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and the polyurethane. The urethane seg-
ments are hydrophobic and also actively
interact with the other hydrophobic mate-
rials such as PTFE, and the PMLG
segments with the a-helix structure that
possess the cytocompatibility. Further-
more, PAU has been firmly coated onto
the PTFE fiber and acts as an artificial
extracellular matrix. Thus, the radial Aow
bioreactor system with PTFE non-woven
fabric coated with PAU is good for high
density and large-scale cell cultured with
long-term viability.

In this study, the hepatocytes were
isolated from slaughtered porcine, so as
to be cultured in the radial flow bioreactor
system for HALS. The effectiveness of this
system regarding on the activity and
maintenance of the hepatocytes functions
were examined.

Materials and Methods

Isolation of Hepatocytes

By using our method, hepatocytes were
isolated from a lobe (about 84 g) of liver of
slaughtered adult pig by perfusion techni-
que utilizing dispase and collagenase. The
total amount of over 2.6 x 10” hepatocytes
were routinely obtained from a lobe.
Hepatocytes of more than 90% viability,
determined by trypan blue exclusion
method were used for the experiments.

Perfusion Culture in Radial Flow Bioreactor
System

Perfusion culture experiments were per-
formed in a radial flow bioreactor system at
37°C. The culture medium was composed
of WE medium supplemented with 5% (v/v)
fetal bovine serum (Sigma, USA),
0.01 pmol/l insulin(Wako Pure Chemical
Industries, Ltd., Japan), 0.2 pmol/l dex-
amethasone (Wako Pure Chemical Indus-
tries, Ltd., Japan), 5 ng/l epidermal growth
factor (Wako Pure Chemical Industries,
Ltd., Japan), 10° U/ penicillin(Sigma,
USA), 0.1 g/l streptomycin (Sigma, USA)
and 1.5 mmol/l L-ascorbic acid phosphate

Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(Wako Pure Chemical Industries, Ltd.,
Japan).

Figure [ shows the schematic diagram of
a radial flow bioreactor system. The radial
flow bioreactor consists of a PTFE non-
woven fabric coated with PAU and hollow
fiber. Hepatocytes suspension (2.0 x 10° in
50 ml) was inoculated into a medium-
preparative tank, and then the medium
was perfused to the bioreactor from the
medium-preparative tank at a flow rate of
17 ml/min for 10 minutes. Subsequently, the
medium was circulated at 84.2 ml/min
during the culture experiments. A mixed
gas containing air, oxygen and carbon
dioxide was introduced into the medium-
preparative tank through a control equip-
ment and computer to maintain pH value at
7.3 and diluted oxygen (DO) at 313 wmol/l.
The medium exchange was performed
every day throughout the culture period.

Measurement of Hepatocytes Functions

Ammonium Metabolism Rate and Albumin
Secretion Rate

To assess the ammonium metabolism of the
cultured hepatocytes, 1 mmol/l NH4Cl was
supplemented into the medium after the
medium exchange. Ammonium concentra-
tion was measured at 0, 3, and 6 hours after
ammonium-loading using a commercially
available kit (AMICHEK™ meter; Arkray
Factory Inc., Japan). The medium sample
was taken before and after the exchange of
medium for albumin secretion measure.
Albumin secretion was measured by enzyme-
linked immunoabsorbant assay, (ELISA).

Glucose Consumption Rate and Oxygen
Consumption Rate

The glucose level was analyzed with a
commercially available assay kit (glucose
C2 test Wako Pure Chemical Industries,
Ltd., Japan). The oxygen uptake rate was
estimated by measuring DO at the inlet
(medium-conditional vessel, Figure 1 (7))
and the outlet (between 10 and 11 in
Figure 1) of the cell adhesive radial flow
bioreactor. Measured DO data was
recorded by the computer (5, in Figure 1).
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Figure 1.

A schematic diagram of radial flow bioreactar for artificial liver assists system.(1) CO, bomb (2} O, bomb (3} Air
bomb (4) Control equipment (5) Computer {6) Membrane-filter (7) Conditioning vessel (8) Stirrer (g) Peristaltic
pump (10) Radial flow bioreactor madule (1) Silicone module (12) Fresh medium tank (13) Spent medium tank (14)

Plasma bottle {15) Incubator.

Scanning Electron Micrograph (SEM)
Hepatocytes attached on the culture PAU
coated PTFE were fixed with 2.5% glutar-
aldehyde, and dehydrated with graded
ethanol (50, 60, 70, 80, 90, 95 and 99.5%).
The specimens after critical point drying
with carbon dioxide (Drier EMITECH
K-850; Meiwa Shoji Co., Ltd., Japan) were
coated with palladium by sputtering
(plasma multi coater PMC-5000, Meiwa
Shoji Co., Ltd., Japan) and then were
subjected to SEM observation (SM-300,
Topcon Co., Japan).

Histological Study

After electrophysiological study, the trans-
verse section (2 wm thick) from scaffold was
taken. The section was stained with hema-
toxylin & eosin (H&E) staining, as well as
azan staining to demonstrate esophageal
carcinoma tissue group and was examined

Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

by light microscopy (DMR, Leica Co.,
Japan).

Results

Ammonium Metabolism Rate and Albumin
Secretion Rate
The ammonium metabolizing activity and
secreting albumin activity of the hepato-
cytes were established after being kept for
one week at the high value in the bioreactor
system as shown in Figure 2 and Figure 3.
The hepatocyte functions showed stable
ammonium metabolic rate 75.8 pmol/reac-
tor/h to 132.4 pwmol/reactor/h and stable
albumin secretion rate; 8.6~24.3 mg/reac-
tor/h after 1 week.

Glucose Consumption Rate and Oxygen
Consumption Rate

The glucose consumption rate has been
increasing from 0.16 g/reactor/day to 0.73 g/
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Culture Day

Mean oxygen consumption rate of the hepatocytes cultured in radial flow bioreactor for 7 days.

SEM and Histological Observation

Figure 6 shows the SEM observation of
PTFE non-woven fabric homogeneously
coated with PAU before the perfusion
culture experiment. The porous structure of
PTFE non-woven fabric is maintained and
the fabric is changed into hydrophilic and
cell adhesive one. Figure 7 shows the SEM
observation of the hepatocytes cultured in
the radial flow bioreactor after 7 days of
culture experiment. Large amount of
hepatocytes were aggregated, and adhered
onto the surface of PTFE coated with PAU.
In addition, the hepatocytes were covered
with extracellular matrix (ECM)-like layer.

Figure 6.
SEM micrograph of PTFE coated with PAU (x100).

Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

These were proven by H&E and Azan
staining as shown in Figure 8. H&E staining
pictures show many hepatocyte cells. Azan
staining pictures show the existence of
connective tissue including collagen.

Discussion

In this study, the activities of ammonia
metabolism of hepatocytes were signifi-
cantly 200 times higher than that of
hepatocytes cultured in radial flow bior-
eactor consists of porous glass bead micro-
carriers that we have conducted earlier

7. Gum 20, 0kY 100 500um
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Figure 2.
Mean ammonium metabolic rate of the hepatocytes cultured in radial flow for 7 days.

Albumin Secreation Rate
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Figure 3.
Mean albumin secretion rate of the hepatocytes cultured in radial flow bioreactor for 7 days.

reactor/day as shown in Figure 4, whilst the results indicate that hepatocytes proliferate
oxygen consumption rate has also been properly with the increasing of respiration
increasing from 475 pg/reactor/min to 630 rate and energy produced during 7 days
pg/reactor/min as shown in Figure 5. These  culture.
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Figure 4. .
Mean glucose consumption rate of the hepatocytes cultured in radial flow bioreactor for 7 days.
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Figure 7.
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SEM micrograph of cultured in radial flow bioreactor. {(a) (x150}, (b) (x300).

(data not shown). This result suggests that
by enhancing the immobilized hepatocytes
on the PTFE non-woven fabric coated with
PAU may also enhances the functional
activities of hepatocytes as shown in
Figure 2 and Figure 3. Uchida et a].l?"%!
had demonstrated that coating with PAU
hydrophobic PTFE been changed to hydro-
philic PTFE but still maintaining the porous
structure. PAU consists of the block
copolymer segments of urethane, with a
small amount of PMLG at the center of the
copolymer chain, where most of the PMLG
accumulate at both terminals of the copo-
lymer chain. The urethane segments have
good adhesion to other materials, and the

Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

PMLG segments have the o-helix structure
of protein which posses the high cytocom-
patibility as shown in Figure 7 and 8.
HALS needs sufficient oxygen supply,
which is so different from other artificial
organs.l'®'’! To overcome this problem,
radial flow with porous hepatocytes-
immobilizing is effective for HALS %26l
From this study, radial flow of medium
supply and PAU coated PTFE non-woven
fabric scaffold is a good combination for
HALS as shown in Figure 4 and Figure 5.
The oxygen consumption as well as the
glucose consumption rate increased and the
hepatocytes were covered with ECM, look-
like nature liver tissue even after 7 days
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Azan staining

H&E staining and azan staining of cultured in radial flow bioreactor.

cultured in this projected bioreactor. How-
ever, we need to do pre-clinical experiment
on animal before any clinical use.
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Abstract

Cerebral metabolic rate of oxygen (CMRO»), oxygen extraction fraction (OEF)
and cerebral blood flow (CBF) images can be quantified using positron emission
tomography (PET) by administrating '*O-labelled water (H}*0) and oxygen
('*0;). Conventionally, those images are measured with separate scans for
three tracers C'*O for CBV, H}*O for CBF and !0, for CMRO, and there are
additional waiting times between the scans in order to minimize the influence
of the radioactivity from the previous tracers, which results in a relatively
long study period. We have proposed a dual tracer autoradiographic (DARG)
approach (Kudomi er al 2005), which enabled us to measure CBF, OEF and
CMRO,; rapidly by sequentially administrating H}>0 and '30, within a short
time. Because quantitative CBF and CMRO; values are sensitive to arterial
input function, it is necessary to obtain accurate input function and a drawback
of this approach is to require separation of the measured arterial blood time—
activity curve (TAC) into pure water and oxygen input functions under the
existence of residual radioactivity from the first injected tracer. For this
separation, frequent manual sampling was required. The present paper
describes two calculation methods: namely a linear and a model-based method,
to separate the measured arterial TAC into its water and oxygen components.
In order to validate these methods, we first generated a blood TAC for the
DARG approach by combining the water and oxygen input functions obtained
in a series of PET studies on normal human subjects. The combined data were
then separated into water and oxygen components by the present methods.
CBF and CMRO; were calculated using those separated input functions and
tissue TAC. The quantitative accuracy in the CBF and CMRO; values by the
DARG approach did not exceed the acceptable range, i.e., errors in those values
were within 5%, when the area under the curve in the input function of the
second tracer was larger than half of the first one. Bias and deviation in those
values were also compatible to that of the conventional method, when noise
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was imposed on the arterial TAC. We concluded that the present calculation
based methods could be of use for quantitatively calculating CBF and CMRO,
with the DARG approach.

1. Introduction

Cerebral metabolic rate of oxygen (CMRO,), oxygen extraction fraction (OEF) and cerebral
blood flow (CBF) images have enabled us to understand the pathophysiological basis of
cerebrovascular disorders. Positron emission tomography (PET) allows us to quantitatively
measure the CBF and CMRQO,. These measurements can be achieved using a protocol
involving separate PET scans, one after the administration of each of three distinct '>O-
labelled radioactive tracers: H;*>O or C*30, for CBF, 0, for CMRO», and C'0O for cerebral
blood volume (CBV) (Frackowiack er al 1980a, 1980b, Mintun et a/ 1984, Lammertsma and
Jones 1983). However, the complex procedure and its relatively long protocol often limit its
applicability and also make it difficult to perform at different physiological conditions.

Quantitative images of CBF and CMRO, by PET are calculated on the basis of a single-
tissue compartment model of oxygen and water kinetics (Frackowiack et al 1980a, 1980b,
Mintun et af 1984, Lammertsma and Jones 1983). The steady-state method (Subramanyam
et al 1978, Lammertsma et al 1982, Correia er al 1985, Okazawa er al 2001a, 2001b) has
been employed in a number of studies in which quantitative images are estimated from data
acquired while in the steady state reached during continuous inhalation of C'*0, and '30,.
This method can be employed using a simple procedure and mathematical formula, but has
several limitations. A prolonged data-acquisition period (approximately 1 h) is required, and
the procedure is sensitive to error sources such as statistical noise and tissue heterogeneity
(Lammertsma et al 1982, Correia et al 1985). An additional drawback is the relatively high
level of radiation exposure required to reach the steady state.

An alternative autoradiographic method (ARG) using only short administration times
for each of the three tracers, i.e., the three-step autoradiographic method (3SARG) has been
developed (Mintun er al 1984) and subsequently simplified and optimized (lida et al 1993,
Sadato et al 1993, Hatazawa ef al 1995, Shidahara et al 2002, Hattori et al 2004). CBF
images can be obtained by a H,'%0 autoradiographic method, using a PET counts-versus-CBF
nomogram, which follows a simple look-up table procedure (Raichle er al 1983, Herscovich
et al 1983, Kanno er al 1987); the quantitative accuracy of these images is improved when
influence of input delay, which is the time difference between brain input function and detector
device, and dispersion, which is caused by flow speed difference of liquid in a catheter tube due
to viscosity, are corrected (lida ef al 1986, 1988). CMRO; and the oxygen extraction fraction
(OEF) can be estimated using data acquired during 'O, inhalation, but must be corrected for
clearance of radioactivity associated with CBF (Mintun et a/ 1984), CBV and the level of
recirculating radioactive water (lida er a/ 1993). Although the total time required for 3SARG
is less than that of the steady-state method, it still requires at least half an hour, with waiting
times between the scans to reduce the radioactivity of the tracer administered previously.

There have been other attempts to obtain CBF and CMRO; images more rapidly (Huang
et al 1986, Holden er al 1988, Meyer er al 1987, Ohta et a! 1992, Ho and Feng 1999).
Mathematical refinement has allowed images to be generated from data from a single scan
alone upon a bolus inhalation of '0,. The quality of the image suffers, however, from
statistical noise due to the lack of predictability of the multiple parameters of CBF, CMRO,,
and the arterial vascular compartment (Vg) and the limited acquisition time (Meyer et al 1987,
Ohta er al 1992). Therefore, this technique has not been generally applied in clinical settings,
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but has been used primarily for research purposes (Fujita et al 1999, Vafaee and Gjedde 2000,
Okazawa er al 2001a, 2001b, Mintun ez al 2002).

Recently, rapid CBF and CMRO; measurement was achieved by administration of dual
tracers during a single PET scan and the use of an integration method, i.e., dual tracer
autoradiographic (DARG) approach (Kudomit et a/ 2005). This approach can shorten the total
study period for both CBF and CMRO; measurement as compared to the 3SARG approach.
It is thus expected to serve as a tool for faster or repeated assessment of flow and metabolism
during multiple physiological or pathological conditions while maintaining the image quality
and quantitative accuracy.

The DARG protocol was typically implemented in a short time interval of 3 min in a single
PET scan conducted during the sequential administration of H}’O and '*0,. A mathematical
formula based on the integration method was derived to calculate the values of CBF, OEF
and CMRO; from the PET scan data, and was applicable to the data obtained after the
administration of tracers in either order, i.e. H}>O injection followed by 'O, inhalation
(H}*0-"30,) or '*0, inhalation followed by H}’O injection ('30,-H\*0). In the formula,
the radioactivity concentrations in the artery, i.e. arterial input functions for the '>O-labelled
oxygen and '*O-labelled water must be provided in order to compute the quantitative CBF
and CMRO, values.

The arterial input function of whole blood including oxygen and water is usually obtained
from a continuously measured arterial blood time-activity curve (TAC) by a beta-ray detector
(Kanno et al 1987, lida er al 1986) or coincidence detector (Eriksson ef al 1988, Eriksson and
Kanno 1991, Votaw er al 1998, Kudomi er al 2003). In the DARG approach, it is necessary
to separate the '*O, and HJ3O contents in the arterial TAC during the second phase of the
scan because the arterial blood contains not only the radioactivity of the second tracer but also
the residual activity of the first tracer. Thus, the radioactivity in the arterial blood during the
second phase of the scan is always the summation of the radioactivity from '30, and H}*O.
Moreover, after its administration, >0, coexists in arterial blood with labelled or recirculating
H!*0, which is a metabolite. A modelling approach (lida et al 1993) enables us to predict the
TAC of the recirculating water, but this approach is based on an assumption that there is no
radioactivity in the arterial blood at the time of '*0O, administration and it cannot be applied
when residual radioactivity of H}>O exists in the arterial blood. Instead of using the modelling
approach, Kudomi er al (2005) performed frequent manual sampling of arterial blocd and
centrifugation to separate plasma from whole blood in order to predict the recirculating water
content in the whole blood. However, this procedure is labour intensive and hampers the
clinical application of the DARG protocol.

In this paper, we have proposed two methods: (A) a linear method and (B) a model-based
method to separate the 'O, and H}*O contents from a measured arterial TAC in which both
150, and HQSO coexisted for the DARG approach. By these methods, no manual sampling
of arterial blood is required to separate the 'O, and H}>0 contents. In order to evaluate the
proposed methods, simulation studies were performed.

2. Materials and methods

2.1. Separation methods

In this section, we described two separation methods. In both methods, the separation
procedure from measured whole blood TAC (A, (r)) to input functions of pure H;SO (Fu(t))
and Y0, (F,(#)) consists of two parts, one is to account for residual activity for the first tracer
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during the second phase, and the other is to account for the metabolic product of 'Oy, i.e.,
recirculating water.

(A) Linear method.  For the H}*0O-'°0, protocol, we first estimated the TAC for the residual
radioactivity from the first tracer (H}>0) remaining during the second phase by extrapolating
the combined TAC in the first phase by the following linear function:

FLit)=ar+b (N

where 1 is the time and @ and b are the parameters being estimated. We then subtracted the
fitting function equation (1) from the measured TAC in the second phase, and obtained first
(F1(r)) and second tracer TAC (F5(1)) as

Fi=A,(1) (t < tig)
=F (1) (&> taa) (2)
Fa=0(t < tang)

= A, (1) — FL(t) (1 > o) 3 |

where 1,4 is the time of second tracer administration, Second, the TAC of the metabolic
product (recirculating water) (F, (1)) following 150, administration was estimated in the
second phase, using the modelling approach described previously (Iida er al 1993). The
mode] proposed the assumption of a fixed rate constant (k = 0.0722 min~") for production of
recirculating water, and predicted the appearance of the recirculating water from the measured
whole blood TAC as

Fu() = kF(t ~ Ay @™ @
where At indicates the delay time of appearance of recirculating water and ® denotes the
convolution integral. Finally, the TAC of the recirculating water (equation (4)) was added to

F\ (1) to obtain a TAC for H’O (F (1)), and also subtracted from F3(¢) to obtain a pure TAC
for 10 (Fo(1)), i.c.,

Fy = A (1) (t < tana)

= Fr{t)+ F, (1) (1 > t2na) (6]
Fo=0( < tanq)
= A, (1) — FL(t) - Ft) (¢ > t2pa). (6)

For the '*0,~H}O protocol, we first obtained the TAC for the recirculating water due to
the metabolism of oxygen during the first phase of >0, administration using the modelling
approach (lida er al 1993) as

Fralt) = kA (t — AN ®e™ (1 < f209) )
and then separated the whole blood TAC into pure TACs for '*0O, and H}*O during the first
phase. Second, we estimated the TAC for the residual radioactivity of >0, during the second
phase by extrapolating the estimated arterial 'Oz TAC from the first phase by a linear function
as in the case of the H}*0-'30; protocol and then obtained pure TAC for H}°0 and '30,, ie.,

Fy = Fny(1) (t < tang)

= A ()~ F (1) (1> fawa) 3
Fo=A,(t) = Fw(t) (1 < tnd)

= Fi (1) (t > tana) %)

where if F; (1) was less than 0, its value was set to zero.
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(B) Model-based method. The input function after the injection of H}*0 was assumed to be
the sum of two exponentials that were convolved with a Gauss function:

Fy (1) = wy exp(—ws!) ® g(wst) + wy exp(—wst) @ g(wet) (10)

where F;, represents the blood TAC for water administration but does not include the
recirculating water from 'O, administration and g(x) is a Gauss function as

g(px) = exp(—p*x?) : (11)

w; (i = 1-6) are the parameters estimated.

The administration of '*O; is usually performed by the continuous inhalation of 'S0,
gas. The input function after the inhalation of >0, was modelled using a rectangular function
(freat) as follows:

Fo(r) = free(t) ® [0) exp(—o03t) ® g(0st) + 02 exp(—04t) @ g(o61)] (12)

where F, represents the sum of the TAC of pure 'O, and recirculating water, and o; (i = 1-6)
are the parameters (o be estimated. f.q is defined as

Jrea(t) =constant (T}, <t < Tp)

(13)
Jrea(t) =0 (t <Tyort > Th)

where 7| < t < T; corresponds to the period of tracer administration.
The model function for the combined input function (F,), i.e., whole blood TAC, is
expressed by summing F,.(f) (equation (10)) and F,(t) (equation (12)) as follows:

F)=F(t —T)+F,(t = Tp) (14)

where T, and T, denote the start time of H{so and *O, administration, respectively. In our
PET study, the interval between the injections of the two tracers was 180 s; therefore T, = 0
and T, = 180 s for the H;’0-'*0, protocol and 7\, = 180 and 7, = 0 s for the '*0,-H!°0
protocol.

The measured blood TAC was fitted for the whole period using the model function
Fi(r) in equation (14) by the variable-metric method (pseudo-Gauss—Newton method),
and F and F; were then obtained as the separated input functions. All computations,
including the fitting operation, were carried out in the PAW environment (http://wwwasd.web.
cem.ch/wwwasd/paw/). Finally, the TAC for recirculating water was obtained by applying the
modelling approach (lida e al 1993) using the obtained F;(1) as

Frut) =kF(t ~ An)@e™" (15)

and the estimated recirculating water TAC was added to F,(r) and subtracted from the obtained
F, (1), which resulted in the pure TACs of H*O and 30, i.e.,

Fu(r) = F (1) + Fr (1)

(16)
Folt) = F)(t) = Fu(0).

2.2. Simulation studies

The reliability of the present methods was tested using actual blood TACs obtained in a series
of PET studies.
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Figure 1. PET study protocol on normal human subjects. After a 10 min transmission scan and
C'>0 (3000 MBq) emission scan, gaseous '*0z (3600 MBq) was inhaled for | min and a scan
for 5 min was started at the same time. After sufficient time for radioactive decay of 150,, a
H?O PET scan for 5 min was staried with an intravenous administration of H?O (1110 MBg).
The concentration of the radioactivity in the arterial blood was monitored (blood TAC monitor)
continuously by a beta-ray detector, started ut 30 s before and stopped at 30 s after the PET scan,

2.2.1. PET studies. A series of PET scans to measure the CBF and CMRO; were carried
out on ten normal human subjects. All subjects were males (n = 10, age = 24.6 £ 3.3 years,
body weight = 65.6 £ 9.0 kg), who provided written informed consent. The PET procedures
were approved by the ethical committee of the National Cardiovascular Center. The details of
the PET procedure have been described previously (Shidahara et af 2002). The PET scanner
used was an ECAT EXACT 47 (CTI Inc., Knoxville, USA). After a 10 min transmission scan
and emission scan with the administration of 3000 MBq of C'*O for 8 min, gaseous 'O, of
3000 MBq was inhaled for | min, and a dynamic scan for 5 min was started at the same time
as the inhalation. After allowing sufficient time for radioactive decay of 150,, another scan
for 5 min was initiated with an intravenous administration of H>O into the right brachial vein.
The dose was approximately 1110 MBq and the infusion period was 10 s. The study protocol
is shown in figure 1.

The concentration of the radioactivity in the arterial blood was monitored continuously
by means of a beta-ray detector (Kanno et al 1987, lida et al/ 1986) during the PET scan.
A catheter was inserted into the brachial artery, and blood was withdrawn at a flow rate of
4 ml min~', The inner diameter of the tube was approximately 1.3 mm, and the distance from
the catheter to the detector was 20-25 cm. Continuous blood sampling was started at 30 s
before the start of the PET scan and stopped at 30 s after the end of the scan. For each PET
study, the beta-ray detector was calibrated against a Nal(Tl) well counter which was cross
calibrated to the PET scanner. The calibration was carried out using H}O filled in the tube.
The cross calibration factor of the detector against the well counter was from 50 to 100 cps

g ' cpsTh.

2.2.2. Simulated input function for DARG protocol and separation. Combined input function
(CIF) as a simulated input function was generated by combining the experimentally obtained
input functions for H}30 and '*O, administration. Ten sets of H)*O and '°0, arterial TACs
obtained in the series of PET studies were used to generate the CIF.

It is known that the measured arterial TAC is more dispersed and delayed relative to the
true input TAC in the brain, due to transverses of blood in peripheral artery and catheter tube
before reaching the detector (lida er al 1986, 1988, 1989, 2000, Lammertsma et al 1990),
those terms in blood TAC were corrected. Dispersion correction (lida er o/ 1986) was applied
to the arterial blood TACs with H}>0 and '°0,. Also, delay was corrected for the HI>O arterial
TAC (lida er af 1988, Shidahara er a! 2002) and that for '*Q, administration was corrected
by applying the same time as for H;‘,SO for the same subject. For the arterial blood TAC with
150,, the recirculating water was estimated using the conventional modelling approach using
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equation (7) (lida et af 1993). Then, sets of two input functions for pure 'O, and Hi’0 were
obtained, which were denoted as true input functions (TIFs). Those two blood TACs for H’0
and 30, were added with a time lag of 180 s of the order of H}*0 and 'O, and reverse for
the H*0-'30, and 'S0,-H}%0 protocols, respectively, and the CIFs were obtained. Note
that two blood TACs without the correction for the physical decay of '*O were used prior 10
combining, and the combined curve was corrected for the physical decay of '°0.

Methods (A) and (B) were applied to the CIFs to separate the 'S0, and HJ*0 contents.
For methed (A), the fitting period was selected from 80, 100, 120, 140 and 160 s 10 180 s.

2.2.3. Computation of functional values. Values of CBF, OEF and CMRO, were calculated
from tissue TAC (C;(r)) and separated input functions for H>O (Fy(1)) and for 150, (F,())
using mathematical formulae, based on a single-tissue compartment model for water and
oxygen (Mintun er al 1984). The formulae were designed to be applicable to data for tracer
administration in either order H}>0-'°0; or '30,-H}>0. The total radioactivity in the tissue
after '>0, and H}*O administration can be expressed as,

C,-(t)=f~Fw®e > +E-f- Fo®e o +V5-RH¢,(1 —F, - EYF, (1) a7n

where f is CBF, E is the OEF, p is a blood/brain partition coefficient for water, Vg is cerebral
blood volume, Ry, is the small-to-large vessel haematocrit ratio and F, is the effective venous
fraction. The first term on the right-hand side describes the amount of water entering the
tissue. The second represents the amount of oxygen that enters the tissue and is immediately
metabolized to water. The third expresses the radioactivity of >0, in blood vessels. In the
present study, we assumed that the radioactivity of H{"O in the blood vessel term is negligibly
small compared to the radioactivity in tissue according to the previous study (lida er al 2000).
To calculate functional values using a look-up table procedure, equation (17) was
integrated for the periods after Hy>O (f,: integrate for 90 s after rise up of H!?O tissue
TAC) and '*O; administration (J: integrate for 180 s after rise up of >0, tissue TAC) as

fC,-(r)dt (- ®eF +E-f-Fo®eF +Va-Rua(l — F, - EYFo(t))di (18)
fci(r>dr=f(f-Fw®e B AE. f Fo@e +Vy- Ruall = Fo- EYFut)dr.  (19)

Equation (19) can be rewritten as

g flGd =] Fu @ — Vo Rya- Fo(0) 1 0

JAE f-Fo®e™ — V3 Rua- Fo- Fol))dt
Substituting equation (20) into (18), we obtain

‘[Ci(t)dt=f(f‘F\v®e:£J + Vg - Ry - Fo(1))dr

+f(f-Fo®e* — Vo Rua- Fo - Fol0))drt

~f1

L BCOdl ~ [ Fy @ ~ Vo - Rua - Fo)dr.
JXE-f-Fo®e —Va-Rya - Fo- Fo(0)) dt

Using equation (21), f can be estimated using a look-up table procedure based on the tissue
TAC and separated input functions. Next, £ can be calculated using equation (20). CMRO; is

1)
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then calculated from the estimated f and E, and the measured arterial oxygen content ((O1]a)
as CMRO; = 1.36:[0},- E - f.

2.2.4. Error analysis in the separation procedure. The error in the separation of the input
function by the proposed methods propagates into the quantitative values of CBF and CMRO;.
This error propagation was investigated by the simulation study.

Ten sets of TIFs for H1>0 and '*O, were used to generate tissue TACs using equation (17).
Two sets of physiological conditions were simulated, namely the normal condition
(CBF = 50 mi/100 g min~', OEF = 0.4, CBV =004 ml g™}, p = 0.8 ml g™', F, = 0.835,
and Ryq = 0.85) (Hayashi er al 2003) and ischaemic condition (CBF =20 mi/100 g min~!,
OEF =0.7,CBV=004mlg~', p=08mig™', F, = 0.835 and Ryq = 0.85).

The combined tissue TACs for both orders of the DARG protocol, i.e. H?0-'30; and
150,-H!30 were created by adding generated tissue TACs of Hi*0 and '30, with a 3 min
time lag.

The values of CBF and CMRO, were calculated according to the formulae described above
(equations (20) and (21)) using separated input functions from the CIF and the combined tissue
TACs. The errors in the form of biases and deviations in estimated CBF and CMRO; values
were calculated by comparing them with the assumed CBF and CMRO, values. These errors
were presented as percentage differences between the calculated and assumed values.

2.2.5. Influence of dose of second tracer. In the DARG protocol, if administration dose of
the second tracer is relatively smaller than that of the first tracer, the portion of the residual
radioactivity from the first tracer in the second blood TAC becomes larger. Contrarily, if
administration dose of the second tracer is larger than that of the first tracer, contribution
of residual radioactivity from the first tracer on the second blood TAC becomes smaller.
Therefore, errors of the separation methods and consequently the errors in the values of CBF
and CMRO; might depend on the administration dose of the second tracer with respect to that
of the first tracer.

We investigated how the error size would change when the second dose, i.c. the amount of
the second input function, changed. For this purpose, the height of the oxygen input function
in CIF was changed so that the ratio of the AUC (area under curve) between the H§50 and
150, input functions was changed stepwise from half to two-fold. The error size in the CBF
and CMRO; values was analysed in the same way as above using separation methods (A) and
(B).

2.2.6. Influence of noise in arterial TAC. The size of the error in the values of CBF and
CMRO; might also depend on the statistical fluctuation in the arterial TAC, and we investigated
the change in error size in the CBF and CMRQ; values when the statistical fluctuations of the
arterial TAC changed. To investigate the error size, 1000 noisy arterial TACs (noisy CIF) were
created by adding Gaussian noise to the CIFs. The noise was added every second in a form
given by n(t) = « - G(/C(¢)). Here, C(¢) and n(r) denote the arterial TAC count in a second
without decay and noise correction at time ¢, respectively, and G (¢) is the Gaussian noise with
the standard deviation o. The noise level o was defined so that the coefficient of variance in
the water arterial TAC at its peak was set to 1, 2, 4, 8, 16 and 32%. The noisy arterial TACs
were separated by methods (A) and (B). The values of CBF and CMRO, were then calculated
using these separated TACs, and the errors in the form of biases and deviations in those values
were presented as percentage differences from the assumed values. In addition, noise was also
added 1o TIFs, and CBF, OEF and CMRO» were calculated to investigate how the noise in the
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Figure 2. Estimated input function in the second phase (hatched region) from blood TAC (solid
line) for DARG of H}*0-'*0;. The blood TACs in which two components coexist were derived
by combining (two blood TACSs of '3O-water (white circles) and 150-0xygen (black circles) with a
180 s time lag. (A) Residual radiouctivity of the first tracer was estimated by method (A) (fitting
intesrval: 120 to 180 s). (B) Residual radioactivity of the first tracer was estimated by method (B).

arterial TAC without the separation procedure contributes to errors in the CBF, OEF and
CMRO, values.

3. Results

Among ten normal subjects, the mean values of AUC for a period of 180 s for the arterial TAC
were 80 =+ 19 kBq mi~' and 55 & 10 kBq mi~' for H}*O and '30,, respectively. This result
indicated that the values of AUC for H:',_SO and >0, had an ambiguity of approximately 20%,
although all the subjects received the same amount of dose and processes for administration
in the present PET study condition.

Figures 2 and 3 show examples of the separated input functions for the DARG protocols
of H?0-'°0; and *0,-H130 with the original and combined input functions using methods
(A) and (B). It took about 40 s to separate the input function in method (B), and less than 1 s
in method (A) (CPU: Intel® Pentium® D 3.2 GHz, memory: 1.0 GB, OS: Linux Fedora
Core 4). For both methods and protocols, the estimated residual radioactivity in the second
phase with respect to the first (hatched region) was almost identical to the true (original) input
function (white circle).

For the linear method (A), the fitting interval from 120 to 180 s, where the slope of the
input function became stable, provided the best fit for both the protocols, as shown in table 1.
The table shows the fitting interval provided minimal bias and deviation in the difference of
area under the curve between CIF and separated TAC for the residual tracer radioactivity in
the second phase. When the start time of that interval was less than 120 s, the change in slope
of the input function for the first tracer was large and the linear function could not reproduce
the TAC of the residual radioactivity in the second phase. Further, when the time was greater,
the amount of data was too inadequate to reproduce the TAC in the second phase.

Table 2 summarizes the error in the CBF and the CMRO; values due to the separation in
input functions. The size of the bias and deviation in the CBF and the CMRO; values were
within 4% for all separation procedures in both conditions,
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Figure 3. Estimated input function in the second phase (hatched region) from blood TAC (solid
line) for DARG of '*0,-H}*0. The blood TAC in which two components coexist was derived by
combining two blood TACs of '*0-oxygen (black circles) and '3O-water (white circles) witha 180s
time lag. (A) Residual radioactivity of the first tracer was estimated by method (A) (fitting interval:
120 to 180 s) (B) Residual radioactivity of the first tracer was estimated by method (B).

Table 1. Bias and deviation in the difference of area under the curve between CIF and the estimated
residual tracer radiouctivity in the second phase by the linear method against the fitting interval
(n = 10). Bias and deviation are given in %.

Fitting interval (s) 60-180 80-180 100-180 120180 140-180 160-180
H20-0; protocol 1069+ 378 46.7+44.3 10.5 4 20.8 05+145 —18+172 2544403
0>-H,0 protocol 9.1+56 R7+£172 72466 53145 56+72 7.7+ 15.6

Table 2. Bias and deviation in CBF and CMRO; propagated from the error in the separation of
150, and H§50 input function (n = 10).

Bias % deviation (%)

Normal condition Ischaemic condition
Model function Fitting interval (s) CBF CMRO; CBF CMRO»
H;50_l502
(A) 120-180 - -19+42 - -22435
B) 0-360 - 04+ 1.6 - 0319
‘507-}{;50
(A) 120-180 -231+12 1.3+06 1741 1.7+ 06
(B) 0-360 -03% 14 02405 -02+17 0.2 +0.1

Normal condition: CBF = 50 ml min~'/100 g. OEF = 0.4; ischaemic condition: CBF = 20 ml min~'/100 g,

OEF =0.7.

The bias and deviation in the value of CBF for '*0,~H}*0 and CMRO; for both H}*0O-
130, and '30,-H}*O are shown as functions of the ratio of AUC between the first and second
input functions in figure 4. The size of the bias and deviation increased with the decrease in the
second tracer dose and was suppressed since the second dose was increased in both methods
(A) and (B). The size of the bias in the CBF by the '%0,~H}’O protocol and the CMRO; by
the Hi>0-'%0, protocol was 2% at most and was almost the same in the range of the AUC
ratio from half to two-fold. The size of the bias in CMRO, by the '*0,-H}>0O protocol was
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Figure 4. Error in CBF and CMRO; as a function of the dose ratio between the first to second
tracer using separated inpul functions in method (A) (top) and (B) (bottom). The sizes of the bias
in the values of CBF for '%0,-H}*0 (circles) and CMRO: for H}*0-30; (squares) and CMRO:
for '503—H;50 (triangles) are plotted and that of the deviation is expressed as the length of the bar.

almost negligible, and it was smaller than 0.5% in the same range of the AUC ratio. The size
of the deviation for the CBF in the '30,-H}>0 protacol was less than 0.5%, and the sizes of
the deviation for CMRO, in the '30,~H}*O protocol and the H}*0-'30, protocol were less
than 3% and 4%, respectively.

The size of the bias and the deviation in the CBF, OEF and CMRO; values, due to the
noise in the arterial TAC are shown in figure 5. The size of the bias for the separation method
(B) (denoted by triangles) in those values was less than 5% when the noise level was less than
10%, and it was almost identical to that estimated using noisy TIF (denoted by circles). The
bias by method (A) (denoted by squares) was larger than that by method (B). For the deviation
with respect to the noise TIF, the size of the error in the CBF, OEF and CMRO; values was
almost identical for both methods (A) and (B).
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Figure 5. Bias (upper) and deviation (lower) against noise level in CBF (left), OEF (centre)
and CMRO:s (right) propagated from the noise on arterial TAC. The CBF, OEF and CMRO; were
calculated with a noisy input function (circles) and separated input functions from the noisy arterial
TAC by methods (A) (squares) and (B) (triangles), respectively. The orders of tracers H550-'502
and '0,-H}30 are indicated by white and black symbols, respectively.

4. Discussion and conclusion

We developed the separation methods of dual tracer coexistent blood TAC for the DARG
protocol to avoid frequent blood sampling to calculate the quantitative CBF, OEF and CMRQO»
images. The present results showed that the values in CBF and CMRO using input functions
separated by the present method were reasonably accurate, i.e., the bias and deviation in CBF,
OEF and CMRO, values were within 4%. When the dose of the second tracer was changed,
the bias and deviation in CBF and CMRO:; also changed; however, the sizes were within 5%
when the ratio between AUCs in the first and second input functions was from haif to two-fold.
Further, the bias and deviation in the CBF and CMRO; values due to noise in the arterial TAC
was less than 5% and was not severely enhanced against those from the noisy TIF.

The present results showed that the model-based function method (B) provided a more
accurate value for CBF and/or CMRO in both the H?0-'30; and the '30,~H}0 protocols.
The reason of the better performance of method (B) was the use of the entire period of data,
although the expression of the model function was complex and the calculation took a longer
time.

On the other hand, in the linear method (A), the arterial TAC was fitted with the linear
function during a period of 120 to 180 s in the first phase, i.e. during the period after the shape
of the first input function in the stable state, and the residual radioactivity was then estimated
by extrapolating that function in the second phase. The bias and deviation in CBF and CMRO,,
calculated using separated input functions by method (A), were still within 4% and might be
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acceptable for calculation. Thus, the present findings suggest that the dual tracer coexistent
blood TAC can be separated by the linear function within a 4% accuracy. The advantages of
method (A) over method (B) are easier implementation and faster computation. The linear
regression program for the method (A) is readily available. On the other hand, for method
(B), a computing framework for nonlinear fitting is required. We used the PAW environment
for this purpose and fitting results might be different if another framework is employed. The
benefit of faster computation could be minimized if a faster processor is used.

For the '*0,~H} 0 protocol, the value of CMRO, was affected by the error in the separated
input function, although the input function for calculating CMRO; was extracted in the first
phase. This is because the CMRO; value was calculated not only from the input function and
tissue TAC in the 3O, phase but also from the value of CBF that was estimated in the second
phase and was affected by the separation error. However, the size of the error in CMRO;
in '*0,-H}30 was less than 0.5% which is negligibly small. Further, the value for CBF in
the H0-'%0, was unaffected by the error in separation, i.e., the CBF value was calculated
exclusively in the first phase.

When the AUCs in the input function were almost the same between the first and second
phases, the size of the bias in the value of CBF and CMRO; determined from the input function
for the second phase tracer, i.e. CBF value for the '0,~H}*0 and CMRO;, value for H}30-
130,, was in the same range and was acceptable (figure 4). Moreover, the size of the bias was
within a reasonable range when the ratio of the AUC between the first and second changed
from half to two-fold. Practically, the present PET study on normal subjects showed that the
fluctuation of the AUC of the input function was 20% when the tracer was administrated by
the same procedure. This suggests that the degree of error due to the change in the ratio of
the AUC of the input functions across subjects between the first and second phases could be
within an acceptable range; further, the degree of error with regard 1o other error factors, such
as delay or dispersion in input function was the same (Kudomi er al 2005).

Many PET scanners recently available are combined with CT scanners, and the patients
reside deep inside the scanner housing during PET scanning. In this case, the length of the
catheter tube must be long, which results in longer delay time and worse statistics in measured
blood TAC. The size of errors as bias and deviation in CBF, OEF and CMRO, due to noise
in the arterial blood TAC was less than 5% when the noise level was less than 10%. The
10% noise level corresponds to 100 cps in the measured water arterial TAC at its peak. Most
devices monitoring arterial TAC can provide this level of statistics in practical examination for
CBF, OEF and CMRO; evaluation for both 3SARG and DARG. Moreover, the degree of error
in these values was not enhanced in comparison to that from noisy TIF. Thus, the separation
procedure due to noise on the arterial TAC might not deteriorate the quantitative accuracy in
CBF, OEF and CMRO,.

The image quality in CBF and CMRO> by the DARG approach is influenced by the
interval, relative dose, and order of the two administered tracers. Since the dose of the second
tracer is less, a relatively larger amount of residual radioactivity from the first tracer remains
during the image acquisition for the second tracer, and it results in the degradation of the
quality of the image obtained during the second phase of the procedure. Thus, the dose of the
second tracer should be as high as possible for the DARG approach in terms of the separation
of the input function. However, when the dose of the second tracer is too high, the amount of
random photons and dead time in the PET data would increase and the quantitative accuracy
might be degraded. Further, the radiation dose increases for patients. These matters suggest
that the amount and ratio of the tracer dose assumed in the present study might be appropriate
for the DARG PET measurement.
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