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compound pioglitazone could stimulate the circulating CD34*
cells in diabetic patients.

strength of correlation between variables was performed
using Spearmann's correlation coefficient.

2, Methods

2.1.  Study subjects

All subjects gave a written informed consent. The study was
approved by the local ethics committee. Thirty-four patients
with type 2 diabetes (age 60 + 10, M/F; 18/16, HbA1c 9.3 £ 1.4%)
received 15 or 30 mg pioglitazone for 24 weeks (15mg 31
patients, 30 mg; 3 patients). Other medications for diabetes,
hypertension and hyperlipidemia were unchanged through-
out the study. Insulin was given to 9 patients. Sulfonylurea
was given to 15 patients. Biguanide was given to 21 patients.
Alpha glucosidase inhibitor was given to 10 patients. Angio-
tensin converting enzyme inhibitor and/or angiotensin recep-
tor blocker was given to 21 patients. Statin was given to 18
patients. Sixteen patients afflicted with cardiovascular dis-
eases (CVD). Eighteen patients afflicted with nephropathy, 14
patients afflicted with retinopathy, and 15 patients afflicted
with neuropathy.

2.2.  Measurement of CD34" cells

Three milliliters of heparinized peripheral blood were
obtained after 12-h fasting and measured CD34" cells. The
precise number of circulating CD34" cells was quantified as
we described previously [10]. We evaluated circulating CD34"
cells with Stem-Kit™ (BeckmanCoulter, Marseille, France)
according to manufacturers' protocols. These protocols are
based on International Society of Hematotherapy and Graft
Engineering (ISHAGE) Guidelines [11], and are frequently
used for quantification of CD34" cells mobilized into
peripheral blood. To increase the reproducibility of CD34*
cell counts, the protocol of Stem-Kit was modified as follows:
the blood sample volume, antibodies and lysing solution
were doubled, After adding 30 ul of internal control (Stem
count: BeckmanCoulter), samples were centrifuged for 5 min
at 450 x g and 3860 pl of supernatant was removed carefully
with a pipet. Samples were analyzed by Coulter CYTOMICS™
FC500 & XL-system Il software (BeckmanCoulter) for 6 min
each.

2.3.  Other laboratory analysis

Blood samples were taken after 12-h fasting to measure
adiponectin and, high sensitive C-reactive protein (hs-CRP)
concentrations. Serum adiponectin and concentration was
measured by enzyme-linked immunosorbent assay (SRL,
Tokyo, Japan). Serum hs-CRP concentration was measured by
latex nephelometry method (SRL, Tokyo, Japan). We also
measured HbAlc, total cholesterol, HDL cholesterol and
triglyceride levels.

2.4.  Statistical analysis

Data was expressed using the mean + 5.D. The Student’s t-test
was used to compare parameter changes over time. The

3. Results
3.1.  Effects of pioglitazone on glucose and lipid metabolism

Treatment of pioglitazone significantly decreased HBAlc
levels (9.3 + 14,74+ 1.2and 7.5+ 1.7% at 0, 12 and 24 weeks,
respectively). Systemic blood pressure levels did not change
throughout the study period. BMI did not change throughout
the study period (26.8 +3.2, 275+ 3.0 and 279 + 3.3 at 0, 12
and 24 weeks, respectively). Total cholesterol and triglyceride
levels did not change throughout the study, whereas HDL
cholesterol levels significantly increased at 12 and 24 weeks
(1.08 £ 0.39, 1.34 £ 0.34 and 1.32 + 0.28 mmol/1at 0, 12 and 24
weeks, respectively).

3.2.  Effects of pioglitazone on adiponectin and
inflammatory marker

The inflammatory marker, hs-CRP significantly decreased at 12
and 24 weeks (1518 4 2350, 840 4 975, and 838 + 904 ng/ml at 0,
12, and 24 weeks, respectively). Serum adiponectin levels
significantly increased at 12 and 24 weeks (5.0 + 2.2, 13.5+ 6.7
and 13.8 + 8.4 pg/ml at 0, 12 and 24 weeks, respectively). The
change in adiponectin levels between 0 and 12 weeks
(Aadiponectin) of 30 mg pioglitazone was significantly larger
than 15 mgof pioglitazone (15 mg; 7.9 + 4.7vs.30 mg; 19.6 £ 2.5,
p < 0.05), whereas there was no significant difference in the
change in hs-CRP levels (Ahs-CRP) between 15 mg and 30 mgof
pioglitazone (15 mg; 267 + 322 vs. 30 mg; 480 + 1883).

3.3.  Effects of pioglitazone on circulating CD34" cell level

The number of circulating CD34" cells significantly increased at
12 and 24 weeks (0.90 + 0.48,1.10 + 0.50, and 1.10 + 0.57 cells/ul
at0, 12, and 24 weeks, respectively (Fig. 1). This effect was found
in both patients with CVD and without CVD (patients with CVD;
0.81+051, 1.05+ 046 and 1.04 + 0.50 cells/ul at 0, 12 and 24
weeks, respectively, n = 16, patients without CVD; 0.98 + 0.41,
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Fig. 1- CD34+ cell level at 0, 12 and 24 weeks, *p < 0.05 vs. 0
week.
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1.15+ 057 and 1.15+ 0.65cells/ul at 0, 12 and 24 weeks,
respectively, n=18). There was no significant difference in
the change in CD34" cell level (ACD34" cells) between 15 mgand
30 mg of pioglitazone (15 mg; 0.07 4+ 1.01 vs. 30 mg; 0.14 + 0.32).

3.4. Factors involved in the stimulation of CD34" cells

We next investigated which factors were correlated with the
stimulation of CD34* cells. ACD34" cells were significantly
correlated with Ahs-CRP in univariate analysis (r = -0.412,
p =0.017) (Fig. 2a). Further, Aadiponectin correlated with A
CD34* cells (r=0.359, p=0.043) (Fig. 2b). On the other hand,
changein HbAlclevels (AHbA1c) (r = -0.299, p = 0.108) (Fig. 2c),
change in HDL-C levels (AHDL-C) (r=0.253, p=0.168) and
change in triglyceride levels (Atriglycerides) (r=0.0072,
p = 0.969), were not significantly correlated to A CD34" cells.

4, Discussion

Accumulating evidence shows that PPARy agonists have anti-
atherosclerotic actions other than their blood glucose level
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reduction effects [7,9]. One recent report showed that
pioglitazone treatment could stimulate circulating EPCs in
patients with coronary artery disease and normal glucose
tolerance [12]. In this study, we demonstrated that pioglita-
zone treatment also increased circulating CD34" cells and this
effect continued for 24 weeks in type 2 diabetic patients. We
studied the effects of pioglitazone on the stimulation of CD34"
cells but not CD34°/KDR* cells regarded as EPCs. However,
these circulating CD324" cells have the capacity to participate in
neovascularization of ischemic tissue. Indeed, their adminis-
tration enhances the repair of ischemic tissue in ischemic
stroke model [13] and improves myocardial circulation in
myocardial infarction model [14]. Clinically, circulating CD34*
cell levels were reported to be correlated with cerebral blood
flow in hypoperfusion area [6] and formation of collateral
vessels in stroke patients [15]. These reports suggest that
CD34" cells may play a role in the maintenance of micro-
circulation, One recent clinical trial, PROactive Study,
demonstrated that pioglitazone treatment could prevent
cardiovascular events including stroke in type 2 diabetic
patients [16]. Taken together, it is suggested that the
stimulation of CD34" cells may partly contribute to the
preventive effects of pioglitazone on cardiovascular diseases.
Our study also demonstrated that pioglitazone treatment
increased circulating CD34" cells in type 2 diabetic patients
irrespective of with or without CVD, suggesting that piogli-
tazone treatment may be useful for primary prevention as well
as secondary prevention of diabetic macroangiopathy.

It has been reported that the number of circulating EPCs is
inversely correlated with HbA1c levels [3]. Since pioglitazone
treatment significantly decreased HbA1c levels and this study
did not have control group, we could not exclude the
possibility that the stimulation of CD34" cells was associated
with the improvement of glycemic control. However, the
results of this study suggest that pioglitazone may be capable
of stimulating circulating CD34" cells independently of
glycemic control because ACD34" cells was not positively
correlated with AHbAlc at levels that achieved statistical
significance.

Adipocyte derived factors and inflammation participate in
atherogenesis of type 2 diabetic patients. Accumulating
evidence show that adiponectin, one of adipocyte derived
factors, has anti-atherogenic properties, and hypoadionecti-
nemia was reported to be associated with endothelial
dysfunction [17]. Pioglitazone treatment decreased hs-CRP
levels and increased serum adiponectin levels in metabolic
syndrome subjects [8], suggesting that these effects contribute
to the anti-atherosclerotic action of pioglitazone. In this study,
we also demonstrated that pioglitazone treatment decreased
hs-CRPlevels and increased serum adiponectin levelsin type 2
diabetes patients. Interestingly, ACD34" cells were signifi-
cantly correlated with Ahs-CRP and Aadiponectin. An in vitro
study showed that CRP impaired EPC migration and function
[18]. In clinical study, it has been reported that circulating
EPCs were inversely correlated to serum interleukin 6
levels [19]. These reports suggested that chronic inflammation
may be involved in the regulation of EPCs. One recent
clinical study showed that circulating EPCs were positively
correlated to serum adiponectin levels in patents with
coronary artery disease [20]. Another report showed that
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adiponectin treatment increased EPC number and migration
[12]. Taken together, it is suggested that the inhibitory effects
on chronic inflammation and the effect on adiponectin
regulation of pioglitazone may be directly or indirectly
involved in the increase of CD34" cells. However, further
study is necessary to delineate this hypothesis.

In conclusion, our study demonstrated that pioglitazone
treatment increased circulating CD34" cells, suggesting that
this effect may at least partly contribute to the anti-
atherosclerotic action of pioglitazone.
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Increase in circulating CD34-positive cells in
patients with angiographic evidence of
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Increasing evidence points to a role for circulating endothelial progenitor cells, including
populations of CD34-positive (CD34*) cells, in maintenance of cerebral blood flow. In this study,
we investigated the link between the level of circulating CD34* cells and neovascularization at
ischemic brain. Compared with control subjects, a remarkable increase of circulating CD34* cells
was observed in patients with angiographic moyamoya vessels, although no significant change was
observed in patients with major cerebral artery occlusion (or severe stenosis) but without
moyamoya vessels. Our results suggest that the increased level of CD34* cells associated with
ischemic stress is correlated with neovascularization at human ischemic brain.
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Introduction

Increasing evidence points to a role for bone
marrow-derived immature cells, such as endothelial
progenitor cells, in maintenance of vascular home-
ostasis and repair. CD34-positive (CD34*) cells
comprise a population enriched for endothelial
progenitor cells whose contribution to neovascula-
ture includes both direct participation in forming
the neovessel and regulatory roles as sources of
growth/angiogenesis factors (Majka et al, 2001).
Previously, we have shown accelerated neovascular-
ization after administration of CD34* cells in an
experimental madel of stroke (Taguchi et al, 2004b)
and induced by autologous bone marrow mono-
nuclear cells (rich cell fraction of CD34* cells)
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transplanted locally into patients with limb ische-
mia (Taguchi et al, 2003). In addition, we have
observeﬂ positive correlation between the level of
circulating CD34* cells and regional blood flow
(Taguchi et al, 2004a), and cognitive function
(Taguchi et al, 2007) in patients with chronic
cerebral ischemia.

In this study, we have evaluated the level of
circulating CD34* cells in patients with unusually
accelerated neovascularization induced by progres-
sive occlusion (or severe stenosis) of the supracli-
noid portion of the internal carotid artery, the
proximal region of the anterior, and/or middle
cerebral artery characterized angiographically by
the presence of moyamoya-like vessels (Natori et
al, 1997) that supply ischemic brain as collaterals,
We have investigated the hypothesis that circulating
bone marrow-derived immature cells might be
associated with neovascularization at ischemic sites
in the human brain.

Patients and methods

The institutional review board of the National Cardiovas-
cular Center approved this study. All subjects provided
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informed consent. A total of 50 individuals, including 24
patients with occlusion or severe stenosis (>90%) at the
C1 portion of the internal carotid artery or the M1 portion
of the middle cerebral artery, and 26 age-matched healthy
volunteers with cardiovascular risk factors, but without
history of vascular disease, were enrolled. The diagnosis
of cerebral artery occlusion or stenosis was made
angiographically and four patients were found to have
classical angiographic evidence of moyamoya-like vessels,
including one with right C1 occlusion, one with right M1
occlusion, and two with bilateral C1 severe stenosis. All
patients with cerebral artery occlusion or stenosis had a
history of cerebral infarction. Individuals excluded from
the study included patients who experienced a vascular
evenl within 30 days of measurements, premenopausal
women, and those with evidence of infection and/or
malignant disease. The number of circulating CD34" cells
was quantified as described (Taguchi et al, 2007). In brief,
blood samples (200 ul) were incubated with phycoerythrin-
labeled anti-CD34 antibody, fluorescein isothiocyanate-
labeled anti-CD45 antibody, 7-aminoactinomycin-D
(7-AAD), and internal control (all of these reagents are in
the Stem-Kit; BeckmanCoulter, Marseille, France). After
incubation, samples were centrifuged, and supernatant was
removed to obtain concentraled cell suspensions.
7-Aminoactinomycin-D-positive dead cells and CD45-ne-
gative cells were excluded, and the number of cells forming
clusters characteristic of CD34* cells (i.e., low side scatter
and low-to-intermediate CD45 staining) was counted. The
absolute number of CD34" cells was calculated using the
internal control. Mean cell number of duplicate measure-
ments was used for quantitative analysis. Statistical
comparisons among groups were determined using analysis
of variance or x* test. Individual comparisons were
performed using a two-tailed unpaired Students’ t-lest or
Mann-Whitney’s U-test. Mean + s.e. is shown.

Table 1 Baseline characteristics

Results

Enrolled individuals were divided into three
groups: control subjects, patients with cerebral
occlusion or severe stenosis, but without the
presence of vessels with angiographic characteris-
tics of moyamoya disease, and patients with angio-
graphic evidence of moyamoya-like vessels.
Baseline characteristics of the groups are shown in
Table 1. The modified Rankin scale evaluation of
patients with and without moyamoya-like vessels
was 0.5%0.5 and 1.3 0.2, respectively (P=0.15).
Comparing these groups, there was a significant
difference in the ratio of gender and treatment with
aspirin between groups. However, no significant
difference was observed in the number of circulating
CD34* cells in control group between genders
(male, n=13, CD34* cells=0.93 + 0.10/uL; female,
n=13, CD34* cells=0.85+0.11/pL: P=0.59) and
treatment with aspirin (aspirin (+), n=6, CD34"*
cells=0.76 £0.12/ul;; aspirin (-), n=20, CD34"*
cells =0.93 £ 0.09/uL: P=0.26), indicating mild and
nonsignificant effects of gender and treatment with
aspirin on the level of circulating CD34* cells. In
univariate analysis of control subjects, each cere-
brovascular risk factor and treatment with statins
showed no significant difference in the number of
circulating CD34 " cells (data not shown).

A representative angiogram showing characteris-
tics of moyamoya-like vessels is shown in Figures
1A and 1B. Angiographic moyamoya-like vessels
were observed around the M1 portion of an
occluded middle cerebral artery. Compared with a
normal subject (Figure 1C) and patients without
angiographic evidence of moyamoya-like vessels
(Figure 1D), a remarkable increase in levels of

Total Control Major artery occlusion/stenosis P-value for trend
Moyamoya (-) Moyamoya (+)
N 50 26 20 4
Age, years 60.8%1.1 60.541.9 61.5£1.0 50.0+5.0 0.85
Male, n (%) 33 (66) 13 (50) 18 (90) 2 (50) 0.01
Risk factor, n (%)
Hypertension 35 [70) 16 (62) 15 (75) 4 (100) 0.24
Hyperlipidemia 26 (52) 14 (54) 10 (50) 2 (50) 0.96
Diabetes mellitus 11 (22) 7 (27) 4 (20) o (o) 0.46
Smoking 15 (30) 7 (27) 8 (40) 0 (0) 0.25
Treatment, n (%)
Ca channel blockers 20 (40) 10 (38) B (40) 2 (50) 0.91
p-Blockers 5 (10) 3(11) 1(5) 1 (25) 0.44
ACE inhibitor 7 (14) 4 (15) 2 (10) 1 (25) 0.70
ARB 12 (24) 5(19) 5 (25) 2 (50) 0.40
Diuretics 4 (8) 2(7) 1 (5) 1 (25) 0.40
Statin therapy 14 (28) 0 (34) 4 (20) 1 (25) 0.54
irin 19 (38) 6 (23) 10 (50) 3 (75) 0.05
Ticlopidine 12 (24) 3(11) 8 (40) 1(25) 0.08
Abbreviati ACE, converting enzyme; ARB, angiotensin 2 receptor blocker.
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Figure 1 Increased levels of circulating CD34 * cells in patients with angiographic evidence of moyamoya-like vessels, (A, B)
Representative angiogram from a patient with moyamoya-like vessels. Unusually accelerated neovascularization (based on
angiographic features of moyamoya-like vessels, arrowheads) was observed around an occlusive M1 lesion (arrow). Anterior—
posterior view (A) and lateral view (B) of the right internal carotid artery showed angiographically. (C-E) After exclusion of 7-
aminoactinomycin-D (7-AAD)-positive dead cells and CD45-negative cells (nonleukocytes), CD34 * cells cluster at low side scatter.
Representative fluorescence-activated cell sorting analyses from a control subject (C), a patient without moyamoya-like vessels (D),
and a patient with moyamoya-like vessels (E) are shown. (F) A more than two-fold increase in circulating CD34 * cells was observed
in patients with moyamoya-like vessels, compared with control subjects and patients without moyamoya-like vessels (*P < 0.001).

SS Lin: side-scatter linear scale.

peripheral CD34" cells was observed in patients
with moyamoya-like vessels (Figure 1E) based on
fluorescence-activated cell sorting. To confirm this
impression, levels of circulating CD34* cells were
quantified (control, CD34* cells=0.80+0.07/uL;
moyamoya (—), CD34* cells=0.98 £ 0.13/uL; moya-
moya (+), CD34" cells=2.28 +0.53/uL) and found
to be significantly increased in patients with
moyamoya-like vessels more than two-fold higher
than in controls (Figure 1F, P<0.001).

Discussion

In this study, we have found that a feature of
unusually accelerated neovascularization, evidence
of moyamoya-like vessels in the immediate locale of
an occluded major cerebral artery, can be correlated
with a robust increase in the level of circulating

CD34* cells. The latter was determined using a
newly developed method that enables quantifica-
tion of few CD34* cells in peripheral blood in a
highly reproducible manner.

After acute cerebral ischemia, mobilization of
CD34* cells from bone marrow has been shown in
stroke patients (Taguchi et al, 2004a). Furthermore,
transplantation of CD34* cells (Taguchi et al, 2004b)
and bone marrow cells (Borlongan et al, 2004a, b)
has been shown to restore cerebral blood flow in
experimental models of stroke. In chronic ischemia,
transplantation of CD34* cells has also been shown
to accelerate neovascularization, including forma-
tion of collateral vessels, in patients with chronic
ischemic heart disease (Boyle et al, 2006) and limb
ischemia (Kudo et al, 2003). In addition, there is a
report regarding the correlation between inadequate
coronary collateral development and reduced num-
bers of circulating endothelial progenitor cells in

w
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patients with myocardial ischemia (Lambiase et al,
2004). In this study, we show, for the first time, a
correlation between neovascularization of the cere-
bral arterial circulation and increased levels of
circulating CD34* cells. Our results support the
hypothesis that circulating CD34* cells potentially
contribute to neovascularization at sites of ischemic
brain injury.
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suffer from asymptomatic left ven-

tricular (LV) injury, including in-
creased LV mass, without apparent
myocardial ischemia. The mechanisms
underlying diabetic LV injury remain un-
clear; however, it has been suggested that
endothelial dysfunction plays a role. Ac-
cumulating evidence indicates that bone
marrow—derived endothelial progenitor
cells (EPCs) contribute 1o neovasculariza-
tion of ischemic tissue and endotheliali-
zation of denuded endothelium. Recent
studies have shown that circulating bone
marrow—derived immature cells, includ-
ing CD34™ cells, contribute to the main-
tenance of the vasculature, both as a pool
of EPCs and as the source of growth/
angiogenesis factors (1). We hypothe-
sized that circulating CD34™ cells might
be associated with LV dysfunction in pa-
tients with type 2 diabetes. Therefore, we
studied the correlation between circulat-
ing CD34™ cell levels and plasma brain
natriuretic peptide (BNP) levels, an LV
dysfunction marker, in type 2 diabetic
patients.

Pati:nrs with type 2 diabetes often

The institutional review board of the Na-
tional Cardiovascular Center approved

this study, and all subjects provided in-
formed consent. We examined 26 pa-
tients with type 2 diabetes (12 men and
14 women, duration of diabetes 16,1 %
10.7 years) who were over 60 years of age
(70.5 = 6.4 years). Statin was given to
nine subjects. ACE inhibitor or angioten-
sin receptor blocker was given to nine
subjects, and thiazolidinedione was given
to two subjects. Subjects were excluded
from the study if they had known cardio-
vascular disease or chronic renal failure
(defined as serum creatinine =180 pmol/
1). No study subject showed hypokinesis
by echocardiography or electrocardio-
gram change, indicating myocardial isch-
emia. Systolic (SBP) and diastolic (DBP)
blood pressure and anthropometric pa-
rameters were determined. Blood samples
were taken after 12-h fasting to measure
circulating CD34% cells, plasma BNP,
fasting plasma glucose (FPG), and A1C.
Circulating CD34™ cells were quantified
by flow cytometry according to the man-
ufacturer’s protocol (ProCOUNT; Becton
Dickinson Biosciences) as previously re-
ported (2). BNP was quantified by en-
zyme immunoassay (Tohso, Tokyo,
Japan). We further examined LV frac-
tional shortening (LVFS), LV mass index
(LVMI) (3), and peak flow velocity of the
early filling wave (E), the late filling wave
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(A), and the E/A-wave ratio (E/A) by echo-
cardiography. All echocardiograms were
performed by several expert physicians
who were blinded to CD34™ cell level.

All statistical analyses were per-
formed using JMP version 5.1.1 software
(SAS Institute). Data are expressed as
means * SD. Comparisons of number of
CD34" cells by sex were made using the
two-tailed unpaired t test. Correlations
between number of CD34 " cells and clin-
ical parameters were assessed by univari-
ate liner regression analysis and multiple
regression analysis. LVMI and plasma
BNP concentrations were analyzed after
logarithmic transformation.

RESULTS
FPG levels, A1C levels, and BMIs in the
study subjects were measured to be 9.5 =
2.6 mmol/l, 9.2 = 1.8%, and 26.4 = 4.3
kg/m?, respectively. A total of 88% of the
patients had hypertension (SBP 142 * 18
mmHg, DBP 75.7 * 13.5 mmHg). Plasma
BNP levels were measured to be 95 * 319
pg/ml. Although it has been reported that
the level of BNP =100 pg/ml has a sensi-
tivity of 90% of diagnosing congestive
heart failure (CHF) in patients with CHF
symptoms (4), none of the subjects in this
study, including subjects with =100
pg/ml of BNP, showed symptoms of CHF.
The level of circulating CD34™ cells was
measured to be 0.76 * * 0.39 cells/pl, and
there was no significant difference be-
tween sexes, The range of LVMI was
73.3-340.2, and 11 subjects applied to
the definition of LV hypertrophy (LVMI
=131 in men and =100 in women) (3).

Plasma BNP levels had a significant
inverse correlation with the number of
circulating CD34™ cells (Fig. 14),
whereas FPG, A1C, BMI, SBP, DBP, and
age showed no significant correlations.
There was a significant correlation be-
tween the number of circulating CD34*
cells and LVMI by echocardiography (Fig
1B). LVFS and E/A were not associated
with circulating CD34" cell numbers
(LVFS r = —0.07, P =072; E/Ar =
=0.11, P = 0.59). There was also a sig-
nificant correlation between BNP levels
and LVMI (r = 0.59, P = 0.001).

In multiple regression analysis, the
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Figure 1—Correlation between CD34"* cell
numbers and plasma BNP levels (A) and cor-

relation between CD34" cell numbers and
LVMI (B) in type 2 diabetic patients (n = 26).

level of CD34™ cells was an independent
correlate of both BNP (B = —1.64, P =
0.017) and LVMI (B = —0.337, P =
0.031) in the model including age, A1C,
SBP, BMI, and medication (ACE inhibi-
tor/angiotensin receptor blocker, statin,
and thiazolidinedione).

CONCLUSIONS — In thisstudy, cir-
culating CD34™ cell number was found to
significantly correlate with plasma BNP
level, a marker of LV dysfunction. To the
best of our knowledge, this is the first re-
port that circulating bone marrow—
derived cells are associated with diabetic
LV abnormality. Circulating CD34™ cell
numbers also significantly correlated with
LVMI, whereas they did not correlate with
LVFS (an LV systolic function marker) or
E/A (an LV diastolic function marker). LV
hypertrophy is a well-known predictor of
cardiovascular events independent of cor-
onary artery disease. The Framingham
Hean Study identified an association be-

tween diabetes and increased LV wall
thickness and mass (5). Although the
precise mechanisms underlying the asso-
ciation between diabetes and LV hyper-
trophy remain unknown, our results
suggest that reduced circulating CD34
cell numbers may be involved in the pro-
gression of LV hypentrophy in diabetic pa-
tients. However, further investigations are
necessary to demonstrate this hypothesis.

We measured the level of CD34™
cells in this study but not the levels of
circulating CD34*/kinase insert domain
receptor (KDR) ™ cells that are regarded as
EPCs. Circulating CD34* cell levels are
associated with ischemic stroke (6), and
administration of CD34™ cells amelio-
rates cerebral ischemia in mice (7). This
indicates that CD34" cells may be in-
volved in cardiovascular disease. Indeed,
another recent report indicated that levels
of circulating CD34™ cells are more
strongly correlated with cardiovascular
risk than levels of EPCs (8). Therefore,
our results suggest that measurement of
CD34" cells may provide an indicator for
diabetic LV hypertrophy.

Our study had several limitations.
First, the study was performed only by
cross-sectional analysis; therefore, a pro-
spective study is needed to clarify
whether circulating CD34 " cell numbers
predict LV injury in diabetic patients. Sec-
ond, although systemic blood pressure
did not significantly associate with
CD34" cell numbers, further investiga-
tion of normotensive diabetic patients is
needed to exclude the possible effects of
hypertension on circulating CD34™ cell
numbers, as most of the subjects in this
study were hypertensive. Despite this ca-
veat, these results may be of practical use
in elderly patients with type 2 diabetes, as
hypertension is a very common comorbid
condition in this population.

In conclusion, reduced circulating
CD34" cell numbers are significantly as-
sociated with plasma BNP concentration
and LVMI in elderly patients with type 2
diabetes. These results that de-
creased circulating CD34™ cells may be
involved in LV hypertrophy and that mea-
surement of circulating CD34 ™ cell num-

bers may be useful for the identification of
diabetic patients at high risk of LV injury.
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A physiologic model for recirculation water
correction in CMRO, assessment with '°0,
inhalation PET
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Takayuki Ose, Kazuhiro Koshino, Youichirou Ohta and Hidehiro lida
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Center Research Institute, Osaka, Japan

Cerebral metabolic rate of oxygen (CMRO,) can be assessed quantitatively using '°0, and positron
emission tomography. Determining the arterial input function is considered critical with regards to
the separation of the metabolic product of 0, (RW) from a measured whole blood. A mathematical
formula based on physiologic model has been rroposed to predict RW. This study was intended to
verify the adequacy of that model and a simplified procedure applying that model for wide range of
species and physiologic conditions. The formula consists of four parameters, including of a
production rate of RW (k) corresponding to the total body oxidative metabolism (BMRO,).
Experiments were performed on 6 monkeys, 3 pigs, 12 rats, and 231 clinical patients, among which
the monkeys were studied at varied physiologic conditions. The formula reproduced the observed
RW. Greater k values were observed in smaller animals, whereas other parameters did not differ
amongst species. The simulation showed CMRO, sensitive only to k, but not to others, suggesting
that validity of determination of only k from a single blood sample. Also, k was correlated with
BMRO,, suggesting that k can be determined from BMRO,. The present model and simplified

procedure can be used to assess CMRO; for a wide range of conditions and species.
Journal of Cerebral Blood Flow & Metabolism advance online publication, 5 November 2008; doi:10.1038/jcbfm.2008.132

Keywords: arterial input; CMRO,; mathematical modeling; recirculation water; PET

Introduction

Cerebral metabolic rate of oxygen (CMRO;) can be
quantitatively assessed using '*0O-labeled oxygen
(**0,) and positron emission tomography (PET). This
technique is based on an estimation of influx rate of
150, to the cerebral tissue from arterial blood. Using
information of cerebral blood flow (CBF) that may be
obtained either from a separate scan with **O-labeled
water (H3°0) or from the clearance rate **0, of tissue,
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the oxygen extraction fraction (OEF) can also be
calculated. The arterial input function must
be determined before beginning this calculation.
More specifically, a metabolic product of *O, in
the arterial blood, as a form of **0O-labeled water (i.e.,
recirculating '*O-water or RW) needs to be accurately
estimated.

The arterial whole blood radioactivity curve can be
obtained by measuring the radioactivity concentra-
tion of continuously withdrawn whole blood using a
monitoring device (Eriksson et al, 1988; Eriksson and
Kanno, 1991; Votaw and Shulman, 1998; Kudomi
et al, 2003). Assessment of a time-dependent RW
curve may be achieved by separating the plasma from
the whole blood samples. This, however, requires
labor-intensive procedures of frequent, manual
arterial blood samplings, the centrifugation of all
collected blood samples, and radioactivity measure-
ments for both whole blood and plasma (Holden
et al, 1988).

Ohta et al (1992) proposed to neglect the compo-
nent of RW from the arterial input function. This
technique fits three parameters of CMRO,, CBF, and
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cerebral blood volume (CBV) to the kinetic **0, data
obtained from a single PET scan after the bolus
administration of '*0,. To minimize errors which
result from neglecting RW, only the initial 3 mins of
data after the bolus inhalation of "0, were used
when calculating the parameters. This approach has
been applied to evaluate the magnitude of increase in
CMRO, relative to that in CBF during cognitive
stimulation tasks (Fujita et al, 1999; Vafaee and
Gjedde, 2000; Okazawa et al, 2001a,b; Yamauchi
et al, 2003; Mintun et al, 2002), but one of the
drawbacks to this technique is the lack of accurate
statistics, which is due to the use of a short scan
duration.

lida et al (1993) have developed a mathematical
formula to predict the production of RW based on a
physiologic model, which allows prolongation of the
PET acquisition period with an additional statistical
accuracy. The formula assumes a fixed rate constant
for production of RW from **0, in the body. This is
based on the fact that the observed rate constant did
not vary among clinical subjects, and thus causes
nonsignificant errors in CMRO,. However, the study
is limited only to human subjects studied at rest, and
results have not been verified using other species
such as rat and mouse (Magata et al, 2003; Temma
et al, 2006; Yee et al, 2006). Also, the findings have
not been evaluated on humans who are under
physiologic stress, though under such conditions
the whole-body oxygen consumption is expected to
change. Moreover, it is important to extend the
approach to physiologically stressed conditions as
recent progress for assessing CMRO, and CBF
simultaneously from a short period dynamic scan
by using a dual tracer autoradiography (DARG)
(Kudomi et al, 2005). The DARG has enabled the
50, PET to assess CMRO, and CBF simultaneously
at various physiologically activated conditions.

Table 1 Variables used in the recirculating water model

The aim of this study is to verify the method used to
estimate the arterial RW during the '*0, inhalation for
simultaneous determination of CMRO, and CBF from
the rapid procedures of **O, PET. The feasibility of a
simplified procedure is also being investigated. Ap-
plicability of this approach was tested for a wide range
of species under various physiologic conditions.
Experiments were designed to apply for different
species as well as different physiologic conditions. A
simulation study was also performed to evaluate the
level of error sensitivity associated with this approach.

Materials and methods
Theory

Variables used in the recirculating water model are summar-
ized in Table 1. The mathematical model that formulates the
time-dependent RW in arterial blood consists of three rate
constants: (1) the production rate of RW or k (per min),
proportional to oxidative metabolism in the total body
system (BMRO,), (2) the forward diffusion rate (k. per
min) of the metabolized "O-water between the blood and
interstitial spaces in the body, and (3) the backward diffusion
rate (k;, per min) of the metabolized **O-water between the
blood and interstitial spaces in the body. The differential
equations for the arterial activity concentration of **O-water
at a time t (secs) (A.(t), Bg/mL), after the physical decay
correction can be expressed as follows (Huang et al, 1991):

LA =k A~k A +ka-C)  (1a)

%C(r) =k - Ault) — kg - C(1) (1h)

A(t) = Ao(t) + Aull) (1c)

where A(1) and A,(t) denote the radioactivity concentra-
tion of the arterial **0, and the total radioactivity from both

Description Unit
A, Radioactivity concentration of arterial "0, Bg/mL
Ae Radioactivity concentration of arterial H*O Bg/mlL
A, Total radioactivity concentration from arterial **0, and H3*0O Bg/mlL
p, Radioactivity concentration of arterial plasma Bq/mL
c Activity concentration of H¥*O in peripheral tissue in a body Bg/ml
Fig, Oxygen concentration in inhaled gas %
Feq, Oxygen concentration in expired gas %
k Production rate of recirculating Hi*O per min
j Production rate of recirculating H}*O obtained from BM approach per min
ke Forward diffusion rate of H*O from blood to body interstitial space per min
ks Backward diffusion rate of Hi*O from blood to body interstitial space per min
A Decay constant of **O (=0.00567 per sec) per sec
v Stroke volume mL
P kuo/ky
r Respiration rate per min
R Fractional water content ratio in whole blood to that in the plasma
Ro, Rate of oxidative metabolism in the whole-body system mL/min
At Delayed appearance time of recirculating water secs
Vo, Total volume of molecular oxygen in total blood mL
Vi Total volume of blood in a body mL
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**0; and H}*0, respectively. Clt) is an activity concentra-
tion of H}*O in the peripheral tissue of the total body.
Assuming a delayed appearance of RW by At (lida et al,
1993), the following equation can be obtained:

Aw(t+ At) =k(a; - Ay(t) ® exp(~py1)

2
ta A @exp(-fpt)
where ® denotes the convolution integral and:
_a—-2cxva*-4b 8 _axva*—4b
X312 —m—» 1,2—‘—2—»
a=k+ke+ke/p. b=k -ki/p, c=ka/p. p=ku/k

(3)
Following four approaches were performed to determine
the rate constants and A,(t).

Approach by four parameters fitting: Four parameters, k,
At, k., and p (=k./k)), can be determined from the
observed RW (A,(f)) and the A/(t) curves by means of the
nonlinear least square fitting (4PF approach).

Approach by ene parameter fitting: Once three para-
meters, Al, k,, and p, are fixed by averaging values
determined by the 4PF approach, k can then be determined
by fitting the Equation 2 to measured A, (t) from A[t) (1PF
approach). In this procedure, single datum is sufficient,
and thus k can be determined from A,(t) and the RW counts
sampled at a single time point.

Approach from steady-state condition: Similarly to the
1PF procedures, k can be determined from the steady state
condition, which is achieved by a continuous administra-
tion of **0, as follows (SS approach). Incorporating the
decay constant of '*0 (1=0.00567 per secs) into Equations
1a and 1b provides:

AW =k Ao0)— Ko A%ll) + - € (1) ~ A
- AT(t) (4a)

%c(:] =k Aw(t)— ke - C'() - 2-C*(1)  (ab)
where variables with the symbol * denote that no
correction was made for the radioactivity decay of '*O.
After continuously administrating '*0,, the radioactivity
distribution of A(t), AL(t), and C{(t) reaches a steady state.
Thus, the following equations hold:

0=k A"(1) ~ kuA'w(t) + C'() = JAW()  (53)

0 = kA" (1) — ko C* (1) — AC° (1) (5b)

Given the values of k,, and k, which are determined as
averages of 4PF, k can be calculated from the arterial **0,
and H}*0O concentrations at steady state as follows:

(ke + kg + 1) A ()
k= a(Be )A-.,m

(8)

Approach by the rate of whole body oxidative metabo-
lism: In this study, an alternative approach is provided to
obtain k, from the rate of oxidative metabolism in the

Recirculation water correction in 50, PET
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whole-body system (BM approach). With this alternative
approach, we assume that the production rate of RW or k is
proportional to the rate of oxidative metabolism in the
whole-body system (i.e., BMRO, (Ro,, mL/min)). The rate
of oxidative metabolism may change dependent on
physiologic status of the subjecl. In addition, we assumed
that this index can be defined from the difference of
oxygen concentration between inhaled and exhaled tra-
chea air samples. Therefore, the above can be expressed as
follows:

k=c-H;.’ (per min) (7a)

Vo,

or

k_ Ro,

© 1.36-Hb. Vg
where ¢ is the proportionality constant, kg, the production
rate of RW obtained from BM approach, Vg, (mL) the total
volume of molecular oxygen in total blood, 1.36 mL/g the
amount of oxygen molecules combined with unit mass of
hemoglobin, Hb (g/mL) represents the hemoglobin con-
centration in the arterial blood, and Vi (mL) is the total
volume of blood in the body.

kg = (7h)

Simulation

A series of simulation studies were performed to investi-
gate the effects of errors on estimated CMRO, value in the
model parameters (k, At, k,, and p). In these simulations, a
typical arterial blood time activity curve (TAC) of '*0, and
H:*0 after DARG protocol (Kudomi et al, 2005) obtained in
a monkey study was used. RW TACs were generated from
the whole blood TAC by assuming baseline values of k as
0.13, 0.11, 0.34, and 0.73 per min, At as 20, 11, 5, and
3secs, k, as 0.38, 0.43, 0.98, and 0.87 per min, and p as
1.31, 1.01, 0.98, and 0.83, corresponding to humans, pigs,
monkeys, and rats, respectively. Tissue TACs were gener-
ated by assuming CBF =50 mL/min per 100 g and OEF = 0.4
(CMRO, was defined as: CMRO,=CBF x OEF x C,0.,
where C,0; is the arterial oxygen content. This simulation
was intended to investigate magnitude of error as a
percentage difference, so that arbitrary value of C,0, was
assumed) (Hayashi el al, 2003), using a kinetic formula for
oxygen and water in the brain tissue (Mintun et al, 1984;
Shidahara et al, 2002; Kudomi et al, 2005). CMRO, values
were calculated by the DARG method (Kudomi et al, 2005),
in which RW TACs were separated from the whole blood
by changing k from 0.0 to 1.0 per min, At from 0 to 30 secs,
k. from 0.0 to 2.0 per min, and p from 0.0 o 2.0,
respectively. Errors in the estimated CMRO. were pre-
sented as a percentage difference from the assumed true
values.

Subjects

Subjects consisted of four groups including monkeys, pigs,
rats, and clinical patients. Monkeys were six healthy
macaca fascicularis with body weight of 5.2 +0.8kg and
age ranging from 3- to 4-year old. Pigs were three farm pigs

[*]
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with body weight of 38 £ 9kg and age from 4 to 12 months.
Rats were 12 male Wistar rats with body weight of
300+54g and age from 7 to 8 weeks, All animals were
studied during anesthesia. The animals were maintained
and handled in accordance with guidelines for animal
research on Human Care and Use of Laboratory Animals
{(Rockville, National Institute of Health/Office for Protec-
tion from Research Risks, 1996). The study protocol was
approved by the Subcommittee for Laboratory Animal
Welfare of National Cardiovascular Center.

Human data were retrospectively sampled from an
existing database at National Cardiovascular Center which
documented subjects who underwent PET examination
after the '"O-steady-state protocol. There were 231 total
samples, with body weight and age ranging from 58 £ 10 kg,
and 63 + 14 years, respectively. Only the arterial *O; and
H}0 radioactivity concentrations measured at the steady-
state condition were used for the present analysis.

Experimental Protocol

The six monkeys were anesthetized using propofol (4 mg/
kg/h) and vecuronium (0.05 mg/kg/h) assigned as a base-
line in contrast to the after physiologically stimulated
conditions. Animals were intubated and their respiration
was controlled by an anesthetic ventilator (Cato, Drager,
Germany). Each monkey inhaled 2,200MBq 'S0, for
20secs. After 3mins, the monkeys were injected with
370 MBq H°O for 30secs by the anterior tibial vein. This
was aimed at assessing both CBF and CMRO, according to
the DARG technique (Kudomi et al, 2005). At 30 secs before
inhaling "0, to the monkeys, arterial blood was with-
drawn from the femoral artery for 420secs at a rate of
0.45 mL/min using a Harvard pump (Harvard Apparatus,
Holliston, MA, USA). The whole blood TAC was measured
with a continuous monitoring system (Kudomi et al, 2003)
and the A/(f) was obtained. Meanwhile, we also manually
obtained 0.5mL of arterial blood samples from the
contralateral femoral artery at 30, 50, 70, 90, 110, 130,
160, 190, and 360secs after the "0, inhalation. For the
analysis of sampled blood, 0.2 mL of the blood were used
for measurement of the radioactivity concentration of the
whole blood, and the rest of the blood sampled (~0.3mL)
was immediately centrifuged for separation to measure the
plasma radioactivity concentration (A;jum.(t), Bq/mL). The
radioactivity concentration was measured using a well
counter (Molecular Imaging Laboratory Co. Lid, Suila,
Japan).

In two monkeys, anesthetic level was changed by
altering the injection dose of propofol from 4 (baseline) to
8 and then to 12 and 16 mg/kg/h in one monkey, and to 5
and then to 7, 10, and 15mg/kg/h in the other. In another
monkey, PaCO; level was varied from 39 (baseline) to 47,
and then to 33, 26, and 42mmHg by changing the
respiratory rate. Each measurement for '*0, inhalation
and Hi®0 injection was initiated after at least 30 mins of
applying the physiologic stimulation to achieve a steady
state. All procedures were the same as those for the
baseline, with the exception of the manual blood sample,
which was obtained only once at 70 secs.
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Before and after 6 mins of the "0, inhalation, oxygen
concentration in both inhaled (Fip,, %) and end-tidal
expiratory gas (Fep,, %) was measured by the anesthetic
ventilator in five out of the six monkeys. Using the
respiration rate (r. per min) and the stroke volume (v, mL)
indicated on the ventilator, the BMRO, (Ho, mL/min) was
calculated using the following equation:

Ro, = (Fip, ~Feg,) v r.

All monkeys received a PET measurement to assess the
CMRO, at physiologically baseline condition. The scan
protocol followed the DARG technique (Kudomi et al,
2005) in which a 6-mins single dynamic PET scan was
performed in conjunction with the administration of dual
tracers (i.e., **0; followed by H:*0 after a 3-mins interval).
PET scanner used was ECAT HR (Siemens-CTI1, Knoxville,
TN, USA), which provided 47 tomographic slice images for
an axial field-of-view of approximately 150mm. We
performed arterial-sinus blood sampling to obtain a global
OEF (OEF,.) (A-V difference approach). We sampled
0.2mL of arterial and sinus blood simultaneously during
each PET scan and measured their oxygen content (C,0,
and C,0,, respectively) (Kudomi et al, 2005). The OEF,_y
was calculated as: OEF .. =(C.0,—C,0,)/C.0,.

With regards to the farm pigs involved in this experi-
ment, we used existing data, which were originally
obtained in one of the myocardial projects. During the
study, three farm pigs were anesthetized. Anesthesia was
induced by ketamine (10mg/kg) and maintained using
propofol (4mg/kg/h). Animals were intubated and their
respiration was controlled by the anesthetic ventilator.
Venous blood was labeled with **0O; using a small artificial
lung unit (Magata et al, 2003). **O;-labeled blood (222 1o
700 MBq) was injected for 10secs via anterior tibial vein.
At 30secs before this injection, arterial blood was with-
drawn from the femoral artery at a rate of 0.45mL/min
using the Harvard pump and continued for 420 secs. The
whole blood TAC (A{f)) was then measured with a
continuous monitoring system (Kudomi et al, 2003).
Meanwhile, we manually sampled 0.5 mL of arterial blood
from the contralateral femoral artery at 30, 60, 90, 90, 120,
180, 240, and 300secs after the **0,-labeled blood injec-
tion. For the analysis of sampled blood, 0.2 mL of the blood
were used for measurement of the radioactivity concentra-
tion of the whole blood, and the rest of the blood sampled
(~0.3mL) was immediately centrifuged for separation lo
measure the plasma radioactivity (Apiuma(t), Bg/mL). The
radioactivity was measured using the well counter,

Data for rats were also originally obtained for other
projects, and only the blood counts were used in this study.
Anesthesia was induced with pentobarbital (50 mg/kg). A
10mL of venous blood was labeled '*0, using a small
artificial lung unit as described previously (Magata et al,
2003), and approximately 1 mL of **0,-labeled blood (37 to
74 MBq) was injected for 30secs via the tail vein. Arterial
blood samples of 0.1mL each were obtained from the
femoral artery at 5-secs intervals for 60secs and 10-secs
intervals for another 60secs after the injection. Whale
blood radioactivity concentration was measured using the
well counter o be used as A(t). Arterial blood samples of
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0.2 mL each were obtained at 30, 60, 90, and 120 secs, and
the plasma radioactivity concentration (Apiuemalt)) was
measured by the well counter.

For clinical patients, the blood radioactivity concentra-
tion was obtained from previously performed PET exam-
inations, which followed the steady-state protocol (Hirano
et al, 1994), Each patient inhaled both **O; and C*0; to
reach the steady state with an inhalation dose of approxi-
mately 1,200 and 500 MBq/min, respectively. Five to seven
arterial blood samples were obtained during the steady
state from the brachial artery. Mean values of radioactivity
concentration of the whole blood and plasma, A(f) and
Aptuma(t), respectively, were obtained for both 0, and
C'™0, PET examination.

Data Analysis

Using the blood activity data obtained from monkeys, pigs,
and rats at baseline conditions, k as well as A, k,, and p
were first determined by the 4PF approach, in which
Equation 2 was applied to fit the A.(t) using the observed
A(t). Because the solubility of the oxygen is negligibly
small in the plasma, we assumed that all radiocactivity in
plasma fraction comes from H}"0 and that the water
content ratio of whole blood to plasma (R) does not change
during measurement, which means that the kinetics of
water molecules immediately reach equilibrium between
the plasma and the cellular fraction (Mintun et al, 1984;
lida et al, 1993). Thus, A.(t) was obtained from the
equation: A(f) = Ajiumlt) - B, where R value was obtained
from the sampled blood at the end of the scan (at which all
the radioactivity in the blood can be considered as coming
from H3*0 because inhaled '*0; is all metabolized).

Given that the values of At, k., and p were averages
determined from 4PF for monkeys, pigs, and rats, only k
was determined by fitting Equation 2 to A.. This was
calculated at various points in time, more specifically, in
30, 50, 70, 90, 110, 130, 160, and 190 secs for monkeys, in
30, 60, 90, 80, 120, 180, and 240 secs for pigs, and in 30, 60,
90, and 120 secs for rats. The optimal time point for k under
the 1PF approach was determined, so that (kep—kype)/kepr
reaches a minimal value. Here, ke and ke denote k
values determined by the 4PF and 1PF approaches,
respectively. The values of k in monkeys at baseline
condition, together with those in pigs and rats were
compared between 4PF and 1PF approaches, in which a
k value from the optimal single time point was used.

In three of the monkeys, which were physiologically
stimulated, k of 1PF approach was obtained using single
time point of A,. Assuming the total blood volume (Vi) for
monkeys as 360mL (Lindstedt and Schaeffer, 2002), and
using Hb as measured value in each experiment, kg\ was
calculated from Rg, according to Equation 7b. Then, kpy
obtained as: kgy = 0.00204R,, was compared with k
determined by 1PF.

For clinical data obtained from the steady-state (SS
approach) PET examinations, Equation 6 was used to
determine the k values of the SS approach for each patient,
in which values of k,, and k; were 0.38 and 0.29 per min as
obtained in a previous work by Huang et al (1991).

Recirculation water correction in %0, PET
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CMRO,; and OEF values in monkeys at baseline condi-
tion were calculated using the RW TACs obtained by four
different methods (i.e., directly measured A{l) (n=86), 4PF
(n=6), 1PF (n=6), and BM approaches (n=5)). Regions-of-
interest were selected for over the whole brain, and CMRO,
and OEF values were oblained in those regions-of-interest.
The CMRO, values compared among the four methods
mentioned above to estimate RW TACs. The Bland-Altman
method was applied to analyze the agreement of OEF
values between the methods. Also, OEF values were
compared with OEF,

All data were presented as mean + 1 standard deviation.
Student’s ttest was used and Pearson's regression
analysis was applied to compare two variables. A prob-
ability value of <0.05 was considered statistically

significant.

Results

Figure 1 shows results from the simulation study,
and shows the magnitude of errors in CMRO,
calculated by the DARG method as well as errors in
the parameters, k, At, k,, and p. Errors in CMRO,
were most sensitive to errors in k amongst all
species, namely the production rate constant of RW
in the arterial blood. After errors in k, errors in
CMRO, were sensitive to errors in Af. Errors in k,,
and p, however, appeared to cause relatively insig-
nificant errors in CMRO,. More specifically, only 5 to
10% errors are caused in CMRO, by a change of
+50% in k,, and p.

Figures 2A-2C show examples of the arterial
whole blood curves (A,) and RW TAC (A,) observed
in typical studies on a monkey, a pig, and a rat,
respectively. The RW curves hecame constant after a
period in all species. The rise time or appearance of
the RW curves, A.(l), was significantly delayed
compare to that of whole blood curve, A/(t). A1)
curves fitted by 4PF well reproduced the measured
RW curves in three species: monkeys, pigs, and rats.
Table 2 summarizes values of k, At, k., and p
obtained by the four parameter fitting (4PF ap-
proach), at the baseline for monkeys, pigs, and rats,
and also k value obtained by the steady-state formula
for clinical patients. Those comparisons showed that
the k was significantly different among species
(P<0.001) except between pig and human squects.
and it was significantly lower in smaller animals.
Likewise, At showed significant differences among
the three species (P<0.001), and it was also lower in
smaller animals. :

Table 3 summarizes k and CMRO, values obtained
from a series of PET experiments performed on six
monkeys at baseline condition, and for increased
anesthesia (in two monkeys), and changed PaCO,
levels (in one monkey). The best agreement of k
values between 4PF and 1PF approaches was
obtained from the blood sample data taken at 60,
70, and 60secs in pigs, monkeys, and rats, respec-
tively, and was used in the 1PF approach. With this

o
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Figure 1 Error in CMRO; values due to errors in (A) k, (B) At, (C)
k., and (D) p for assumed human, pig, monkey and rat. The
same type of line indicates the same species. The percentage
differences in the CMRO; values from the assumed true values
(Table 1) were plotted as a function of the simulated value of k,
At, k., and p.
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Figure 2 Representative comparison of the measured arterial
whole blood and RW time activity curves for monkey, pig, and
rat. Closed triangles and closed circles represent the measured
whole blood and RW time activity curves, respectively.
Estimated time activity curves by 4PF approach were also
plotted in a solid line, and indicated a good agreement with the
measured one.

optimized calibration protocol, k values were in a
good agreement between 4PF and 1PF approaches.
As shown in Figure 3, the regression analysis
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showed significant correlation for 21 animals in-
cluding 6 monkeys, 3 pigs, and 12 rats (P<0.001),
and there was no significant difference between the
two variables. Figure 4 shows that k values calcu-
lated by the 1PF approach (at an optimized time)
were in a good agreement with those calculated with
the BMRO,. Namely, the regression analysis showed
significant correlation (P <0.001, n=16) and also that
there was no significant difference between the two
variables. Note that, in the CMRO, calculation by
BMRO,, k values were normalized according to the
regression line shown in Figure 4. It should also be
noted that calculated CMRO; values at the baseline
shown in Table 3 were not significantly different
among the four techniques. The average (+s.d.)
values of obtained OEF were 0.53+0.08,
0.52+0.09, 0.54+0.08, 0.54+0.09, and 0.56+0.04
from A-V difference, directly RW measured ap-
proach, 4PF, 1PF, and BM approaches, respectively.
The Bland-Altman analysis of OEF values
between from A-V difference and from others
showed small over/underestimation, that is., with
bhias +s.d. of —0.02+0.09, 0.01+0.07, 0.01+£0.08,
and 0.02+0.09, by direct RW, 4PF, 1PF, and BM
approaches, respectively. Neither of the current
methods (direct RW, 4PF, 1PF, and BM)
was significantly different from A-V difference
approach.

Discussion

Our study showed that the mathematical formula
based on the physiologic model that reproduced the
time-dependent concentration of RW in the arterial
blood after a short-period inhalation of *0, is indeed
adequate. Our approach also simplified the proce-
dures for sequential assessment of RW in 'O,
inhalation PET studies, although previous ap-
proaches required frequent blood samples and
centrifuges of each arterial blood sample. The
present approach is an extension of a previous study
by lida et al (1993) and Huang et al (1991). It is
essential if one intends to apply the rapid O, PET
technique (Kudomi et al, 2005) to pharmacologic and
physiologic stress studies on a Wige range of species.
Because the PET acquisition period can be prolonged
>3 mins, statistical accuracy can be significantly
improved as compared with Ohta et al (1992) and
other researchers (Fujita et al, 1999; Vafaee
and Gjedde, 2000; Okazawa et al, 2001a, b; Yamauchi
et al, 2003; Mintun et al, 2002), under which to avoid
effects of RW, the data acquisition period was limited
only to <3 mins (Meyer et al, 1987; Ohta et al, 1992).
The present RW formula consists of three rate
eters of the production rate of RW in the
arterial blood (k), and the forward and backward
diffusion rate constants of RW between the blood
and the peripheral tissues. The k was presumed to
correspond to the oxygen metabolism in the total
body system, BMRO,, and was in fact shown to be
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Table 2 Averaged values of k, At, k,, and p for monkeys, pigs, rat, and human subjects under baseline condition

Weight (kg) k (per min) At (secs) k.. (per min) p
Monkey 52%0.8* 0.34 £ 0.16* 45x14" D.98+048 0.98 £ 0.30
Pig LEZ: 0.11x0.02** 108x1.8* 0.8310189 1.01£0.26
Rat 0.30 £ 0.054" 0.73 £0.16* 2917 0.87 £ 0.30 0.83 £0.32
Human 58+10* 0.128 + 0.023** — — —
Monkey: n = 6; pig: n=3; rat: n=12; and | n=231. M i values were obtained by 4PF for monkey, pig, rats, whereas those for human were

obtained using data in a steady-state method.
"Denotes P < 0.001 for other species.
BDanotes that the differance was not significant in k between pig and human subjects.

Table 3 Values of k and CMRO; in the whole brain region for monkeys under physiologically baseline and stimulated conditions

biz] Condition k (per min) CMRO; (mL/min per 100g]
4PF 1PF BMRO, Reference 4PF 1PF BMRO,

1 BL 0.36 0.42 _— 3.7 3.7 3.6 _

2 BL 0.62 0.66 1.24 3.0 3.3 34 34

3 BL 0.32 0.39 0.83 3.0 31 3.0 2.9
(Dose of propofol)

4 BL 0.21 0.18 0.55 2.0 2.0 2.0 1.8
Bmg - 0.30 0.69 - - —
12mg/kg/h - 0.23 0.52 - — — -
16 mg/kg/h — 0.16 0.40 - - -

5 BL 0.12 0.15 0.31 2.1 21 .0 1.8
5mg/kg/h — 0.15 0.32 - — — —
7 — 0.16 0.35 — — — —
10 —_ 0.18 0.36 —_ —_ —_ —_—
15mg/kg/h — 0.071 0.29 — — - —
(PaCOy, level)

(4] BL 0.43 0.46 0.95 28 31 3.0 3.3
47mm Hg — 0.20 0.64 - -— —_ -
33mm Hg —_ 0.21 0.46 — _ —_ —
26 mm Hg —_ 0.14 0.28 — — — —
umml-!g —_— 0.33 0.82 — —_ —

4PF, four parameters fitting; 1PF, one parameter fitting; BMRO,, total body metabolic rate of oxygen; BL, baseline condition.
Reference: RW TAC was obtained using measured RW data at a baseline condition in all monkeys (n = £). No statistically significant differences were found in
CMRO; between reference and other technigues.

£ £
= =
'g E 0.4}
& ROk
i, - ]
o i L L 1
0 0.5 1 0.5 1
k (4PF approach) (min™) Key (BM approach) (min”)

Figure 3 Comparison of the production rates of RW (k, per min)  Figure 4 Comparison of the production rates of RW obtained by
obtained by 4PF and those by 1PF. Squares, circles, and BM approach and those by 1PF approach in five monkeys at
triangles correspond to pigs, monkeys, and rats, respectively. various anesthetic and PaCO, levels. The regression line was
The regression line was y = 0.97x + 0.026 (per min) (r=0.98). y=0.50x-0.034 (per min) {r = 0.95).
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significantly correlated to BMRO., as measured from
the trachea gas sampling (Figure 4). The latter two
parameters (k. and p) appeared to be consistent and
did not differ across various species (Table 2). Also,
change in those parameters was less sensitive in
CMRO, (Figure 1). These findings suggest that the
production of RW after inhalation of "0, could be
described only by a single parameter of k, as shown
in Figure 3, although further studies are required to
validate this because the method was only tested in a
group with small number of subjects of particular
physiologic situation (under anesthesia) and has not
been applied to different populations. It is also
important to note that this parameter (k) estimated
from the BMRO, (i.e., BM approach) provided
CMRO,, which was consistent with the trachea gas
samplings shown in Figure 4, and that the obtained
OEF values by the approaches of 4PF, 1PF, and BM
applied in the present study were not significantly
different to that by A-V difference approach as
revealed by Bland—Altman analysis.

The simulation study also showed that the most
sensitive parameter in CMRO, was the RW produc-
tion rate constant, k, followed by At. It was therefore
suggested that k could be determined with a single
blood sampling procedure using the 1PF approach,
in which other parameter values were determined
and fixed from results from the 4PF approach. It was
further showed that k could be obtained from the BM
approach as determined from oxygen concentration
in the expiration gas. Both 1PF and BM approaches
appeared to be robustly useful in **0, PET for
assessing quantitative CMRO, and CBF in clinical
studies.

It is important to note that k varies significantly
depending on the physiologic status even in the
same species, as seen in Figure 4. According to the
simulation study in Figure 1, this variation causes
nonnegligible errors in CMRO,, if a constant k is
used. Changes in k from 0.1 to 0.6 per min causes
errors in CMRO, of +30% in anesthetized monkeys.
Results from clinical studies, however, showed the
variation in k being less. As shown in Table 2, k for
clinical patients was 0.129 + 0.023 per min, and the
coefficient of variation was approximately 18%.
Previous work by Huang et al (1991) also showed
similar value with comparable variations, namely
0.131 £0.026 per min in six human subjects. These
variations caused only +5% errors in CMRO,,
according to the simulation shown in Figure 1. The
small variation in k in clinical patients is attributed
to the fact that all subjects were studied at a
relatively stable condition without physiologic sti-
mulation. However, careful attention is needed if one
intends to scan the patients whose whole-body
oxygen metabolism is largely changed from the
baseline condition. For example, during several
pharmacologically stressed (Wessen et al, 1997;
Kaisti et al, 2003), exercise-induced physically
stressed, and hyper- or hypothermia (Sakoh and
Gjedde, 2003) conditions.
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The simulation also showed that size of errors in
CMRO, increased in smaller animals, where the
value of k was larger. Recently, CMRO, as well as
CBF have been measured in rats using a small animal
PET scanner (Magata et al, 2003; Yee et al, 2006).
Magata et al performed multiple blood samplings
and plasma separation for multiple blood samples to
estimate the RW in their experiment involving rats.
The procedures were crucial, but have caused
serious alterations of physiologic condition in heart
pressure and heart rate due to large amount of blood
samples for small animals. Our proposed simplified
technique for estimating RW from a single blood
sample or from BMRO,, is essential for small animals
to be able to maintain the physiologic status. The
calculation of CMRO; also requires whole blood
arterial TAC, which can be obtained from arterial
blood samplings and could change the physiologic
condition. However, such blood sampling could also
be avoided by an arterial-venous bypass (Weber et al,
2002; Laforest et al, 2005), by placing a probe in
femoral artery (Pain et al, 2004), or by a noninvasive
method (Yee et al, 20086).

Mintun et al (1984) has proposed a simple
procedure for RW correction based on a linear
interpolation for the bolus 'O, inhalation 60-secs
PET scan. As shown in Figure 2, the RW curve is not
linear particularly in smaller animals, and a sys-
tematic error may be caused or scan duration is
limited. Ohta et al (1992) and other investigators
(Ohta et al, 1992; Fujita et al, 1999; Vafaee and
Gjedde, 2000; Okazawa et al, 2001a,b; Yamauchi
et al, 2003; Mintun et al, 2002), however, have used a
technique which does not take into account the RW
contribution. Only initial short-period data, namely
the 3 mins after the bolus inhalation of '*0,, were
used in their approach, and thus estimated para-
meters suffered from statistical uncertainties. The
present methodology to estimate RW in the arterial
blood allows the prolongation of a PET acquisition
period. The technique can also be applicable to the
recently proposed sequential administration proto-
col of **0, followed by H}°0 to estimate CMRO, and
CBF simultaneously from a single session of a PET
scan (Kudomi et al, 2005). This protocol, however,
required a separation of a RW TAC from the whole
blood TAC as showed recently (Kudomi et al, 2007).

The kgy determined from the total body oxygen
metabolism, namely the BM approach, was signifi-
cantly greater than k obtained by the 4PF or the 1PF
approach, by a factor 2, as shown in Figure 4. The
reason is not clear, but partly attributed to the
limitation of the simplified model. The body system
consists of various organs which have different
oxygen metabolism along with different circulation
systems and with transit times. It is well known that
the apparent rate constant defined with a simplified
compartmental model could be underestimated as
compared with an average of true rate constants,
known as heterogeneity effects (Ilida et al, 1989;
Aston et al, 2002). This is, however, not essential.
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Simply, linear correction could be applied to convert
to the apparent k value as has been performed in this
study, CMRO, values calculated using BM approach
for the RW separation, were in good agreement with
those determined with the direct measurement of
RW as shown in Table 3.

The current method with modeling approach and
simplified procedure provided consistent results in
terms of time-dependent RW component, and con-
sequently metabolic product of **0, was separated
from arterial whole blood for the CMRO, assessment
in PET examination. The modeling approach to
separate metabolite from authentic tracer has been
showed previously for 6-['*F]fluoro-L-dopa study
(fdopa) (Huang et al, 1991). We expect that the
modeling approach in conjunction with the simpli-
fied method showed in our study could be applied
for various kinds of tracers, which require the
separation of metabolic product such as fdopa. This
approach enables us to assess parametric images for
those tracers by eliminating the laborious procedures
and by avoiding the amount of blood samplings,
particularly for smaller animals.

In conclusion, the present RW model was feasible
to reproduce RW TAC from a whole radioactivity
concentration curve obtained after **O, inhalation,
and for a wide range of species. The simplified
procedure to predict the RW TAC is of use to
calculate CMRO, in smaller animals as well as
clinical patients.
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