '*F-FHBG can be represented by a two-
tissue compartmental model, and &3 is an index of activity
of the reporter protein. However, there are still several
issues remaining for quantification of therapeutic gene
expression*! and further investigations are required. One
particular problem is that the time scale observed by PET
may differ from that for gene expression.

5. Conclusion

The compartmental model is a basic concept to quantita-
tively evaluate PET data. Many techniques based on the
compartmental model have been developed as described
in this review and one must select the most appropriate
technique to analyze one’s own PET data. In future, the
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compartmental model will play an important role in
molecular imaging.

15.
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