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Background: The opfimum management of patients with moyamoya disease remains controversial.
Objeciives: To examine retrospectively the correlation between the degree of haemodynamic stress ond
the clinical presentation by measuring cerebral haemodynamics and metabolism using positron emission
tomography (PET}.

Methods: 57 patients with moyamoya disease (mean age 32 years, range 12 to 64), classified info five
groups according to clinical manifestations, underwent PET measurement of cerebral blood flow (CBF),
cerebral blood volume [CBV), cerebral metabolic rate for oxygen (CMRO,), and oxygen extraction fraction
(OFF) using 0 labelled gases. The regional values in patient groups were compared with a normal
group.

Results: CBF in non-symptomatic patients, patients presenting with transient ischaemic attacks (TIA), and
patients with haemorrhagic onset {H) was not significantly lower than in normal controls in any region.
CBV in the TIA group and in patients with infarction associated with TIA (I/TIA) was significantly higher
than in the controls in most regions. OEF in the frontal, parietal, and temporal cortex was significantly
higher in the 1/TIA group than in the controls. Patients in the H group and those with a permanent deficit
with infarction (PD group) had decreased metabolism with normal OEF, Multivariate analysis to fest the
distribution of the three dimensional vector (CBF, CBY, OFF) showed significant differences between every
possible pair among the six groups except NS v H and H v PD in the frontal corfex.

Conclusions: The haemodynamic status of moyomoya disease is not uniform, and severe haemodynamic

4 oyamoya disease is characterised as a progressive
occlusion of the terminal portion of the bilateral
i internal carotid artery, accompanied by the develop-
ment of collateral networks to compensate for the reduced
cerebral perfusion.! Although these features are common to
all patients with the syndrome, the clinical presentation is
not uniform. Ischaemic symptoms are the most frequent
clinical feature in the juvenile population, but the severity of
the ischaemia is variable. Some patients have only transient
motor deficit with well preserved intelligence, while others
present with progressive stroke and severe mental retardation
or persistent neurological deficits, Haemorrhagic events are
more common in the adult than in the juvenile population,
although ischaemic presentation in adults is by no means
uncommon.** In recent years, we have also encountered non-
symptomatic cases incidentally diagnosed by magnetic
resonance {MR) angiography. This variability in the clinical
presentation of moyamoya disease might reflect a variable
interaction between the worsening haemodynamics with
disease progression and the protection conferred by collateral
development. We postulated that the degree of haemo-
dynamic compromise may vary in patients with different
clinical manifestations.

Although there have been many reports on the preopera-
tive haemodynamic pattern and its improvement with
surgical treatment,*® there is still controversy over the
management of this disease.'® ' This may arise partly because
patients were treated without clarifying their variable
haemodynamic factors. It is our assumption that the
optimum treatment strategy for each. clinical presentation
should be determined by knowledge of the particular
haemodynamic conditions.

stress occurs in selected subgroups of patients.

In the present study, we retrospectively analysed the
cerebral haemodynamics and metabolism data in 57
Japanese patients with moyamoya disease, mainly adults,
obtained using positron emission tomography (PET) between
1991 and 2000. We attempted to clarify the correlation
between the clinical presentation and the haemodynamic
findings in order to determine the optimal treatment strategy
for each disease subtype.

METHODS

Subjects

The study subjects included 57 consecutive patients with
moyamoya disease aged over 10 years (mean age 32 years,
range 12 to 64). We divided them into five groups based on
the clinical presentation.

Non-symptomatic patients

Seven patients were non-symptomatic (NS group; mean age
28 years, range 17 to 40); they were free of focal ischaemic
symptoms but had been incidentally diagnosed on magnetic
resonance imaging (MRI) and MR angiography. The reason
for MRI screening was either that they had a relative with the
disease or that they had non-ischaemic symptoms such as
chronic headache. None of these subjects had infarcted
lesions on MRIL

Abbreviations: CBF, cerebral blood flow; CBY, cerebral blood volume;
CMRO;, cerebral metabolic rate for oxygen; MTT, mean fransit ime;
OFF, oxygen extraction fraction; PET, positron emission fomography;
RO, region of interest; TIA, transient ischaemic attac
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Table 1 Regional data for frontal, parietal, and temporal cortices
Lower frontal Upper frontal Sensorimotor Pariatal Temporal

CBF {ml/min/ 100 g)

Normal {nw6) 42.8 (10.0) 41.8(10.2) 40.9{11.2) 40.7 (8.9) 44.4 (13.2)

NS [n=7) 45.6 (7.7) 44.8 (8.1} 43.1 {8.5) 43.6 (6.5) 46.6 (7.9)

TA (n=12) 41.1 {6.8) 41.5 (9.6} 41.7 {8.1) 41.3(6.0) 41.8 (3.9}

1/TIA [n=16) 32.3 (4.5 29.4 (7.0 28.6 (5.2 29.6 (5.1)" 32.4 (4.5

D [n=10) 34.4 (4,9) 339 (5.4) 324 (57) 319 (4.6) 363 (4.4)

Hh=12) 39.3 (6.2} 38.1 (5.6} 37.0(5.9) 36.8 (7.0 39.7 (8.9)

CBY (m)/100 g)

Normal 3.29 (0.44) 2.94 (0.47) 3.14(0.68) 3.31{0.36) 3.70 (0.44)

NS 4.95(0.83) 5.08 {1.03p 513 {0.84) 4.77 {0.84) 5.09 {0.66)

TIA 6.36 {1.40)* 6.36 (1.34) 6.42 {1.59p* 6.24 {1.37) 6.21 {1.25)*

1/TA 5.90 {1.74) 6.02 {1.87)* 6.30 {1.95) 6.44 {1.64) 6.49 {1.59)*

) 481 {0.79) 470 (0.65) 467 (0.98) 464(1.11) 488 {0.98)

H 472{1.16) 476 (0,80 479 (0.92) 434 {0.66) 454 (0.71)

OFF (%)

Normal 41.5{4.4) 42.8 (4.5) 42,5 (4.6) 44.1 (3.8} 43.3 (4.9)

NS £23(38) 42.4(37) 42,6 (3.5) 435 (4.6) 421 (4.2)

TIA 47.1 (9.3) 49.1 (7. 47.7 (7.7) 48.8 (6.1} 47.6 {6.9)

I1/MA 53.3 (9.2 537 (9. 52.2 (8.9 51.9 {5.6) 51.7 (5.0

FD 428 (4.2) 425 (4.5) 422 (4.4) 437 (47) 42,0 (47)

H 44.8 (7.6} 45,0 (6.6} 44,3 {6.4) 46.5 (6.6) 43.4 (7.6}

CMRo; (ml/min/100 g)

Normal 3.36 {0.49) 3.39 (0.52) 3.29 {0.54) 3.43{0.52) 3.59 {0.62)

NS 3.30{0.27) 3.28 (0.34) 3.18 {0.45) 3.30{0.42) 3.45 {0.35)

TIA 3.28 {0.60) 3.41 {0.56) 3.41{0.83} 3.46 (0.62) 3.39 {0.43)

TA/l 2.93 {0.29) 2.69 (0.43)* 2.56 {0.36)" 2.66 (0.46) 2.89 {0.37)*

PD 2.57 {0.36)* 2.54 (0.31) 2.42 {0.32) 2.52 {0.52)** 2.72 {0.48)

H 292 {0.22) 283(0.19) 2,69 (0.24)° 2.80 {0.28) 2.86 (0.39}*

PATT (s)

Normal 477 (1.03} 4,34 {0.90) 4.69 (0.83) 5.05{1.13) 5.25 (1.20)

NS 6.72 (1.83) 7.01 {2.20} 7.45(2.11) 6.74{1.76) 6.70 (1.30)

TIA 9.41 {2.02) 9.39 (2.45) 9.36 (2.23) 9.16 (1,97 9.01 (219}

I/TA 10.9 {2.66)* 12.6 (4.03) 13.2 (3.24) 13.4 (3.98) 12.4 (4.20)**

PD 8.51 (1.43) 8.50 .76 B8.68 {1.44) 8.86 (2.34)* 8.20 {2.39)

H 7.25(1.61) 7.58 (1.46) 7.97 {2.04) 7.21 1.21) 7.11 {1.66)

Values are mean (SD) for regional variables in all patients. Generat linear model regression andlysis for each variable (CBF, CBV, OEF, CMRoz, MTT) was

undertaken to determine whether there was a significant increase or decrease in disease groups compared with the normal control group. As the age distribution
was different batween the groups, the “age" eRect was included in the model, Bonferroni's correction for multiple comparisons was applied for 45 contrasts for

each variable and the level of significance was set ot p<0.05. Statistical analysis wos carried out after some preprocessing to justify the normality of the residuals,

as stated in Methods.

*p<0.05, **p<0.01 v normal controls.

CBF, cerebral blood flow; CBV, cerebral blood volume; CMRoy, cerebral metabolic rate for oxygen; H, intracerebral haemorrhage group; MTT, mean transit fime;

normal, normal control; NS, non-symptomatic group; OFF, oxygen exiraction fraction; PD, permanent deficit group; TIA, iransient ischaemic atiack without

infarction group; TIA/|, transient ischaemic atiack with infarction group.

Symptomatic patients

Symptomatic patients were categorised into ischaemic or
haemorrhagic types. The haemorrhagic group (H group; mean
age 33 years, range 15 to 53) consisted of 12 patients with the
initial symptoms of haemorrhage. These patients had well
preserved activities of daily living after intraventricular
bleeding or a minor intracerebral haemorrhage. These
patients were examined no sooner than four months after
the onset of symptoms. Patients with a severe deficit after
massive parenchymal damage were not included in the
current series.

Patients with ischaemic onset were further categorised
according to whether or not they complained of transient
ischaemic attacks (TIA) when they were referred to our clinic.
Symptoms in patients with TIA included motor, sensory,
visual, or language deficits which resolved within 24 hours.
Twelve patients with TIA were free from infarcted lesions on
T2 weighted MRI done before the PET study and were
categorised as pure TIA (TIA group; mean age 24 years, range
12 to 40). The other 16 patients had infarcted lesions on T2
weighted MRI and were categorised as the TIA with infarction
(I/TIA group; mean age 37 years, range 13 to 64). The other
ischaemic patients had permanent deficits such as motor or
language deficit or disturbed higher cerebral function
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detected by intelligence or memory tests, but were free from
TIA. In these patients the interval between the initial
interview and the PET measurement was two months at
most. All these patients had infarcted lesions on MRI and
were categorised as having permanent deficit because of cerebral
infarction (PD group, n = 10; mean age 37 years, range 19 to
53).

Patient data were compared with those of normal
volunteers with normal MRI and no history of neurological
disorder (control group, n = 6; mean age 49 years, range 20 to
66).

All study protocols were approved by the ethics committee
of the Tokyo Metropolitan Institute of Gerontology. All
participants gave their written consent after being informed
of the details of the study, including the objective of the
measurements, the duration of the study, the amount of
radiation exposure, and the blood sampling involved. In the
case of patients under 20 years of age or those with mental or
memory deficit, written consent was given by parents or
appointed attendants.

PET measurement
The PET study was carried out using a Headtome-IV scanner
(Shimadzu Corporation, Kyoto, Japan). An arterial catheter
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Table 2 Regional data for occipital cortex and basal ganglic
Occipital Caudate/putamen Thalamus Cerebsllum

CBF {ml/min/100 g

Normal (n=6) 46.5(10.7) 43.9 10.9} 37.51(6.5) 47.8 {7.0)

NS (nw7) 47.4 (5.5) 46.5(8.7) 43.2(7.7) 59.6 (8.9)

TIA [n=12} 43.3(7.1) 45.0(6.5) 42.6 (5.9) 49.7 (6.4)

TIA/I (n=16) 36.3 (6.4 36.2{5.3) 35.8 (4.4) 55.9(7.1)

PD (n=10} 38.3 {6.1) 37.8 (5.6 36.6 (5.3} 49.7 {6.0)

Hn=12) 40.6{7.3) 39.0{9.0) 35.6 (4.8) 49.5(7.1)

CBV {mi/100 g}

Normal 3.89 {0.23) 3.13{0.52) 3.58 {0.74) 4.09 {0.58}

NS 4.94 (0.48) 443 (1.01} 453 (1.15) 4.09 {015}

TIA 6.12(1.17} 562172 4.87 {1.12) 412 (0.48}

TIA/I 6.25 (1.83)" 5.59 (1.66)* 4.83 {1.47) 4.12 {0.63)

PD 5.250.92) 4.17 (0.65) 4.57 {0.85} 4.05 {0.64)

H 4.36 (0.83) 4.28 (0.99) 4.29 {1.58} 4.04 (0.64)

OFF (%)}

Normal 43.8 (5.6) 43.1 {4.5) 39.3{5.8) 42.51{6.3)

NS 42.7 {4.8) 43.0(5.0) 38.8 {5.3) 38.1 (5.8}

TIA 47.3 6.4} 46.3 (4.9) 41.0{5.6) 41.5 (6.9}

A/l 48.0{5.2) 49.1{4.0) 41.2 (6.6} 42.3(5.3)

PD 40.7 (4.5} 41.7 {3.5} 34.9 {5.5) 37.7 (4.5}

H 44.2(6.1) 44.215.6) 37.0{7.2} 40.2{6.9)

CMROy {ml/min/100 g)

Normal 3.84 (0.58) 3.56 (0.52) 2.82 (0.50) 3.87 (0.51}

NS 3.49 (0.18) 3.38 (0.34) 2.88 {0.43) 3.83 (0.29)

TIA 3.49 (0.57) 3.51 {0.56) 2.93 (0.56) 3.85 (0.55)

TIA/N 2.97 (0.40)™ 3.06 (0.35) 2.53 (0.35) 3.58 (0.39)

PD 2.80 (0.59) 2.80 (0.54)" 2.26 (0.49) 3.31 (0.57)

H 2.90 (0.31) 2,81 (0.47)* 2,19 (0.27) 3.19 (0.28)

MTT (s}

Normal 5.24{1.18) 4.48 (1.32) 5.82 (1.42) 5230112}

NS 6.32 {0.88) 5.80(1.18) 6.39 {1.58) 4.20 {0.70)

TIA 8.68 {1.94) 7.61(2.33) 6.95(1.77) 4.48 {0.68)

T/ 10.6 {3.55)™ 9.26 {2.31) 8.15 (2.53) 5.07 (1.16}

PD 8.41 {2.08) 6.82 {2.01) 7.57 {1.53) 4.89 (0.62}

H 6.62 (1.64) 6.75{1.23) 7.34 {2.86) 5.02 {1.33)

Values are mean {SD) for regional variables in all potients. General linear mode! regression analysis for each variable (CBF, CBY, OEF, CMRo2, MTT) was
undertaken to determine whether there was a significant increase or decrease in disease groups compared with the normal confrol group. As the age distribution
waos different between the groups, the “age” effect was included in the modal. Bonfarroni's correction for multiple comparisons was applied for 45 contrasts for
-each variable and the fevel of significance was set at p<0.05. Statistical analysis was carried out after some praprocessing to justify the normality of the residuals,
as stated in Methods.

*0<0.05, *p<0.01 v normal controls.

CBF, cerebral blood flow; CBV, carebral blood volume; CMRO,, cerebral metabolic rate for oxygen; H, infracerabral haemarrhage group; MTT, mean transit fime;
normal, normal conirol; NS, non-symptomatic greup; OFF, oxygen exiraction fraction; PD, permanent deficit group; TIA, transient ischaamic attack without
infarction group; TIA/I, transient ischaemic aftack with infarction group.

was inserted into the radial artery for blood sampling. The
transmission data were acquired with a rotating germanium-
68 rod source for attenuation correction.

The regional cerebral blood flow (CBF), cerebral metabolic
rate of oxygen (CMRo;), and oxygen extraction fraction
(OEF) were measured using continuous and consecutive nine
minute inhalations of C'*0, and 0, gas with continuous
arterial blood sampling, employing a table-lookup techni-
que.” "* The regional CBF and OEF were calculated with
lookup tables created from the arterial whole blood and
plasma radioactivity curves, and corrected for delay and
dispersion.' The cerebral blood volume (CBV) was measured
by a three minute inhalation of C**0 with blood sampling.*
The OEF was corrected for the effect of the regional CBV.*
The mean transit time (MTT) was calculated as CBV/CBF.

PET date analysis

All the PET data were analysed using the image analysis
software system “Dr View' (Asahi Kasei Joho System
Company, Tokyo, Japan). The regions of interest (ROI) were
manually placed over the cerebellar cortex, lower and upper
frontal cortex, temporal cortex, occipital cortex, parietal
cortex, sensorimotor cortex (mainly of the hand area)
(targeted to premotor, primary motor, and primary sensory

cortex), putamen, and thalamus. Each of the cortical ROIs
consisted of a series of 1 cm diameter circles along the
cortical rim. Putaminal and thalamic ROIs were a 2x3 cm
ellipse and a 2 cm diameter circle, respectively. The ROIs
were placed using a brain atlas,'” avoiding the infarcted areas.

In the analysis of patient data, the ROI values were
analysed in the cerebral hemisphere with the lower CBF, as
the pathology in the hemisphere under more severe
haemodynamic stress determined the clinical manifestations
in each patient. For normal controls, the mean of two
hemispheric values was taken for each subject. The data
obtained are expressed as mean (SD) for each patient group
and the controls.

Statistical analysis

Differences between the groups were examined. A general
linear model regression analysis, which is an expansion of
analysis of covariance (ANCOVA), was undertaken for each
of the five variables (CBF, CBV, OEF, CMRo;, MTT) as the
dependent variable, using a model that consisted of the
intercept, the effect of “group” (five kinds of disease state
plus control), the effect of “region” (nine regions), the
interaction between group and region, and age as covariates.
Age was inctuded in the model because the age distribution
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Figure 1 Positron emission tomographic images of two or three representative patients from each of the five patient groups and the normal control

group are shown using the same colour scale. A slice including the bodies of the lateral ventricles is display
ifferences in cerebral blood flow [CBF}, cerebral blood volume (CBV), oxygen extraction fraction (OEF), and cerebral meta
{CMR0,) expressed in table 1 are well shown in these images. CBV was higher in the NS group than in the controls, and higher in the TIA grou

for each subigcl. The infergroup
olic rate for oxyﬁen
than in

the NS '?'roup, although CBF showed no apparent difference among the three groups. Some patients in the TIA group had focally decreased CBF, as
ifi

exempl

ed in the third patient {arrowed). The OFF values in these regions were somewhat higher than in the rest of the brain. However, the increase in

OEF was more prominent in patients in the |/ TIA group. Patients in the PD group had extensive infarction, and the OEF in non-infarcted areas was not
increased. Patients in the H group did not have increased OEF, and the CBV increase was as mild as in the NS and PD groups. H, patients with
haemorrhagic onset; I/TIA, patients with TIA plus infarction; Norm, normal eontrol; NS, non-symptomatic patients; PD, patients with infarction and

permanent neurological deficit; TIA, patients with TIA without infarction.

was different between the groups. Contrasts were made on
the group by region interaction effects to test the difference
between the normal controls and each of the five disease
states for each region, making a total of 45 contrasts for each
variable. Bonferroni’'s correction was applied for multiple
comparisons, and the level of significance was set at p<0.05.
This statistical analysis is similar to an ANCOVA for each
region independently, but is more powerful because the error
is estimated from the data for all regions. To justify f tests and
F tests, normality was checked for the residuals in each test.
A few outliers {for each subject for CBF, CBV, and OEF
analysis) were removed, and the remaining data were tested

www.jnnp.com

again. As for the CBV values, log transformation was applied
before the statistical analysis because CBV had a skewed
distribution owing to augmentation of the vasculature by
moyamoya vessels. As a result, normality of the residuals was
confirmed for every test carried out in this study. Exclusion of
the outliers did not change the statistical results.

Next, the correlation among the variables was examined by
plotting the mean values among CBF, CBV, and OEF for each
group. This analysis was undertaken on the lower and upper
frontal cortex, the region considered to be most commonly
affected in Moyamoya disease. To test for significant
differences between the groups in the multivariate space
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and to examine the correlations among the variables, a regions. The increase was more than double the control value
multivariate analysis of covariance was carried out for in the upper frontal and sensorimotor regions.

the vectors of three dimensions (CBF, CBV, and OEF) as CMROo;, in the PD group was lower than in the controls in
the dependent variable, using a model that consisted of the all regions except the thalamus and cerebellum. CMRo; in
intercept, the effect of group, the effect of region, and age as the I/TIA and H groups was also decreased significantly in
covariates This model was used after confirming that the some areas within many of the cerebral regions. The degree of
interaction between region and group was not significant decrease was greatest in the PD group throughout all areas of
among these frontal regions. CMRo, was not included among the cerebral cortex.

the dependent variables because of possible dependence An increase in the OEF was found in the frontal, parietal,
among CBF, OEF, and CMRo,. MTT was not included in the and temporal cortex in the I/TIA group compared with the
analysis as it is calculated from CBV/CBF. Contrasts were normal controls. The OEF in the TIA group was the second
made on the “‘group” effects to test for the difference largest in all regions; it was significantly different from the
between every possible pair among the six groups—making a controls in the upper frontal region.

total of 15 contrasts—by F tests with Wilks’s A. For this In all regions except the thalamus and cerebellum, mean
multivariate analysis, normality was checked for the resi- MTT ranged from shortest to longest in the following order:
duals for three variables after prepreprocessing, as stated in normal control, NS, H, PD, TIA, and I/TIA. MIT was
general linear regression analysis {exclusion of three outliers significantly longer in the I/TIA group than in the controls
and log transformation of CBV data). Bonferroni’s correction in ali these regions. MTT in NS group was longer than in the
was applied for multiple comparisons, and the level of controls, but the difference was not significant in any region.

significance was set at p<0.05. The residual correlation None of the measured variables showed any difference
coefficient was evaluated to examine the correlation among from control values in the thalamus and cerebellum (areas
the variables after correcting for age, group, and region. rarely affected in moyamoya disease) in any of the
The statistical analyses were done using the JMP statistical subgroups.

software package (SAS Institute Inc, Cary, North Carolina, Figure 1 shows PET images of representative patients from
USA). each of the five patient groups and the normal control group.

The haemodynamic characteristics of each group are
RESULTS : expressed in a side by side comparison of the images (see

ROl analysis and PET images legend for detail).

Table 1 gives the results of general linear model regression
analysis for each variable (CBE, CBV, OEF, CMRo and  Analysis of correlations among multiple factors
MTT), showing a significant increase or decrease in the In order to interpret the pathophysiological features of
disease groups compared with the normal control group cerebrovascular disease, it is necessary not only to clarify
(tables 1 and 2). the alteration of single factors but also the altered coupling of
CBF in NS, TIA, PD, and H groups was not significantly multiple factors. In this study, the variation in haemody-
lower than in the normal controls in any region, but in the I/ namics was most prominently observed in the frontal cortex
TIA group the difference reached significance in many (table 1). Thus we plotted the means of the two frontal
cerebral regions. regions (lower and upper) in the three graphs shown in fig 2,
CBV in NS, PD, and H groups was higher than in the panels A to C. Graph 1 (panel A) plots the correlation
normal controls in all cerebral ROIs, and significantly so in between CBF and CBV; graph 2 (panel B) plots that between
the frontal cortex. The increase in CBV in the TIA and I/TIA CB¥ and OEF; and graph 3 (panel C) plots that between OEF
groups was much more marked than in the other patient and CBV. In all these graphs, the regions belonging to the
groups and was statistically significant in most cerebral same subtypes had closely similar plots.

o Normal e I/TIA
A o NS A PD 8 c
L0 [0 TIA xH 550 it
/m L a e
6@ o 6 e
. - 50 . -~
> 5 PO > S g
B TR | N BT
©® o o
o ° o
3 | 1 | i3 ! 04 J — 40 | i | | I 1 l J 3
30 35 40 45 30 35 40 45 40 45 50 55
CBF (ml/min/100 mi) CBF [ml/min/100 ml) OEF (%)

Figure 2 Two dimensional plots of the correlations between the cerebral blood flow {CBF; x axis) and cerebral blood volume (CBV; y axis) (pane! A),
CBF (x axis;l‘clnd oxygen extraction fraction (OEF; y axis} (Knel B}, and OFF {x axis) and CBY [y axis) (panel C). The means of two frontal regions
among all the subjects are plotted. To test for significant differences between the groups (CBF, CBV, OEFﬁ:\ three dimensional multivariate space, o
mulfivariate analysis of covariance was carried out. This andlysis showed a significant difference between every possible pair among the six groups
except NS v H, and PD v H. In these graphs, significant and non-significant intergroup differences, as given in Results, are indicated by arrows wi
black and white heads, respactively. Among all subtypes, the I/TIA group had maximally increased CBV and OFF in the range of decreased CBF. The
TiA group had maximal CBY and an increase in the OEF that was somewhat less than in the I/TIA group. The means of the NS, PD, and H groups were
clasely similar in ol the graphs, and the degree of haemodynamic stress was milder in these groups than in the 1/TIA and TIA groups. H, patients with
haemorrhagic onset; I/TIA, patients with TIA plus infarction; Normal, normal control; NS, non-symptomatic patients; PD, patients with infarction and
permanent neurological deficit; TIA, patients with TIA without infarction.
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To test for significant differences between the groups in
multivariate space, a multivariate analysis of covariance was
carried out for the vectors of the three dimensions (CBF,
CBV, OEF) as the dependent variable, as stated in Methods.
This analysis showed a significant difference between every
possible pair among the six groups except NS v Hand PD v H,
suggesting important variations in the pathophysiological
state in moyamoya disease. The correlation coefficients
among the residuals were low (—0.021 for CBF v log CBY,
—0.354 for CBF v OEF, and 0.064 for log CBV v OEF),
supporting the effectiveness of the multivariate analysis on
the three variables.

Figure 2A plots the correlation between CBF and CBV. CBV
was higher in the NS group than in the normal controls, but
the ranges of CBF did not differ between these groups. CBV
was even higher in the TIA group and the difference was
significant, but the CBF range was still within that of the
control and NS groups. CBF in the I/TIA group was lower
than in the TIA group within a similar CBV range, and CBV in
the PD group was lower than that in the I/TIA group within
the same CBF range. The H group lay between NS and PD,
and there was no significant difference in multivariate
distribution between H and NS, and H and PD.

Figure 2B plots the correlation between CBF and OEF. In
this plot, the I/TIA group had a significantly raised OEF in the
range of decreased CBF, and this group had a different
multivariate distribution compared with all the other patient
groups and normal controls.

Figure 2C plots the correlation between OEF and CBV.
Groups NS, PD, and H were distributed similarly, and there
was no significant difference in multivariate distribution
between NS and H, or H and PD. CBV in these three groups
was higher than the normal controls within the similar OEF
range. CBV in the TIA group was raised even further. The
range of OEF in the TIA group extended slightly rightward
along the highly increased CBV range. The OEF of the I/TIA
group was even higher than in the TIA group within a similar
CBYV range.

DISCUSSION

Characteristics of haemodynamic factors and clinical
presentation

In this paper we have shown that there are differences in
haemodynamic characteristics among the various clinical
presentations of moyamoya disease. This may have important
implications for the evolution of the disease, as well as
helping to determine the appropriate treatment for a
particular patient.

Even asymptomatic patients (the NS group) had a raised
CBV compared with normal controls, and the difference was
significant in the upper frontal and sensorimotor cortices.
Though this indicated a perfusion pressure below normal, the
prolonged asymptomatic period without any infarction
suggests that perfusion had not fallen far enough to elicit
an ischaemic event. CBV in the patients with TIA without
infarction (the TIA group) was double that of the normal
controls within the same resting CBF range, and the patients
developed TIAs under these conditions. This CBV value may
indicate the limit of vasodilator compensation needed to
preserve resting flow. It was interesting that the ischaemic
event occurred when the resting CBF was in the normal
range. This paradoxical finding suggests that CBF may
decline below the resting condition and reach the ischaemic
range when some physiological stress is added. Such a
paradoxical steal phenomenon is observed in the blood flow
tolerance test when the vascular bed is maximally dilated and
autoregulation completely lost.”® *°

In patients with TIA symptoms plus lesions (the I/TIA
-group), a marked increases in the OEF together with a TIA
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event is strongly suggestive of further deterioration. The
MTT—a variable that should have an inverse relation with
cerebral perfusion pressure—was larger in the I/TIA patients
than in any of the other groups; hence the haemodynamic
compromise in this group was the severest among all the
patient groups.

Once the permanent deficit had occurred and stabilised
(the PD group), CBV in the non-infarcted area decreased
from the range found in the I/TIA patients, as shown in fig 2A.
The decreased demand for oxygen delivery is thought to lead
to a decrease in the vascular bed, thereby resulting in a return
of the OEF value to the normal range, as indicated in fig 2B.

The haemodynamic status of the haemorrhagic cases (the
H group) should be considered in a different context, as the
cause of deterioration is not an ischaemic event. Most
patients with haemorrhagic onset are symptom-free until
just before the event. The regional mean values in the H
group were closely similar to those of the NS group in the
graphs in fig 2. However, many cortical and basal regions in
the H group showed significantly decreased CMRo,. Thus it is
reasonable to assume that functional deterioration caused by
the haemorrhage is the main feature of the H group, and that
the degree of haemodynamic stress of H patients is generally
as moderate as in NS patients. Multivariate correlation
analysis also supports this hypothesis, as the three dimen-
sional (CBF, CBV, OEF) vector of the H group was not
significantly different from the NS and PD groups.

Significance of graded haemodynamics for patient
management

Clinical management of patients with moyamoya disease
should be individualised on the basis of the haemodynamic
stress evidenced by assessment of CBF, CBV, OEF, and MTT.
At the same time it is clear that there are some common
correlations between the clinical presentation and the level of
haemodynamic stress. Thus far, there have been no reliable
follow up studies of moyamoya disease based primarily on
haemodynamic data. However, the risk of further deteriora-
tion from ischaemic events can be inferred using the more
widely investigated natural course of chronic atherosclerotic
carotid occlusion® * as a reference.

The I/TIA type is characterised by an increased OEF in the
dimension of markedly increased CBV. This may constitute
justification for carrying out surgical revascularisation in
I/TIA patients, given that there is a high risk of further
stroke.®® ' The NS, PD, and H patients with normal OEF
values and only moderately increased CBV and MTT may not
be at high stroke risk in the near future.’ #? The haemody-
namic conditions occurring in the TIA group cannot be
considered an analogue of atherosclerotic carotid disease, as a
highly increased CBV in the normal or only mildly increased
OEF range is rarely observed in atherosclerotic patients.* In
practice, these patients often undergo operations because
they present with transient ischaemic symptoms of a type
that can be effectively ameliorated by surgical revascularisa-
tion. Thus to determine the optimal treatment for this type of
patients, we may need to consider not only the stroke risk in
the immediate future, but also the possibility of functional
amelioration by treatment, the long term benefits for younger
patients, and the possible worsening of the haemodynamic
state because of progressive occlusion of the carotid artery. As
the natural history of treated and untreated patients with
moyamoya disease is less clear than in atherosclerotic
disease, long term follow up of these patients is necessary.
Assessment of the subjects’ haemodynamic condition will be
mandatory in such studies in order to compare the natural
course of the disease and the effectiveness of treatment
among the patient groups.
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We also propose that the management of each patient
should be determined by their haemodynamic condition.
Although PET information is of greatest value in assessing
this, it is not usually available in daily clinical practice. Thus,
establishment of more easily accessible alternative methods
for measuring the degree of haemodynamic stress is
necessary. Acetazolamide challenge using quantitative CBF
measurement® and perfusion weighted MRI* may be the
best candidates for this purpose. Evaluation of the same
patient groups using PET, acetazolamide challenge, and
perfusion MRI may be necessary to clarify the value of each
method.
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Abstract

We performed preclinical and clinical studies of O-["'C]methyl-L-tyrosine, a potential tracer for imaging amino acid transport of tumors
by positron emission tomography (PET). Examinations of the radiation-absorbed dose by O-["'C]methyl-L-tyrosine and the acute toxicity
and mutagenicity of O-methyl-L-tyrosine showed suitability of the tracer for clinical use. The whole-body imaging of monkeys and healthy
humans by PET showed low uptake of O-["'Clmethyl-L-tyrosine in all normal organs except for the urinary track and bladder, suggesting
that the O-[''C]methyl-L-tyrosine PET has the potential for tumor imaging in the whole-body. Finally, the brain tumor imaging was

preliminarily demonstrated.
© 2005 Elsevier Inc. All rights reserved.

Keywords: O-[!'C]methyl-L-tyrosine; Tumor imaging; Positron emission tomography

1. Introduction

For tumor diagnosis by positron emission tomography
(PET), 2-deoxy-2-['*F]fluoro-D-glucose (['*FIFDG) is of
first choice of radiopharmaceuticals worldwide. The whole-
body imaging with the ['®*F]FDG PET is routinely performed
for tumor imaging; however, its limitations are well
understood [1]. For example, high uptake of ["*FIFDG in
the normal brain tissues hampers the tumor imaging in the
brain. Uptake in the inflammatory tissues is sometimes
troublesome for differential diagnosis [2]. Excretion of
["®FIFDG through the urinary track also sometimes makes
tumor diagnosis difficult in a lower abdominal region. In
contrast to ['*F]JFDG, radiolabeled amino acids are taken in
the normal brain tissue at much lower levels, which enables
imaging of the majority of low- and high-grade brain tumors.

* Corresponding author. Tel.: +81 3 3964 3241; fax: +81 3 3964 2188.
E-mail address: ishiwata@pet.tmig.or.jp (K. Ishiwata).

0969-8051/$ - see front matter © 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.nucmedbio.2004.11.005

Uptake of L-[methyl-"'C]methionine in the inflammatory
tissues was low [3]. A variety of radiolabeled amino acids
were prepared and evaluated, as reviewed by Vaalburg et al.
[4] and Jager et al. [5]. So far, L-[methyl-''C]methionine is
widely used in most clinical studies because of its simple and
efficient labeling procedure. The metabolism of L-[meth-
yl-"'Cmethionine was complicated for the kinetic model-
ing, whereas L-[1-!'C]tyrosine can be used for measuring
the protein synthesis rate. On the other hand, the metabol-
ically stable artificial amino acids are also available for
evaluating the amino acid transport in the tumors.

In contrast to brain tumor imaging, the use of radiolabeled
amino acids for the tumor diagnosis in the abdominal region
was limited, because many amino acids including both
natural and artificial ones are physiologically taken at high
levels in abdominal organs such as the pancreas, liver, small
intestine and kidney in experimental animals. By the whole-
body imaging technique, high uptake of L-[methyl-''C]me-
thionine or L-[1-''C]Jtyrosine in the liver and pancreas was
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Fig. 1. Chemical structure of O-[''C]methyl-L-tyrosine.

confirmed in humans [1,5]. However, Wester et al. [6]
demonstrated very low uptake of the radioactivity in the
pancreas and liver of humans after injection of O-["*F]fluor-
oethyl-L-tyrosine, in spite of very high uptake of the tracer in
the mouse pancreas. This artificial amino acid was originally
developed as a tracer for imaging amino acid transport based
on the concept that the longer half-life of 8F (109.8 min
compared to 20.4 min for ¢y allows a single production to
be sufficient for several patients, or alternatively, to be
delivered to satellite PET centers. Other ['®F]fluorinated
amino acids were also developed for the similar purpose: 4-
['®F]fluoro-L-phenylalanine [7], 4-["8Ffluoro-L-proline [8],
1-amino-3-['®F]fluorocyclobutane-1-carboxylic acid [9]
and O-['®F]fluoropropyl-L-tyrosine [10]. Recently, we
also proposed O-['®F]fluoromethyl-L-tyrosine, of which
radiosynthesis is suitable for a large-scale routine produc-
tion [11]. This amino acid and its C-labeled counterpart,
O-["'C]methyl-L-tyrosine (Fig. 1), proved to be promising
tracers for imaging amino acid transport in tumor tissues
[12]. The short half-life of ''C-labeled tracers has a potential
disadvantage that the tracer is restrictedly used in a few
subjects in PET centers with an on-site cyclotron; however, it
in turn becomes a potential advantage that multiple tracers
can be successively applied to the individual patients in the
same day, that is, O-[''C]methyl-L-tyrosine PET followed
by ['®F]JFDG PET, in addition to the low radiation-absorbed
dose of the ''C-labeled tracers compared with a longer half-
lived '®F tracers.

The aim of the present study is to confirm suitability of
O-["'CJmethyl-L-tyrosine in clinical use. For this end, we
evaluated the radiation dosimetry of O-['!Clmethyl-L-
tyrosine for humans from the distribution data in mice and
the acute toxicity and mutagenicity of O-methyl-L-tyrosine.
Uptake of O-["'C]methyl-L-tyrosine in the inflammatory
tissue was compared to that in tumor tissue in a rat model
[12,13]. To investigate the applicability of O-["!Clmethyl-L-
tyrosine PET for tumor diagnosis in the whole-body,
dynamic whole-body imaging with the O-[''C]methyl-L-
tyrosine, PET was preclinically performed in monkeys in
addition to brain imaging. Clinically pharmacokinetics of
O-[*'C]methyl-L-tyrosine was evaluated in three healthy

subjects. Finally, the O-[!'C]methyl-L-tyrosine PET was

applied to a patient with brain tumor.

2. Materials and methods
2.1. General

L-Tyrosine disodium salt was purchased from Research
Biochemicals International (Natick, MA). O-Methyl-L-

tyrosine was purchased from Bachem (Bubendorf, Switzer-
land). Male ddY mice and male Donryu rats were obtained
from Tokyo Laboratory Animals (Tokyo, Japan). Two male
thesus monkeys (Macaca mulatta) were purchased from
Japan SLC (Shizuoka, Japan).

The animal studies with rodents were approved by the
Animal Care and Use Committee of the Tokyo Metropolitan
Institute of Gerontology. The PET study with monkeys was
performed at the Central Research Laboratory of Hama-
matsu Photonics K.KX., Hamamatsu, Japan, in accordance
with recommendations of the US National Institute of
Health and the guidelines of the Central Research Labora-
tory, Hamamatsu Photonics K.K. The clinical study was
performed at the Positron Medical Center of the Tokyo
Metropolitan Institute of Gerontology after approval by the
institutional Ethical Committee.

2.2. Preparation of O-" Clmethyl-L-tyrosine

O-[''C)methyl-L-tyrosine was prepared by the reaction of
L-tyrosine disodium and [M'Clmethy] triflate by a slight
modification of the reported procedure [11,12]. [M'CMethyl
triflate was bubbled into a solution of L-tyrosine disodium
salt (2 mg/ml) in dimethylsulfoxide (0.5 ml) at room
temperature. Then, the reaction mixture was diluted with
1.0 ml of water and applied to high-performance liquid
chromatography (HPLC): column, YMC-Pack ODS-A col-
umn (10-mm inner diameterx250-mm length; particle size,
5 um; YMC, Kyoto, Japan); mobile phase, CH;CN/50 mM
CH;CO,H/50 mM CH;CO,NH, (8:46:46, v/v/v); and flow
rate, 5 ml/min. The fraction of O-["'C]methyl-L-tyrosine
(retention time, 7.0 min) was evaporated to dryness. The
residue was dissolved in physiological saline and sterilized
by membrane filtration. The radiochemical purity of O-
["'Cmethyl-L-tyrosine was >97%, which was determined
by HPLC: column, TSKgel super-ODS (4.6-mm inner
diameter X 100-mm length; particle size, 2 pm; Toso, Tokyo,
Japan); mobile phase, CH;CN/50 mM CH;CO,H/50 mM
CH,;CO,NH, (5:47.5:47.5, v/v/v); flow rate, 1 ml/min; and
retention time, 3.6 min. The specific activity of O-["!C]meth-
yl-L-tyrosine was 41-118 TBg/mmol. Finally, the sterility
and apyrogenicity of the products were confirmed.

2.3. Radiation dosimetry

O-[''C]methyl-L-tyrosine (10 MBg/220 pmol) was in-
travenously injected into mice (8 weeks old, 34.4+0.5 g).
They were killed by cervical dislocation 1, 5, 15, 30, 60 and
90 min after injection (n=4). The blood was collected by
heart puncture, and the tissues were harvested. The samples
were measured for the !'C radioactivity with an autogamma
counter and weighed. The tissue uptake of e was
expressed as a percentage of the injected dose per organ
(%ID/organ) or a percentage of the injected dose per gram of
tissue (%ID/g). Radiation dosimetry for human adults was
estimated by the MIRD method based on the tissue
distribution data of O-['!'C]methyl-L-tyrosine in mice as
described previously [14].
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2.4. Acute toxicity

Toxicity studies were performed at the Mitsubishi
Chemical Safety Institute (Tokyo, Japan). Acute toxicity
was assayed in Crj:CD(SD)IGS rats (SPF). O-Methyl-L-
tyrosine at a dose of 2.41 mg per 12.3 pmol/kg body weight
(1.0 mg/ml in physiological saline) was injected intrave-
nously into 5-week-old rats weighing 164 —174 and 132—
145 g for males (n=5) and females (n=5), respectively. The
dose of 2.41 mg/kg body weight is the 55000-fold
equivalent of the postulated administration dose (0.044 pg
per 0.23 nmol/kg body weight) of 500 MBq O-[*'C]methyl-
L-tyrosine with a specific activity of 37 TBq/mmol for
humans weighing 60 kg. The three lots of O-[''C]methyl-L-
tyrosine prepared above were also assayed after decay-out
of ''C. Each of the three O-["'C]methyl-L-tyrosine prepa-
rations was injected intravenously into 5-week-old male and
female rats (n=3 for each) at doses of 4.1-5.8 ug per 21—
30 nmol per 1.8-2.2 mlkg body weight, which were

150-fold equivalent to the postulated administration dose of

0-[”C]methy1—L—tyrosine for humans. They were observed
four times (0.5, 1, 3 and 6 h after the injection) at day 1 and
thereafter once daily for clinical signs until 15 days, and
weighed on days 4, 8 and 15. At the end of the 15-day
observation period, the rats were euthanized and a macro-
scopic analysis was performed.

2.5. Ames test

Mutagenicity tests were performed at the Mitsubishi
Chemical Safety Institute. O-Methyl-L-tyrosine was tested
for mutagenicity in the Ames test with four histidine-
requiring strains of Salmonella typhimurium (TA98, TA100,
T1535 and T1537) at a dose range of 0.0763-5000 pg/plate
by the standard method.

2.6. Uptake study in a rat inflammation model

AHI09A ascitic hepatoma cells and turpentine oil were
subcutaneously inoculated on the back of Donryu rats
(6 weeks old) 8 and 4 days, respectively, before the uptake
study [12,13]. O-[''Clmethyl-L-tyrosine (20 MBgq/700
pmol) was intravenously injected into rats (210+13 g,
n=T). They were killed by cervical dislocation 30 min after
injection. The blood was collected by heart puncture,
and AH109A, inflammatory tissue and muscle were har-
vested. The uptake of ''C was expressed as a %ID/g as
described above.

2.7. Monkey study

Positron emission tomography measurement was per-
formed in two male monkeys (2.1 years old, 6.1 kg; and 1.7
years old, 5.1 kg). They were trained to sit on a chair twice a
week for more than 3 months for PET measurement in the
conscious state. The PET camera used was SHR-7700
(Hamamatsu Photonics K.K.), which has an axial field-of-
view of 11.4 ¢cm and acquires 31 slices at a center-to-center
interval of 3.6 mm [15].

A conscious monkey (6.1 kg) was fixed on a PET
camera, and transmission scanning with a rotating [**Ge]/
[*%Ga] line source was performed to correct for attenuation,
then 0—[“C]methy1—L—tyrosine (1000 MBg/8.7 nmol) was
injected through the posterior tibial vein cannula, and the
PET scan was performed in the head in two-dimensional
(2D) mode for 91 min (10 sx6 frames, 30 sx6 frames,
I minx12 frames and 3 minx25 frames). Arterial blood
samples were obtained 1, 5, 15, 30, 60 and 90 min after
injection of the radiotracer. Whole blood and plasma were
measured for the ''C radioactivity and weighed, and the
radioactivity levels were expressed as a standardized uptake
value [SUV, (activity of sample/g of sample)/(total injected
activity/g body weight)]. Metabolites in the plasma were
analyzed by thin-layer chromatography (TLC) on Kieselgel
60 plates (Merck, Darmstadt, Germany) with n-butanol/
acetic acid/water (4:1:2, v/v/v) as eluent as previously
described [16]. A migration rate (Rg) of O-[''C]methyl-L-
tyrosine was 0.40.

In the other monkey (5.1 kg), the dynamic whole-body
PET scan was performed in 2D mode in four overlapping bed
positions covering from the neck to thighs. In this case, the
monkey was anesthetized during PET scan. Anesthesia was
induced with 10 mg/kg im injection of ketamine hydrochlo-
ride. The monkey was tracheostomized, immobilized with
0.05 mg/kg im injection of pancuronium bromide every 2 h
and artificially ventilated. Anesthesia was continued with
0.8% isoflurane in a N,O/O,/N, (1:1:1, v/v/v) gas mixture
during the entire experiment. Catheterization of the left
femoral artery was then performed to measure mean arterial
blood pressure and heart rate and for arterial blood sampling.
During PET scans, heart rate, respiration rate and body
temperature were continuously monitored using a life
monitoring system (Nihon Kohden, Tokyo, Japan). The
levels of carbon dioxide (PaCO,), blood oxygen (Pa0,), pH
and blood pressure of arterial blood were measured. Arterial
blood samples were obtained at 30 and 90 min after the start
of saline or ketamine infusion via a cannula in the femoral
artery, and monitored with a Stat Profile blood gas analyzer
(Nova Biochemical, Massachusetts).

Transmission scans were performed at every four bed
positions with a 20-min scan per position for attenuation
correction, and then each emission scan at the four positions
was performed in Z-motion mode to provide 112 slices. After
injection of O-["'C]methyl-L-tyrosine (720 MBq/8.7 nmol),
a set of 1-min scan at each of the four bed positions from the
neck to thighs was repeated every 4 min over 92 min.

The tomographic images were reconstructed with a
filtered backprojection method. The data were collected in
a 256x256%x122 matrix, and the voxel size was
1.2x1.2%3.6 mm. Voxel counts were calibrated to activity
concentration (Bg/ml). Regions of interest (ROIs) were
placed on the temporal cortex based on the MRI images in
the first monkey and on the lung, heart, liver, pancreas,
spleen, kidney and muscle in the second monkey. The
decay-corrected time—activity curves of these ROIs were
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Table 1
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Tissue distribution of radioactivity in mice after intravenous injection of O-["'C]methyl-L-tyrosine

% Injection dose/g tissue®

1 min 5 min 15 min 30 min 60 min 90 min
Blood 3.12+0.22 2.33+0.21 2.17+0.03 1.85+0.09 1.57£0.18 1.33+0.09
Brain 0.36+0.08 0.714£0.06 0.87+0.03 1.01+0.10 0.89+0.08 0.86+0.10
Heart 3.31%0.30 2.13+0.20 1.94+0.03 1.71£.09 1.5440.15 1.34+0.09
Lung 249+0.31 1.98+0.16 1.85+0.15 1.56£0.13 1.38+0.19 1.244:0.08
Liver 2.77+0.23 1.95+015 1.80+0.07 1.64+0.07 141£0.15 1.22£0.11
Spleen 1.78+0.54 2.36+0.40 2.00£0.05 1.914+0.19 1.5440.12 1.33+0.09
Pancreas 8.74+2.45 11.94+1.02 8.21+1.01 8.60+0.72 8.79+1.98 10.54+1.56
Stomach 1.1340.13 1.22+0.39 1.02+0.21 1.4340.22 1.39+0.80 1.05+0.18
Small intestine 2.33+£0.26 2.12+0.15 1.714+0.17 1.81+£0.23 1.56+0.31 1.69+0.18
Large intestine 1.02+0.13 0.92+0.07 1.02£0.06 0.81+0.10 0.62+0.03 0.67+£0.09
Kidney 3.32+041 2.66+0.31 2.68+0.31 2.46+0.74 2.33+0.53 2.341£0.64
Testis 0.57+0.08 1.03+0.19 1.65+0.14 1.45+0.41 1.25+0.18 1.20+0.16
Bone 1.40£0.27 1.444+0.15 1.46+0.08 1.20+0.17 1.01+0.17 0.84+0.09
Muscle 1.68+0.11 1.98+0.20 1.9140.08 1.49+0.24 1.48+0.16 1.27£0.06

? Mean+S.D. (n=4).

expressed as a SUV [(regional activity/ml volume)/(injected
activity/g body weight)]. ‘

2.8. Clinical study

Two male volunteers (21 years old, 62.5 kg; and 53 years
old, 61.3 kg), a female volunteer (21 years old, 48.2 kg) and
a male patient with recurrent oligodendroglioma (47 years
old, 93.0 kg) participated in the present study, and a written
informed consent was obtained from them. Three volunteers
were healthy according to the history and clinical inves-
tigations. The PET camera used was SET-2400W (Shi-
madzu, Kyoto, Japan), which has an axial field-of-view of
20 cm and acquires 63 slices at a center-to-center interval of
3.125 mm [17].

In healthy subjects, O-[''C]methyl-L-tyrosine (700-770
MBg/13-27 nmol) was injected intravenously after trans-
mission scanning with a rotating [*®Ge]/[®®Ga] line source to
correct for attenuation. In the subjects 1 and 2, the PET scans
were performed in the head and in the abdominal region
including the liver and pancreas, respectively, for 30 min
(30 sx5 frames, 1 minx 5 frames, 1.5 minx 1 frame, 2.5 min X

Table 2

4 frames and 5 min X2 frames) in 2D mode. Then, from 50 to
78 min after the tracer injection, the whole-body scan
spanning from the thighs to neck was performed in 2D mode
(four overlapping bed positions, 7-min emission time per
position, with simultaneous attenuation correction). During
the first 30-min dynamic scans, arterial blood was taken at
10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110 and 120 s, and
2.5, 3,5, 7.5, 10, 15, 20 and 30 min, and the radioactivity
levels in whole blood and plasma were expressed as SUV.
Metabolites in the plasma sampled at 3, 10, 20 and 30 min
were analyzed by HPLC analysis: column, Nova-pak C18
column (8.0 mm inner diameterx 100 mm length) equipped
with an RCM 8% 10 compression module (Waters, Milford,
MA); mobile phase, CH;CN/50 mM CH;CO,H/50 mM
CH;CO,Na (5:47.5:47.5, v/v/v); flow rate, 2 ml/min; a
radioactivity detector, FLO-ONE/Beta A200 (Packard,
Meriden, CT); and retention time, 5.1 min as previously
described [12]. In subject 3, 10 min after intravenous
injection of the tracer, a whole-body scan spanning from
the thighs to head was similarly performed in five over-
lapping bed positions with a 7-min scan per position, and

Organ distribution of radioactivity in mice after intravenous injection of O-["'Clmethyl-L-tyrosine

% Injection dose/organ®

1 min 5 min 15 min 30 min 60 min 90 min
Brain 0.16+0.04 0.29+0.03 0.4240.05 0.47+0.04 0.44+0.04 0.39+0.04
Heart 0.51%+0.05 0.37+0.04 0.30+0.01 0.26+0.01 0.21+0.02 0.19+0.01
Lung 0.51%£0.04 0.42+0.07 0.38+0.02 0.35+0.03 0.30+0.06 0.25+0.03
Liver 4.61+0.35 3.36+0.59 3.341+0.07 3.06+0.41 2.32+0.19 1.914+0.42
Spleen 0.17+0.05 0.27+0.07 0.23+£0.04 0.21+0.07 0.20:+0.03 0.15+£0.02
Pancreas 1.83+£0.54 2.70+0.46 2.22+0.21 1.8840.39 1.95+£0.47 2.28+0.35
Stomach 0.76+0.16 0.68+0.02 0.62+0.11 0.5740.20 0.75+0.41 0.4840.08
Small Intestine 4.75+0.37 4.33£0.15 3.654£0.26 3.78+£0.40 3.28+0.32 3.07+£0.46
Large Intestine 1.05+£0.23 0.84+0.16 1.00£0.07 0.7540.08 0.59+0.08 0.51£0.07
Kidney 1.58+0.40 1.51+0.24 1.43+0.28 1.45+0.44 1.25+0.35 1.314043
Testis 0.12+0.01 0.24+0.03 0.26+0.02 0.37+0.12 0.30+0.10 0.29+0.03
Bladder 0.08+0.08 0.10+£0.03 0.23+0.07 0.21£0.15 0.16+0.08 0.31+0.20
Urine 0.09+0.07 1.15+0.43 4.05+1.40 8.64+2.41 13.5242.89 14.50+2.97

? Mean#S.D. (n=4).
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Table 3
Absorbed dose of O-[''C]methyl-L-tyrosine for human adults estimated
from mouse data

pGy/MBq pGy/MBq

Brain 0.64 Upper large 4.98

intestine wall
Thyroid 3.62 Lower large 4.62

intestine wall
Thymus 4.07 Adrenals 6.17
Breast 3.54 Kidneys 4.92
Heart 2.19 Testis 3.30
Lungs 4.66 Ovaries 15.20
Livers 2.09 Uterus 5.09
Pancreas 2.25 Bladder 347
Spleen 3.38 Bone surfaces 0.54
Stomach wall 335 Red marrow 2.42
Small intestine wall 5.38 Bones 1.88
Total body 4.54 uSv/MBgq

then 50 min after the tracer injection, a second whole-body
scan was performed.

From all the three subjects, urine was recovered 100 min
postinjection of the tracer and the radioactivity was mea-
sured, and the unaltered O-[''C]methyl-L-tyrosine was ana-
lyzed by HPLC as described above.

A patient with recurrent oligodendroglioma was intra-
venously given O-[''C]methyl-L-tyrosine (403 MBq/10.7
nmol) following the transmission scanning, and a 60-min
PET scan was performed in the head region in three-
dimensional (3D) mode without arterial blood sampling.

The brain tomographic images were reconstructed using a
Fourier rebinning algorithm [18] and a filtered backprojec-
tion method with Butterworth filter (cutoff frequency 1.25
cycle/cm and order 2). The data were collected in a
128 X128 %63 matrix, and the voxel size was 2x2%3.125
mm. Voxel counts were calibrated to activity concentration
(Bg/ml). ROIs were placed on the temporal cortex and
cerebellum in the first volunteer, on the heart, lung, liver,
pancreas, spleen, kidney and muscle in the second
volunteer and on the temporal cortex and two tumor
regions in the patient with recurrent oligodendroglioma.

Time—activity curves of these ROIs were calculated as an
SUV. The body tomographic images were reconstructed
using an ordered subsets expectation maximization (OS-
EM) method (subsets 16, iteration 2). The data were
collected in 128X128x124 and 128 x128x 155 matrixes in
four and five overlapping bed positions, respectively, and
the voxel size was 4xX4%6.25 mm,

3. Results
3.1. Radiation dosimetry

The tissue distribution of the radioactivity after injec-
tion of O-[''C]methyl-L-tyrosine into mice is summarized
in Tables 1 and 2. The pancreas retained the high uptake
(%ID/g) over 90 min. The brain uptake was low but
increased for the first 30 min, and then slightly decreased.
The levels of radioactivity in all other tissues gradually
decreased as observed in that in blood. After 30 min of the
tracer injection, the levels in only the pancreas and
kidneys were higher than in the blood level. Approxi-
mately 15% of the total injected radioactivity was excreted
into urine over 90 min. From these data, the radiation-
absorbed doses were estimated (Table 3). The radiation-
absorbed doses were slightly higher in the ovaries than in
the other organs studied, and were very low in the brain
and bone surfaces.

3.2. Acute toxicity

Acute toxicity was evaluated after an intravenous
administration of O-methyl-L-tyrosine at a dose of
2.41 mg/kg, and after an intravenous injection of three lots
of O-[''C]methyl-L-tyrosine preparations at a dose range of
1.43-5.71 pg/kg. No mortality was found in the rats. All
groups of rats showed normal gain in the body weight
compared with the control animals, and no clinical signs
were observed over a 15-day period. Also, no abnormality
was found in their postmortem macroscopic examination.

Table 4
Tissue distribution of radioactivity in rats bearing inflammation and AH109A tumor 30 min after intravenous injection of O-[''C]methyl-L-tyrosine
Inflammatory tissue AHI109A Muscle Blood

O-["'C]methyl-L-tyrosine® Uptake (%ID/g) 0.42+0.08 1.75+£0.13 0.49+0.03 0.49+0.02
Inflammation/tissue 0.24 0.85 0.85
AH109A/tissue 42 3.6 35

L-[methyl-"'C]methionine® Uptake (%ID/g) 0.25+0.08 1.61£0.30 0.38:+0.03 0.21+0.03
Inflammation/tissue 0.15 0.66 12
AH109A/tissue 6.4 42 7.7

CHIDG® Uptake (%ID/g) 0.62£0.10 2.01+£0.28 0.16+0.07 0.12:£0.05
Inflammation/tissue 0.32 44 5.5
AH109A/tissue 34 13.8 17.7

? Present study. Mean+S.D. (n=7).

P Uptake was measured 20 min postinjection of L-[methyl-''C]methionine [3] and corrected for a percentage of the injected dose per gram of tissue
(%ID/g). AHI09A ascitic hepatoma was inoculated on the back of Donryu rats as described in the present study, and inflammation was induced by croton oil

on the back. Mean+S.D. (n=10).

¢ Data were obtained 60 min postinjection of 2-deoxy-D-[2.6-*Hlglucose ((*H]DG) in rats prepared by the same way in the present study (unpublished

data). Mean+S.D. (n=5).
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3.3. Mutagenicity

When a bacterial reverse mutation test was conducted on
S. typhimurium mutation test, no mutagenic activity was
observed for O-methyl-L-tyrosine.

3.4. Uptake study in a rat inflammation model

The uptake of O-[''C]methyl-L-tyrosine in inflammatory
tissue and AHIO9A is summarized in Table 4. The
radioactivity level in inflammatory tissue was slightly lower
than those in blood and muscle and much lower than that in
AHI109A.

3.5. Monkey study

Fig. 2 shows the time sequential PET images of the brain

and whole-body in each of the two monkeys after injection
of O-["'Cmethyl-L-tyrosine. All physiological parameters
measured were retained normal during the PET experiment
in the dynamic whole-body imaging. The time-—activity
curves of several tissues are shown in Fig. 3. The tracer was
taken at similar levels in the heart, liver, pancreas and
kidney followed by a rapid clearance for the first 15 min.
The uptake in the brain and muscle was low and slightly
increased for the first 15—30 min. The uptake in the lung
was very low over 90 min. After 20 min, the radioactivity
levels investigated remained constant. Radioactivity in
blood and plasma rapidly decreased for the first 15 min

0-4 min

28-32 min

48-60 min

and then remained constant. The levels were comparable
with those in the heart, liver and pancreas and were higher
than those in the brain, lung and muscle. In the plasma,
incorporation of the radioactivity into the protein fraction
was negligible for 90 min, and percentages of the
unchanged form of O-["'C]methyl-L-tyrosine slightly de-
creased with time: 85%, 86%, 83%, 84% and 83%, at 5, 15,
30, 60 and 90 min, respectively.

3.6. Clinical study

In the early tomographic images of the abdominal region
that was acquired 0—5 min postinjection of O-["'C]methyl-
L-tyrosine (Fig. 4A), the heart, liver, pancreas, spleen and
kidney were visualized, while they were obscured in the late
images (20-30 min postinjection of the tracer) with the
exception of hot spots reflecting the renal pelvis. Thus, the
radioactivity levels of these organs rapidly decreased for the
first 15 min followed by a gradual decrease (Fig. 5). In the
brain (images in the healthy subject not shown) and muscle,
the uptake was low and slightly increased for 30 min. Lung
uptake was very low. In the whole-body images acquired for
10—45 min postinjection (Fig. 4B), the radioactivity levels of
these organs were low and only the bladder showed a high
spot. In the later whole-body images that were obtained 50—
85 min in the three subjects (images not shown), the relative
contrast was comparable with the images obtained 10-45
min except for the increasing radioactivity in the bladder.

80-92 min

Fig. 2. PET images with O-[''C]methyl-L-tyrosine in monkeys. Brain images (A) and whole body images (B) were obtained from different monkeys. The
images shown were acquired for 0—4, 2832, 48—60 and 80-92 min in four overlapping bed positions from the neck to thighs. The range of radioactivity
level was 0—4 SUV. H, heart; K, kidney; Li, liver; Lu, lung; M, muscle; P, pancreas; and TC, temporal cortex.
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Fig. 3. Time~activity curves of O-[''C]methyl-L-tyrosine in monkeys. The radioactivity was measured in the regions of interest indicated in Fig. 2. A, Monkey

1 presented in Fig. 2A; and B, monkey 2 in Fig. 2B.

Radioactivity in blood and plasma rapidly decreased for
the first 5 min followed by a gradual decrease. Thirty
minutes later postinjection, the levels were in blood and
plasma were comparable with those in the brain and muscle.
In the plasma, the radioactivity was negligible in the protein
fraction for 30 min, and percentages of the unaltered O-
[''C]methyl-L-tyrosine slightly decreased: 98%, 98%, 98%
and 92%, at 3, 10, 20 and 30 min, respectively (n=2). At

100 min after the tracer injection, 6.0% (range, 4.4—8.3%;
n=3) of the radioactivity was excreted into urine and
percentages of the unaltered O-[''C]methyl-L-tyrosine was
68% (range, 55.3-81.4%; n=3).

Fig. 4C represents the tomographic brain images of the
patient with recurrent oligodendroglioma after injection of
O-["'C]methyl-L-tyrosine. The radioactivity levels in both
tumor and brain increased for the first 15 min and then

SUv

Fig. 4. PET images with O-[''C]methyl-L-tyrosine in human subjects. Tomographic images of the abdominal region (A) and whole-body images (B) were
obtained from healthy subjects 2 and 3, respectively, and brain images (C) were obtained from a patient with recurrent oligodendroglioma. The early and late
images in A and C were acquired for 0—5 and 2030 min, respectively, after tracer injection, and the whole body images were acquired for 10—45 min in five
overlapping bed positions from the thighs to head. The range of radioactivity level was 08 SUV. H, heart; K, kidney; Li, liver; Lu, lung; M, muscle; P,
pancreas; S, spleen; TC, temporal cortex; T1, tumor region 1; and T2, tumor region 2.
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Fig. 5. Time—activity curves of O-["'Clmethyl-L-tyrosine in human subjects (A—C) and uptake ratios of tumor fo brain in a patient with recurrent
oligodendroglioma (D). The radioactivity was measured in the ROIs indicated in Fig. 4. Two regions of tumors and temporal cortex were representatively
selected (C). A, Healthy subject 1 (images not shown); B, healthy subject 3 (Fig. 4B); and C, patient with tumor.

gradually deceased (Fig. 5C). The uptake ratios of tumor to
normal brain were constant 10 min after the tracer injection
(Fig. 5D).

4. Discussion

In the previous study using a tumor bearing rat model,
we have demonstrated that O-[''CJmethyl-L-tyrosine has
the potential for tumor imaging in terms of the amino acid
transport [12]. In the present study, we investigated
suitability of O-[''CJmethyl-L-tyrosine in clinical use. The
radiation-absorbed dose was low enough for clinical use.
Although O-methyl-L-tyrosine is commercially available,
its toxicological data were limited. Thus, we confirmed no
abnormality in rats in the acute toxicity test and no
mutagenicity of O-methyl-L-tyrosine.

In PET studies of monkeys and healthy subjects, we found
that tracer kinetics was slightly different between rodents and
primates. Dynamic whole-body imaging of a monkey using
the multiple-bed position technique showed low uptake of

O-["'C]methyl-L-tyrosine in the pancreas that was compa-
rable to the uptake in the liver or heart in spite of the highest
uptake in the pancreas among the organs in rats [12] and
mice (Table 1). Similarly, low uptake of O-["'C]methyl-L-
tyrosine in the pancreas was also confirmed in humans.
Thus, in the pancreas, high uptake in rodents but low uptake
in humans appears to be common in the artificial amino acids
such as O-['®F]fluoroethyl-L-tyrosine [6], 3-['®F]fluoro-a-
methyl-L-tyrosine [19] and 4—[18F]ﬂuoro—L-proline [20,21].
In contrast to these artificial amino acids, high uptake in the
pancreas and liver of humans was observed for an artificial
amino acid 2-["®*F]fluoro-L-tyrosine [22] and natural amino
acids like L-[methyl-''C]methionine [1] and L-[1-''C]tyro-
sine [5], which were incorporated into protein synthesis in
experimental animals [23-25]. These findings demonstrate a
potential benefit of the artificial amino acids like O-
["'C]methyl-L-tyrosine for tumor imaging in the whole-
body compared with natural amino acids as discussed below.

The other different characteristic of O-[''C]methyl-L-
tyrosine between rodents and primates was found in
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peripheral metabolism, although incorporation of the radio-
activity into a protein fraction was not found in plasma and
AHI109A tumor of rats [12] and in plasma of monkeys and
humans (present study). On the other hand, in rats, we did
not find any acid-soluble metabolites of O-[''C]methyl-L-
tyrosine in plasma and tumor tissue for 30 min, while small
amounts of labeled metabolites were found in plasma of
primates: percentages of unaltered O-[''Clmethyl-L-tyro-
sine were 83% and 92% in a monkey and humans (n=2),
respectively, 30 min postinjection. The degradation of O-
['!'C]methyl-L-tyrosine in humans was very slow, but in
urine recovered 100 min postinjection, 32% (n=3) of the
radioactivity was detected as labeled metabolites of O-
[''C]methyl-L-tyrosine. A similar discrepancy between
rodents and humans were also reported for O-['®F]fluo-
roethyl-L-tyrosine: no metabolites in .mice [6] but 7% and
39% of metabolites in plasma at 30 min and in urine at 150
min postinjection, respectively [26].

As far as tumor diagnosis, a preliminary patient study
clearly visualized recurrent oligodendroglioma. Because the
tumor-to-brain uptake ratios were constant after 10 min
postinjection, the static PET imaging for tumor diagnosis of
the brain could be done within 30 min after the tracer
injection. On the other hand, from the viewpoint of kinetic
analysis to evaluate amino acid transport in tumors, a longer
PET scan more than 30 min may be required to obtain stable
kinetic parameters, when taking into account the time—
activity curves of tumor and brain tissues: an increasing
radioactivity for the first 15 min followed by a gradual
decrease (Fig. 5C). Also, the metabolite analysis of plasma
may be necessary.

Whole-body imaging of monkeys and healthy subjects
clearly demonstrated applicability of the O-[''C]methyl-L-
tyrosine PET for tumor diagnosis in the whole-body except
for the urinary tract. The relative whole-body distribution of
the radioactivity in a healthy subject was not different
between the early images (1045 min postinjection) and late
images (50—85 min) except for an increasing radioactivity in
the bladder in addition to much lower signal in the late
images. It should be taken into consideration that the
muscular uptake slightly increased with time and that the
blood level was relatively high. Thus, the whole-body
imaging could be done within 60 min starting the scan 10—
20 min postinjection. The early time frame may be preferable
because of a relatively low radioactivity level in the bladder.
The whole-body images shown in Fig. 4B are comparable to
those obtained by O-[lSF]ﬂuoroethyl—L-tyrosine PET scan
starting about 70 min postinjection where the urinary tract
was clearly visualized [6,26]. In the case of whole-body
imaging with 3-[18F]ﬂuoro—oc—methyl-L-tyrosine PET 40 min
later of the tracer injection, the kidney was much more
clearly visualized [19]. In spite of low uptake in the normal
liver and pancreas, 4-['®F]fluoro-L-proline appears not to be
a promising PET tracer in oncology [21]. When compared
the brain-to-blood ratios of O-[''C]methyl-L-tyrosine with
those of '*F-labeled artificial amino acids, blood clearance of

O-["'C]methyl-L-tyrosine seems faster than that of O-
['®F]fluoroethyl-L-tyrosine [6] or 4-['*F]fluoro-L-proline
[27] and is comparable to that of 3—[18F]ﬂu0ro—a-methyl-L-
tyrosine [28].

The possible advantage of the radiolabeled amino acids is
presently for differential diagnosis of tumors from inflam-
mation, compared to ['®F]FDG that accumulates inflamma-
tory tissues [1]. In animal studies, low uptake in the
inflammatory tissues was demonstrated for L-[methyl-''C}-
methionine [3], O-[l8F]ﬂuoroethy1-L—tyrosine [29], O-
[18F]ﬂuoropropyl—L-tyrosine [30] and 3-['**I]iodo-a-meth-
yl-L-tyrosine [31]. In the present study, we also confirmed the
low accumulation of O-[''C]methyl-L-tyrosine in an acute
inflammation model [13]. When compared the uptake of
O-["'C]lmethyl-L-tyrosine, L-[methyl-''C]methionine [3]
and 2-deoxy-D-[2,6-H]glucose (a *H-labeled counterpart
of ["®F]FDG) (unpublished data) in the inflammation and
AHIO09A hepatoma (Table 4), the uptake ratios of inflam-
mation to muscle and inflammation to blood for 2-deoxy-D-
[2,6-*H]glucose were much larger than those for radiolabeled
amino acids. Two radiolabeled amino acids have the
comparable potential for the differential diagnosis between
tumor and inflammation. However, it is noticed that the
contrast for tumor imaging, that is, the uptake ratios of
tumor to muscle and tumor to blood, is most preferable for
['®FIFDG followed by L-[methyl-''C]methionine and
O-[''C)methyl-L-tyrosine. These differences between
["*FIFDG and O-[''C]methyl-L-tyrosine are mainly due
to a rapid clearance of ['®*F]JFDG and a slow clearance of
O-["'C]methyl-L-tyrosine in the muscle and blood.

In conclusion, O-[''C]methyl-L-tyrosine is suitable for
clinical use and the O-[''C]methyl-L-tyrosine PET has the
potential for tumor imaging in the whole-body except for
the urinary tract and bladder.
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We have previously proposed a statistical method for extracting a
plasma time-activity curve (pTAC) from dynamic PET images, named
EPICA, for kinetic analysis of cerebral glucose metabolism. We
assumed that the dynamic PET images consist of a blood-related
component and a tissue-related component which are spatially
independent in a statistical sense. The aim of this study is to investigate
the utility of EPICA in imaging total distribution volume (DVt) and
binding potential (BP) with Logan plots in a neuroreceptor mapping
study. We applied EPICA to dynamic ["'C[MPDX PET images in 25
subjects, including healthy subjects and patients with brain diseases,
and validated the estimated pTACs. [!!C]MPDX is a newly developed
radiopharmaceutical for mapping cerebral adenosine A; receptors.
EPICA successfully extracted pTAC for all 25 subjects. Parametric
images of DVts were estimated by applying Logan plots with the
EPICA-estimated pTAC and then used to define a reference region.
The BPs estimated using EPICA were evaluated in 18 subjects by ROI-
based comparison with those obtained using the nonlinear least squares
method (NLSM). The calculated BPs were identical to the estimates
using NLSM in each subject. We conclude that EPICA is a promising
technique that generates parametric images of DVt and BP in
neuroreceptor mapping without requiring arterial blood sampling.

© 2005 Elsevier Inc. All rights reserved.

Keywords: Arterial blood sampling; Adenosine A, receptor; Independent
component analysis

Introduction

Positron emission tomography (PET) is a nuclear medicine-
based technique that provides tomographic images of the distribu-
tion of positron-emitting radiopharmaceuticals. Quantitative anal-
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ysis of the measured PET data, known as Kkinetic analysis,
investigates the relationship of the histories of the radioactivity
concentrations in the arterial blood and target organs. Kinetic
analysis provides quantitative and useful parameters such as
cerebral metabolic rate of glucose and binding potential. For
example, Logan plots (Logan, 2000; Logan et al, 1990) are a
robust estimation technique for the total distribution volume (DVt)
of neuroreceptor radioligands that have reversible binding kinetics.
DVt is the sum of the free/non-specific distribution volume and the
specific distribution volume.

To perform Logan plots, the time courses of the radioactivity in
plasma from arterial blood (plasma time-activity curve; pTAC) and
in the target tissue (tissue time—activity curve; tTAC) are required.
pTAC is usually measured by serial arterial blood sampling via a
catheter inserted into the brachial artery, and the tTAC is obtained
as dynamic PET images. However, serial arterial blood sampling is
a burdensome procedure. Additionally, for the blood collector,
there is a risk of radiation exposure, and for the patient, there is a
risk of infection, bleeding, and thrombosis (Bedford and Wallman,
1973; Jons et al., 1997). Therefore, it is advantageous to omit serial
arterial blood sampling without any loss of information for various
functionalities obtained by quantitative analysis.

We have previously proposed a method for extracting the
blood-related component based on independent component anal-
ysis (ICA): extraction of pTAC using ICA (EPICA) (Naganawa et
al., 2003, 2005) from [‘®F]fluorodeoxyglucose (['*F]JFDG) PET
images. Dynamic PET images are assumed to be able to be
decomposed into two independent source images: a blood volume
image and a tissue image. The probability distributions of the voxel
values in the two images are assumed to be statistically
independent from each other. Most voxels include only brain
tissues and a few voxels include biood vessels, therefore two
images do not mostly overlap. Such a situation means spatially
independent (McKeown et al., 1998). pTAC is extracted as a time
course corresponding to the estimated independent image using
spatial ICA. ICA decomposes dynamic PET images into a set of
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images and a corresponding set of time-activity curves (TACs).
Spatial ICA seeks mutually independent images. The EPICA
procedures consist of appropriate preprocessing (difference-
enhanced images) and spatial ICA using the cost function designed
for extracting the pTAC to realize an effective pTAC extraction.
We applied EPICA to dynamic ['®F]FDG PET images, and the
estimated pTAC closely matched the measured pTAC.

In this paper, we investigated the applicability of EPICA to
neuroreceptor imaging with Logan plots, as applied to dynamic {1-
methyl-''C]8-dicyclopropylmethyl-1-methyl-3-propylxanthine
("'CIMPDX) PET images. {!'CIMPDX is a newly developed
caffeine analogue tracer that has a high affinity for adenosine A,
receptors (A1Rs), and it is a PET radioligand suitable for mapping
Al1Rs (Fukumitsu et al., 2003, 2005; Ishiwata et al., 2002). The
Logan plot is applicable to analyzing the binding of [''CIMPDX to
AlRs, and the cerebellum can be used as a reference region
(Kimura et al., 2004). We propose a framework for estimating DVt
and BP using Logan plots with the EPICA-estimated pTAC. The
DVt images were generated by Logan plot using the EPICA-
estimated pTAC and compared with those obtained by Logan plot
using the measured pTAC. BP was calculated using a reference
region based on the estimated DVt image and compared with that
estimated using the nonlinear least squares method (NLSM).

Theory

The procedures of the proposed method, EPICA, are summar-
ized and the framework for estimating DVt and BP without arterial
blood sampling is proposed.

EPICA

The EPICA technique is briefly described here. More details are
available in Naganawa et al. (2005). A measured TAC is assumed
to be a linear combination of the activities originating within a
tissue and within a plasma. Physiologically, the spatial distributions
of the blood volume image and the tissue image are unrelated and
statistically independent. A mathematical approach is applicable to
decompose the measured PET images into two components. ICA is
a statistical technique for decomposing observed data into statisti-
cally independent components (Bell and Sejnowski, 1995; Comon,
1994; Hyvirinen and Oja, 1997).

A measured TAC at the gth voxel is denoted as x(g) = [x,(gq),
x2(q), ..., xil @)]", where x7(q) is the measured radioactivity at
the fth frame. It is represented as a sum of TACs in a tissue and a
plasma that are included in a single voxel. Therefore, the TAC at
the ¢th voxel is described as:

x(q) = sp(g)ep + se(g)e, hH

where s,(q) and s(q) are the gth voxels of the blood volume
image and the tissue image, respectively, and, ¢, and ¢ are column
vectors that denote the pTAC and the tTAC, respectively. In matrix
notation, Eq. (1) is described as:

X = cpsg +es! = CS, (2)

where s, and s, are the blood volume image and the tissue image,
respectively. The goal of ICA is to estimate the matrices C and S
from the measured X. The spatial distributions of tissues and blood
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vessels are anatomically distinguishable, and the ICA technique is
expected to separate the blood-related component from the
measured dynamic PET images. Note that there is an ambiguity
in the amplitude of the estimated independent components because
scale factors are canceled out between C and S (Comon, 1994).

Our proposed method, EPICA, is based on spatial ICA and
adopts the FastICA algorithm (Hyvérinen, 1999; Hyvérinen and
Oja, 1997). FastICA is a fast ICA algorithm based on fixed-point
iterations and employs higher order statistics for estimating
independent components. This algorithm has a remarkable
performance such as fast convergence and robustness. The EPICA
algorithm is summarized below. The EPICA procedure consists of
three steps.

Step 1 .

Append the negative images —X to the measured PET images
to realize the zero-mean data that are assumed by the ICA
algorithm. The number of voxels becomes twice.

Xy =X, -X] 3)

Step 2

Standardize each voxel’s TAC using the time integral to
emphasize the difference between the spatial distributions of
tissues and blood vessels. Standardization is achieved by dividing
each voxel’'s TAC by the time integral. The value of the
standardized TAC at the fth frame is

X :ﬂ. 4
75(q) @ (4)

Step 3
Perform FastICA using the proposed cost function.
- In this step, a specially designed cost function is used that is
sensitive to the difference between the spatial distributions of the
tissues and blood vessels.

Formation of parametric images of DVt and BP

DVt at the gth voxel in a case of reversible binding is described
as

_Ki(g) ks(q)
pve= 00 (1429 ) G

where K ((q), k2(q), k3(q), and k4 q) are kinetic parameters. The
parameters K,(g) and k»(q) are rate constants of the transfer of
radioligand between the plasma and free ligand compartments, and
k3(q) and k4(g) are between the free ligand compartment and the
specifically bound ligand compartments (Mintun et al., 1984). The
Logan plot was used to compute DVt. Assuming that the brain
blood volume is negligible, DVt is estimated using the following
equation:

fg a(f)de _ fg cp(t)de
an o PYYam

+ Const., (6)

where cy(f) and c¢(r) are the pTAC and the {TAC, respectively.
Because there is an ambiguity in the amplitude of the estimated
independent images and the corresponding TACs in EPICA, the
derived DVt is a relative value.
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If a receptor-free region (reference region) exists, BP (=ks/ky)
can be calculated. Assuming that the distribution volume of the
free/nonspecific region K /K, is constant across receptor-contain-
ing regions and a reference region, BP at the gth voxel is calculated
as:

_klg) _DVig)

BP(g) = £ = Dy b ™)

where DVt is the averaged DVt over a reference region. BP is the
ratio of DVt in the receptor-containing region to DVt in the
reference region. In a three-compartment model, the parameters
that determine the scale of the tTAC are K; and the scale of the
pTAC, while the other kinetic parameters (k,, &1, and k,) determine
the shape of the tTAC. In Eq. (7), the scale-related parameter K is
canceled out, which means that the scale of pTAC is not necessary
in calculating BP. The reference region should be placed
appropriately to obtain an accurate value of DVt’,

The cerebellum is assumed to be a valid receptor-free
reference region for AIRs (Fastbom et al, 1987; Kimura et
al.,, 2004; Svenningsson et al.,, 1997), which can be defined
manually. The roughly defined reference region probably
includes voxels where specific bindings exist, and such voxels
that have higher values of DVt should be excluded from the
reference region. The threshold value is determined based on the
estimated DVt image and the manually defined reference region
is refined using the threshold value.

Materials and methods
" CIMPDX PET studies

The Ethics Committee of Tokyo Metropolitan Institute of
Gerontology approved the study protocol. ['!CJMPDX PET
studies were performed on 11 healthy volunteers and 14 patients
(temporal lobe epilepsy, 7 patients; Alzheimer disease, 2;
Parkinson disease, dementia, or dementia with Lewy bodies,
2; cerebrovascular disease, 1; brain tumor, 1; and mild cognitive
impairment, 1), 19 males and 6 females with a mean age of
48.4 + 23.5 years. Informed consent was given by all subjects.
After a transmission scan with [$4Ga]/[*®Ge] rotating rod source
for attenuation correction, [''CJMPDX (589 + 109 MBq) was
injected intravenously and a dynamic PET scan was performed
in two-dimensional mode using a Headtome-V (Shimadzu Co.,
Kyoto, Japan). Thirty slices, each with 128 X128 voxels, were
scanned over 40 min. The size of each voxel was 2 x 2 X6.25
mm. The number of frames was 23 and the frame arrangements
were 10s X 6,30s X 3, l min X 5,2.5min X 5, and 5 min X 4.
The arterial blood samples were taken via a catheter inserted in 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 min, and the plasma
radioactivity was measured.

Formation of parametric images of DVt and BP

Images of DVt were formed by Logan plot with the EPICA-
estimated pTAC and then BP images were derived with a
reference region defined by the estimated DVt image. Extrac-
ranial voxels were manually excluded and 20 slices where
subject’s brain was located were used for the estimation of

pTAC. The EPICA algorithm was implemented using MATLAB
6.5 (Mathworks Inc., MA, USA), and the code was executed on
a 1.4-GHz Intel Pentium M computer, which was equipped with
768 MB of memory. DVt was estimated on a voxel-by-voxel
basis by Logan plot. Slope estimates were made from the
dynamic images from 10 to 40 min after injection (Kimura et
al,, 2004). A reference region was roughly drawn over the
cerebellum. Voxels beyond the 80th percentile of DVt were
excluded from the reference region. Parametric images of BP
were generated according to Eq. (7) using the estimated DVt
image and the refined reference region.

The DVt estimated using the EPICA-estimated pTAC was
compared with that using the measured pTAC. ROIs were placed
on the following regions: cerebellum; temporal, frontal, occipital,
parietal, and medial frontal lobes; striatum; and thalamus; and the
BPs of the parametric images were averaged over each ROI. For
comparison, BPs in the ROIs were estimated using NLSM, where
the distribution volume of the free/nonspecific region K/k, was
estimated from cerebellum using a two-compartment model, and
the kinetic parameters K, k3, and k4 of each ROI were estimated
assuming that Ky/k, is constant across all ROIs. Note that this
validation was performed about BP because our proposed frame-
work provides only relative DVts and BPs.

Results
Estimation of the pTAC

A typical result for the estimated pTAC is shown in Fig. 1.
Estimation of the pTAC by EPICA took approximately 10 s.
Although the estimated pTAC deviated a little from the measured
pTAC for the initial 3 min after the tracer injection, the overall
shapes of the estimated and measured pTACs matched well.
Typically, the ratio of the measured pTAC to a measured whole
blood TAC kept 0.66 in the duration where Logan plot was applied.

Formation of parametric images of DVt and BP

Fig. 2 shows typical DVt images calculated using the EPICA-
estimated pTAC and the measured pTAC, respectively, in a healthy
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Fig. 1. Example of the EPICA-estimated pTAC (solid line) and the
measured arterial blood samples (crosses). The scale of the EPICA-
estimated pTAC was adjusted using the value at 37.5 min after [''C)]MPDX
administration.
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