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specific absorption rate (SAR) at 3T. The use of
FSE makes radiofrequency heating more serious,
Compared to SE and FSE, FSPGR provides
relatively low radiofrequency heating and, if the
NEX of FSPGR can be reduced, relatively short
acquisition time. This depends on the signal-to-noise
ratio, and we thought it possible based on our rat
brain images (Fig. 6). Therefore, we examined the
characteristics of signal enhancement in FSPGR.
FSPGR provided significantly higher signal
enhancement than FSE and comparable signal
enhancement to SE, both in the 0.15-mM Gd-
DTPA solution and in rat brain C6 glioma in the
thalamus region. We speculate that FSPGR may be
superior 1o FSE and comparable to SE in its ability
to delineate brain tumors, although, in order to
verify this speculation, several studies would be
required using different cell types and various
transplantation sites. Considering the advantage of
FSPGR in terms of acquisition time and SAR limit,
FSPGR may be more suitable for contrast-
enhanced TIW imaging of brain tumors in clinical
3T scanners than SE. Additionally, high-resolution
3D images can be obtained by using FSPGR with a
reasonable acquisition time so that small lesions
may be better visualized. On the other hand,
FSPGR was more sensitive 1o magnetic suscept-
ibility artifacts than SE (Fig. 6). SE could therefore
be more suitable than FSPGR for delineation of
tumors in regions with susceptibility artifacts. such
as the base of the skull.

Ey values obtained in our study (1,26 for FSPGR,
1.20 for SE, and 1.12 for FSE) were lower compared
to previously reported values (1, 4, 5, 12). For
example, RUNGE et al. reported that the E induced
by Gd-DTPA was approximately 1.44 using SE in
rat brain C6/LacZ glioma models at 3T (3). The
difference between E¢ in our study and that in
previous reports may result from the difference in
the type of tumor, in the degree of growth of brain
tumors, or in TR. In our study, TR was adjusted to
increase T1 contrast in the normal brain region for
specification of more exact location of the glioma.
Although the use of a shorter TR may increase
signal enhancement in the glioma, contrast in the
normal region would become unclear, and therefore
it could become difficult to specify the location of
the glioma exactly. Therefore, we used a longer TR
than that in previous reports.

FISCHBACH et al. showed higher contrast in SE in
patients, but they optimized the TR (600 ms) of SE
by phantom experiments using a saline solution with
a low concentration of Gd-DTPA (0.125 uM) (12),
whose T1 is extremely long compared to that in the
brain. We quantified T1 in rat brains and chose a
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proper TR (1400 ms) of SE to enhance normal brain
contrast. Therefore. our comparison would be fairer
and our results may be more closely extrapolated to
human tumors.

One limitation of our work is our limited sample
size. Although C6 glioma cells were implanted into
20 rats in our in-vivo study, only five rats could be
used for the experiment, as C6 gliomas showed
considerable individual vanation in their growth
and were fully developed only in five rats,
Therefore, the number of test animals was relatively
small, resulting in large standard deviations for Eq.
A larger sample size may show a significant
difference between FSPGR and SE.

In conclusion, FSPGR is superior 1o FSE and
comparable to SE in its ability to delineate rat brain
C6 glioma in the thalamus region using venous
injection of Gd-DTPA.
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Abstract

Purpose The liver is perfused through the poral vein and
the hepatic artery. When its perfusion is assessed using
positron emission tomography (PET) and '"O-labeled water
(H5'"0), calculations require a dual blood input function
(DIF), ic.. arterial and portal blood activity curves. The
former can be generally obtained invasively, but blood
withdrawal from the portal vein is not feasible in humans,
The aim of the present study was to develop a new
technique to estimate quantitative liver perfusion from Hj Yo
PET images with a completely non-invasive approach.
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Methods We studied normal pigs (n=14) in which arterial
and portal blood tracer concentrations and Doppler ultraso-
nography flow rates were determined invasively to serve as
reference measurements, Our technique consisted of using
model DIF fo create tissue model function and the latter
method to simultaneously fit multiple liver hme-activity
curves from images. The parameters obtained reproduced
the DIF, Simulation studies were performed to examine the
magnitude of potential biases in the flow values and to
optimize the extraction of multiple rissue curves from the
image.

Results The simulation showed that the error associated
with assumed parameters was <10%, and the optimal
number of tissue curves was between 10 and 20. The
estimated DIFs were well reproduced against the measured
ones. In addition, the calculated liver perfusion values were
not different between the methods and showed a tight
correlation (r=0.90),

Conclusion In conclusion, our results demonstrate that DIF
can be estimated directly from tissue curves obtained
through H,'*0 PET imaging. This suggests the possibility
to enable completely non-invasive technique to assess liver
perfusion in patho-physiological studies.

Keywords Hepatic blood flow « Input function - Portal vein -
Positron emission tomography - H2'*0

Introduction

The quantitative determination of hepatic blood flow has
the potential to provide important information in the

assessment and follow-up of liver disorders, which are
almost invariably accompanied by abnormalities in organ
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perfusion, representing a prognostic indicator and respond-
ing to disease amelioration [4, 10, 19, 21, 28-3], 35].
Positron emission tomography (PET) and '“O-labeled water
(H2'*0) enable tw assess hepatic perfusion quantitatively
[29, 30, 35], as based on tracer kinetic modeling, requiring
the notion of the ume vanation of radiotracer concentra-
tions in the liver tissue and in the blood entering the organ
(input function).

The liver s characterized by a dual blood supply,
comprising the hepatic artery and the portal vein, drining
venous blood from the gastrointestinal tract. Thus, in the
modeling of PET data from liver, two blood time activity
curves are required to represent the input function (dual
input function [DIF]). However, blood withdrawal from a
penipheral artery [8, 9, 16, 17, 26, 33] is not always
successful and risk-free, and it requires careful correction in
time delay between the sampling site and the tissue. More
importantly, the portal vein cannot be accessed from any
penipheral site, making its blood collection impractical in
humans.

The aim of the present study was to develop a new
technigue to estimate the two components of the DIF non-
invasively from dynamic Ilg"‘O PET images. The present

method was characterized by use of a model input function
to create a tissue model function, which was used to
simultaneously fit multiple tissue curves from PET image.
The parameter obtained in the input function model
reproduced the input function. Computer simulation studies
were performed to examine the magnitude of potential
biases in the parameter estimates caused by the inherent
assumptions and to optimize the extraction of multiple
tissue curves from the image. The present investigation was
conducted in pigs because the comparison berween mea-
sured and estimated values necessitated deep catheterization
and invasive Doppler flow measurements.

Materials and methods

Theory and computation of non-invasive DIF

A model function was created to shape the input function
according to the dose of tracer, administration process,

body weight, and physiological state in each subject [I8],
The model function introduced is

Calt) =0. (1<)
=i (I —exp(Ke(1 +a)(n — 1)) (hstshn) )
= r,,{‘—,,.r{cxp(!fe(l +ao)(h — 1)) rexp(Ke(l +a)(—1)) =2 - exp(Ke(l +a)(n —=1))) (t>n)

Details of the model function are given in the Appendix.
Briefly, A indicates the height, and 1y and r,—1, indicate the
appearance time of tracer and administration duration,
respectively, K, (ml/min) and Ki(=oK,) (mUmin) represent
the tracer bidirectional diffusion rates between arterial
blood and whole body interstitial spaces, respectively,

The portal vein blood model function was generated by
introducing the gut compartment model [29-31, 35], that is,
a single compartment model between arterial blood and gut
compartment, assuming no difference in appearance time
between arterial and portal blood (or delay time of portal
input), with diffusion rate &, in the gut system as

Cpl1) = kyCa(r) ™! )

Using these artenial and portal input model functions, the
tissuc response function can be expressed by assuming a
single tissue compartment model [29-30, 35] and that

tracers in arterial and portal blood were well mixed before
exchange with liver tissue as

Cns(f) = (uCal1) + £Cp(n)) 0 ™" (3)

€ springer

where k; is defined as (f+/,V1, and V. (mlg) is the
distnbution volume of water between blood and tissue. In
the present study, ¥y was fixed to 0.7 ml/g, which was
suggested to fix in a sensitivity analysis by Ziegler et al.
[35] and was obtained as 0.7140.03 ml/g for same subjects
in our preliminary evaluation using measured blood input
functions. Including a blood volume term into this
equation, the model function for liver tracer concentrations,
as measured by PET (Cpgp), can be expressed as

Coer(1) = (1 = Vo) (ACA() + f3Cp(2)) @ e8!
- l’n(‘m(rj 4)
where Ciypyl/) is defined as

rlﬂpul(flzrl(.hff)"rp(‘l'“] (5)

where r, and r, are arterial (f, ml/min/g) and portal vein
blood flow (f, ml/min/g) ratios to total hepatic flow, i.e.,
ra=f/f*f) and r=f/(R+f) [35]. The flow chart to
estimate input functions in this procedure is simplified in
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Fig. |. Muitiple tissue time activity curves (TAC) from
liver image were used to estimate the input functions. First,
the model function in Eq. 4 was individually fitted to tissue
TACSs, assuming that k, in Eq. 2 is constant by a non-lincar
fitting method (vaniable-metric method in the PAW envi-
ronment: version 2.13/08 [hitp://wwwasd.web.cern.ch
wwwasd/paw/]), and the set of seven parameters of A, 1y,
11, KA1 +a), f, f,, and 1 in Egs. | and 3 was obtained for
each tissue TAC. Then, means and standard deviations of
hy, 13, and =LA+ )) were calculated, and the tissue
TACs with values of ry or r;>| standard deviation of
respective means were excluded to avoid the potential
influence of TACs outside the liver. In the second step,
assuming that all parts of the liver share the same input
functions, values of 1y, 15, and r, were fixed to their means,

=1

N (N: number of TACs

Step1 ¥
Fit [Tissue TAC 1](A,K,t1,2,a,f, Vo) parameters
Fit {A,K,h,h.h,ﬁ:,lfo)uc estimated
from each TAC
using Eq (5)

Fi (Fis58 TACA (A K121,V
o Tewme TR

=)

(N":number of
TACs omitted)

|uundn.um¢nml

(]
Omit TAC (t1or t2 > SDof |V

lﬂx t1, ulndrlnlhdrm.-nl

9
A and K, and fa and Vo for
II each TAC, are estimated
I -N’ by minimizing Sz in Eq (6)
]

|Inpuﬂmm estimated parameters

Fig. 1 A schematic diagram of the procedure 1o estimate the input
functions using multiple tissue TACs. Sep | The model function
{Eq. 4) was individually fitted to N tissue time-activity curves (TAC).
Then, means and standard devintions of 1,. 52, and r, were calculated.
and the tssue TACs with values of 1, or 13> | standard deviation of
respective means were excluded (indicated as N* TACS) 10 avoid the
potential mfluence of TACs outside the liver. In the second step.
assuming that all pans of the liver share the same input funclions,
values of 1y, f;, and r, were fixed 1o their means, and the other two
parmeters (4 and K,{1 +0)) were estimated by minimizing Fq. & by
the grid search method. Finally, the image-based input function was
obtained by substituting the estimated parameters into Eq. |

and the other two parameters (A4 and KJ(l+a)) were
estimated by minimizing the following equation:

#=5 3 (- (0 ) (RCAt) + fGrin)  (8)

Wi 1
€5 4 ViCoapalt)))

where Cper' is the tissue TAC for kth frame in th tissue
region of interest, / is the comesponding time of Ath frame,
and £, fp/(=f(1—r,Vr,) and V' are values of arterial and
portal vein blood flows and of blood volume for ith tissue,
respectively. In this procedure, §° was minimized by the
grid search method 1o avoid dependency of initial guess,
where 5% was calculated for 1,000 discrete values of both A
and K.(140) berween ranges of three standard deviations
from respective mean values, omitting the negative value.
In this procedure, for a given input function, i.e., given A4
and K (1+a), £, and Vy for each TAC were computed by
the gnd search method, with acceptable ranges of 0
100 ml/min/g and 0- 1 ml/ml, and steps of 1 mlmin/g and
0.01 ml/ml, respecuvely, and then substituted in Eq. 6.
Finally, the image-based input function was obtained by
substituting the estimated parameters into Eq. |,

Simulation study

The presemt method for generating portal vein input
assumes that the diffusion rate in the gur system, kg, is a
fix constant, and there is no time delay between portal and
arterial blood. It is not a pnon known how these assumed
factors degrade the accuracy of estimated DIF and flow.
Morecover, tissue TACs from PET images convey some
degree of noise, and the accuracy of the estimated input
function might depend on either the degree of noise, or the
applied number of tissue TACs, or both. A simulation study
was designed to reveal the influence of the above elements
on the accuracy of the current method.

To this purpose, we selected one arterial curve from one
of the present experiments. First, a portal input curve was
created by assuming A;=0.5/min, corresponding to the
estimated mean in all animals. The combination of these
arterial and portal vein curves was treated as the ‘true DIF',
In the present experimental study, the average of activity
concentrations in an area of the summed image was
distributed with a 20% range around the mean for the
whole liver, and this percentage was independent of the size
of the selected areas in regions =50 pixels. This supports
the assumption that flow values in the liver distribute
around a 20% range around a mean of arterial flow of
15 mU/min/100 g [22]. Thus, by assuming ten values of / as
13, 13.5, 14, 14,5, 15, 15, 155, 16, 16.5, and 17 ml/imin/
100 g, and ratio n{=£//,)=6 [22], one set of ten hepatic
nssue TACs was generated from the true DIF using Eqg. 6,

@ springer
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The propagation of an error in &, and delay time to blood
flow estimation was simulated. The sequence of steps in
this procedure is simplified in Fig. 2a and b. For ky,
simulated portal input curves were created from the selected

'.
Arterial Input (Cp)

kg L0.38 68 /min
s Simulated portal

I o 5

i i
ﬁ Combinations

e of C4 and Cp

e

;7*

I

Estimate DIF
famndty | [faandty ] .......[Toandty | Comeute flow
b
Arterial (Cp) and
portal (Cp) Inputs
Dela 0 1 TRy 10 sac
Simulated portal
LERRE inputs (Cp)
P i Fa
[ ] ['] []
r F-dlhm-
| ]
c_;_.t S
Estimate DIF

ity ] (it ... [oandty ] SS0 "

Fig. 2 Schematic diagram of the procedure to analyze error sensitivity
in hepatic anterial (£) and portal flow (f,) values against assumed &,
() and ume delay (b). Poral input curves were crested by changing
the value of &, from 0.35 to 0.65/min in (a) and by shifting the time
from 0 10 10 s in (b), respectively. and combinations of the arterial
(€4) and simulated portal (Cp) curves were used as the simulated dual
input functions (DIF). Sets of tissue time-activity curves (T4C) were
generated from these simulated DIFs by assuming ten values of f,
from 13 10 17 mUmin/100 g. In tum, each set of tissue TACs was used
to back-estimate DIF fixing &, as 0.5/min and time delay as 0.0 s.
Finally, £, and f, were calculated from esumated DIFs for each k, and
delay time

4 Springer

arterial curve by changing &, from 0.35 to 0.65/min for
error simulation in A, and combinations of the arterial and
simulated portal vein curves were used as the simulated
DIF. Sets of tissue TACs were gencrated from these
simulated DIFs, with the same assumptions of /, and r as
given above. In tumn, each set for each k; was used to back-
estimate DIF (arterial and portal components), fixing kg as
0.5/min in this process as presented above. Finally, £, and £,
were calculated from estimated DIFs for each &, by the
Gauss Newton non-linear fitting method in the interactive
modeling and data analysis system called PyBLD (hup./
homepage2 nifty.com/peco/pybld/pybld.html) [5] using
Eq. 4. For delay time, simulated portal input curves were
created from the selected arterial curve by shifting the time
from 0 t 10 s, and combinations of the arterial and
simulated portal vein curves were used as the simulated
DIF. Sets of tissue TACs were generated as above, In tum,
cach set for each delay time was used to back-estimate DIF
fixing time delay as 0.0 s. Finally, £, and f, were calculated
from estimated DIFs for each delay time. Mean of percent
difference between computed and assumed (‘true') flow
values are presented as a function of &, and delay time.
The influence of noise versus number of TACs on the
accuracy of the method was explored. As shown by Edward
et al. [7], as the noise on tissue TACs increased, the
standard deviation of uptake ratio of tracer increased; as
more regions were used, the standard deviation tended to
decrease. However, if the number of TACs is larger, the
noise on tissue is also large and vice versa. Our simulation
was intended 1o reveal an optimal number of tissue TACs to
be exwracted from the whole region of the liver. The
procedure 1s summarized in Fig. 3, First, tissue TACs with
noise were generated as follows: Gaussian noise at peak
was imposed on the set of ten hepatic tissue TACs
generated above, Two levels of noise were introduced,
corresponding to 10% and 20% of counts at the level of the
peak and 10% and 20% each of the square root of counts at
the other points. This procedure was repeated 100 times and
100 sets of noisy tissue TACs, embracing a total of 1,000
pixels obtained. Next, the ith set of tissue TACs in kth
frame with £, defined as C",_J were summed for same f, as

Ny
C=y 2 (7)

where Ny indicates the summed number of tissue TACs and
corresponds to the summed number of pixels. Nt were set
to 5, 10, 20, 50, 100, and 200, corresponding to a number
of tissue TACs (Ny,) of 200, 100, 50, 20, 10, and 5,
respectively, Here, when Ny was 200, the 100 tissue TACs
were summed as Ny=100 and additionally combinations of
fi=13 and 13.5, 14 and 14.5, 15 and 15, 15.5 and 16, and
16.5 and 17 ml/min/100 g were summed, For each N, and
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Arterial (Ca) and
portal (Cp) Inputs

Set of tissue

T i 100 Sats of
tissue TAC with
..... e
—
Sum Ny sots
Np=5 Ny =10 Ny =100
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[ [ ¥ 5 —
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Rapoat 100 timos

Fig. 3 Schematic diagram of the procedure 1o analyze swistical
accuracy of hepauc anerial (£} and portal flow (f,) values against
noise on tissue curves. First, tissue time-activity curves (T4C) with
noise were generated by imposing Gaussian noise on the set of ten
hepatic tissue TACs. This procedure was repeated 100 umes. and 100
sets of noisy tissue TACs were obtained. Next. the Ny (=5, 10, 20, 50,
100, and 200) sets of tissue TACs with the same flow value were
summed. For each Ny, dual input function (DIF) was estimated. Then.
arterial (f,) and portal blood flow (f;) values were computed using
estimated DIF and tssue TACs. This procedure was repeated 100
umes

each level of noise, DIF was estimated, as described. Then,
arterial and portal vein blood flow values were computed as
above, using estimated DIF and tissue TACs with f, of
15 ml/100 g/min. This procedure was repeated 100 times,
and the bias and deviation in values of arterial and portal
vein flow results were caleulated, Their bias and deviation
was presented as a function of Ny,

Experimental study
PET experiment

Fourteen pigs under anesthesia with weight 30.0+1.1 kg
were studied. Data on glucose metabolism in these animals
have been previously reported [13, 14]. Animals were
deprived of food on the day prior to the study at 5:00 pm.
Anesthesia was induced with ketamine (1.0 g) into neck
muscles and maintained by ketamine and pancuronium
(total of 1.5 g and 40 mg, respectively) administered
intravenously duning the experiment. Animals were intu-

bated through a tracheostomy. and their respiration was
controlled by a ventilator providing oxygen and normal
room air (regulated ventilation, 16 breaths per munute).
Catheters were inserted into the carotid artery for arterial
blood sampling and the femoral vein for administration of
H.'*0. Splanchnic vessels were accessed by sub-costal
incision: after dissection of the hepato-gastric ligament,
purse string sutures were allocated to allow catherer
insertion via a small incision in the portal vein. A catheter
was inserted directly in the portal vein for portal vein blood
sampling. Ultrasound-based flow-probes (Medi-Stim But-
terfly Flowmeter, Medi-Stim AS) were placed around the
portal vein and hepatic artery to determine blood velocity in
each vessel. The diameter of the hepatic artery and portal
vein were measured off-line from B-mode ultrasound
images acquired using an Acuson Sequoia 512 mainframe
with a 13-MHz B-mode linear array transducer. The area of
the vessel was calculated assuming circular shape. Then,
blood flow was obtained for each vessel during the PET
scans. The surgical access was closed, and the distal
catheter extremities were secured to the abdominal surface
to avoid tip displacement. The amimals were then trans-
ported to the PET center for tracer administration, liver
imaging, and blood sampling. Vital signs, blood pressure,
and heart rate were monitored throughout the study.

PET acquisition was carmied out in 2D mode using an
ECAT 931-08/12 scanner (CTI Inc, Knoxville, TN, USA)
with a 10.5-cm axial field of view and a resolution of
6.7 mm (axial)*6.5 mm (in-planc) full width at half
maximum. After transmission scan for attenuation correc-
tion, the dynamic scan was started after the injection of
H,"*0 (274 MBq, 30-s bolus injection), consisting of 20
frames with gradually increasing individual durations (65,
615, and 8 =30 s).

During PET scanning, blood was withdrawn continu-
ously from the carotid artery and portal vein through
catheters (1.4 mm in inner diameter: length of rube was
900 mm to the detector and 60 mm in the detector sensitive
region) by using a peristaltic pump (Scanditronix, Uppsala,
Sweden) with a withdraw speed of 6 ml/min. Radioactivity
concentrations in blood were measured with a BGO
coincidence monitor system. The detectors had been
cross-calibrated to the PET scanner via ion chamber [26].

At the end of the experimental period, animals were
sacrificed by potassium chlonde injection and anesthetic
overdose, the abdominal cavity was rapidly accessed, and
the whole liver was explanted and weighed and its volume
was measured by water displacement: liver density was
calculated as the ratio of organ weight-to-volume to derive
the ultrasound-based flow to PET-equivalent unit (i.c., flow
per unit of tissue volume).

The protocol was reviewed and approved by the Ethical
Commuttee for Animal Experiments of the University of Turku.
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Data processing

Dynamic sinogram data were corrected for dead time in
each frame in addition to detector normalization. Tomo-
graphic images were reconstructed from corrected sinogram
data by the median root prior reconstruction algorithm with
150 iterations and Bayesian coefficient of 0.3 [1], Attenu-
ation correction was applied with transmission data, A
reconstructed image had 128128 |5 matrix size with a
pixel size of 2.4 mm~»2.4 mm and 6.7 mm with 20 frames,
Measured arterial and portal vein blood TACs were
corrected for physical decay and dispersion [11] as 7=2.5 s,
which was experimentally obtained and usually applied in
our center. The arterial TAC corrected for decay and
dispersion was then corrected for delay by fiming to a
whole-liver tissue TAC [12]. The arterial curve obtained,
C,(1), was used as the measured arterial input function,
Then, the portal vein curve, cormrected for dispersion (7=
2.5 5) and delay with the same delay time for arterial TAC,
Cplr), was finted according to the following equation:

Cp(1) = ke Ca (1 + Aty) 2 b 1+ %) (%)

to obtain kg and to account for the appearance time (A,
seconds) via the gut system. Obtained measured curves
were directly fitted with Egs. | and 2 to examine adequacy
for a usage of model functions,

A region of interest (ROI) was placed on the whole
region of the liver in a summed image and subsequently
divided plane-by-plane into sub-regions of 700 pixels each,
corresponding to 11 22 sub-regions, Sub-regions were
created by extracting pixels firstly from horizontal then
vertical directions inside the whole ROl in each slice. Each
sub-region consisted of a single area with the same number
of pixels. Tissue TACs in the sub-regions were extracted
from dynamic images. Then, DIF was estimated according
to the procedure introduced above. In the first step, initial
values and boundary conditions for the non-linear fitting
(PAW environment) for each parameter were 20,000
between 0.0000002 and 200,000,000 Bg/ml for A4, 5
between 2 and 20 ml/min for K(l1+a), 1 between =10
and 100 s for 1;, 20 between 1 to 60 s for 1;—1;, 20 between
1 and 100 ml/ming for £, 100 between | and 400 ml/min/g
for f, and 0.05 between 0 and 1 ml/ml for V5. In the second
step, 87 value in Eq. 6 was minimized, and the image-based
input function was obtained. Areas under the curves (ALUC)
for measured and image-based inputs were calculated for 0
to 180 s; Their percent difference was calculated.

Perfusion values £, and f, were calculated by non-linear
Gauss-Newton fitting method (PyBLD environment),
Results obtained with the new technique were compared
with (a) those obtained with the measured input function
and (b) the ones from our independent reference method,

2 Springer

i.e., ultrasonography, after their normalization to the organ
volume to derive PET-equivalent units,

Statistical analvsis

Data are shown individually or as mean+SD. The Student’s
paired 1 test was used for intra-individual comparisons of
flow values. Regression analyses were performed according
to standard techniques. A p<0.05 was considered to be
significant. Differences between the flow values were
calculated as (fy—fy)/fyx where fy and fy are flow values
from the non-invasive method and from the measured input
or ultrasonography, respectively, and ploted in Bland
Altman plot [3].

Resulis
Simulation study

The biases in values of arterial, portal vein, and total blood
perfusion due to a fixed &, and delay time are presented in
Fig. 4a and b as a function of the value of k, and delay
time, respectively. The error in total flow results did not
exceed 10% for a <20% (i.e., 0.4-0.6 min ") difference
berween the fixed and the assumed (true) &, and for a <10-s
time delay,

‘The influence of noise and number of tissue TACs, i.e.,
the bias and deviation on both arterial and portal blood flow
values, showed to be minimal for a number of tissue TACs
of 10 to 20 at both noise levels (Fig. 5). As shown in Fig. 5,
if the number of tissue TACS is increased, noise on each
curve for input estmation becomes larger. On the other
hand, a smaller number of tissue TAC corresponds to less
information from tissue TAC in terms of variation of flow
values. This result suggested that the optimal number of
fissue TACs to be applied to preserve accuracy is in the
above range, which 1s independent of the two noise levels,
Among the five parameter composing the model input
functions, the three parameters fy, /5, and r, were deter-
mined with same accuracy, i.e.. both the difference and
deviation in those values were less than | s for ; and 7 and
5% for r,, respectively, for the noise level of 10%,
independent of the number of tissue TACs. Bias and
deviation of the remaining two parameters A4 and K.(1+a)
depended on the number of tissue TACs following the same
tendency as the bias and deviation on blood flow values, as
described above.

Experimental study

Reconstructed images are shown in Fig. 6, together with
divided sub-regions. In the first step of our procedure, the
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obtained value of 1, from TACSs extracted from sub-regions
overlapping the vena cava (e.g., lower sub-region at upper
left side image in Fig. 6) was 10 1 13 s earlier than the
mean, and these TACs were omitted from further process-
ing. The estmated 7,- 1, was 27+3 s, which was similar to
the tracer administration duration.

Figure 7 shows the curves of the model arterial and
portal mput functions (Egs. | and 2) dircctly fitted to
measured curves. The model functions for those were
superimposable to measured curves, although both modeled
curves slightly overestimated at the late times. This result
suggested that the model function was almost adequate to
use for the estimation of input.

The mean+SD of &, was 0.497+0.153 mV/min/g and that
of At, was 0,745.1 s obtained by fitting the portal TAC
using arterial TAC by Eq. 8.

Estimated, image-derived arterial and hepatic input
functions were almost supenmposable to the measured
curves (Fig. 8), The mean+SD and range of difference of

AUCs were —3.15+8.73% ranging from —13.5% 1o 17.9%
and 1.47+8.87% ranging from —13.5% to 10.2% for arterial
and portal input functions, respectively, The coefficient of
variation of the estimated flow ratio between artery and
portal vein in the first step across sub-regions was 26+ 9%.
The mean+SD of that ratio across subjects was 0.15+0.07
and those from ultrasonography was 0.16+0.06, and paired
t test showed no significant difference between them. This
suggests supporting the assumption that the ratio between
arterial and portal input defined in Eq. S relates to the flow
values.

The Bland-Altman plot between values of hepatic
arterial, portal, and total perfusion, as estimated by using
the image-derived versus the measured blood curves, is
shown in Fig. 9. This plot demonstrates a small overesti-
mation by image-derived method with a bias of 0.01 and
0.07 ml/min/g for arterial and portal flow, respectively, and
that 0.08 mlUmin/g for total flow. Respective regression
lines were the following: v=0.00+1.09 x (r=097, p<

40 00—
20
£
! 1]
-20
40 0
10 10° 10 10°
The Number of TACs The Number of TACs

Fig. 5 Bias (/efi} and deviation (right) in the arterial and poral vein blood flow values as a function of the number of time—activity curves applied

to the estimation of the input function
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Fig. 6 View of liver H:' "0 PET images in four slices and sub-regions
(solid line). The small area with high scuvity levels on the mid-righn
and muid-left side of the image corresponds 1o the vena cava and aorta,

respectively

0.001), v-
1.06 x (r

0.054+1.02 x (r=0.87, p<0.001), and

0.90, p<0.001), Paired ¢ test showed no

0.02+

significant difference between the methods. Differences
were —6.8+20.0%, —4.9+14.3%, -5.84+15.6%
arterial, portal, and total blood flow values, respectively

and for

I'he Bland-Altman plot berween values of hepatic
arterial, portal, and total perfusion, as estimated by using
the current method versus ultrasonography, is given in
Fig. 10, an overestimation by
image-derived method with a bias of 0.02 and 0.22 ml

This plot demonstrates

min/g for artenial and portal flow, respectively, and that
0.24 mlmin/g for total flow. Respective regression lines
were the follow ng: v=0.06+0.69 x (r=0.69, p=0.12), )

0.41+098 x (r=0.54, p=0.025), and v=0.24+0.97 x (r=
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0.60, p=0.022). Again, paired 7 test showed no significant
difference between the methods. Differences were 3.64
52.0%, 15.5+31.3%, and 16.9+33.0% for values of arterial,

portal, and total blood flow, respectively.

T'he total flow values ranged from 0.5 0 2 ml/min/g in
the animals (Figs. 9 and 10). However, only two out of 14
showed smaller values of 0.5 mUmin/g (i.e., approximately
500 ml in the whole organ), which is still physiologically
reasonable, while the great majonty clustered between |
and 2 ml/min/g

Discussion

In the current work, we developed and validated a method
to estimate the two components of the hepatic dual input
function from liver H;'*O PET images and quantify hepatic
perfusion. Computer simulations were used to evaluate the
influence of assumptions, noise in raw data, and number
and size of the regions of interest to be used in the analysis.
After demonstrating that k; can be assumed within a 20%
range by introducing a negligible error in perfusion
estimates and that 10-20 regional time-activity curves
appear optimal, the method was validated experimentally
by showing its coherence with measured blood tracer levels
and with liver perfusion results obtained by an independent
technique

The current approach estimated the hepatic artenial and
portal mput functions from multiple tissue curves to
calculate respective and total organ perfusion. A high
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degree of overlap and tight correlations were observed  The present method showed that the height of the estimated

between the estimated input functions and those obtained
during online blood sampling/counting. Consequently,
calculated flow values were consistent between the meth-
ods. Alternative to the present procedure, a ROIl-based
input extraction from PET images has been used for the
carotid artery in [''C]flumazenil brain studies [27], abdom-
inal artery for kidney blood flow quantification with H,'*O
[15], and aorta for cardiac '*F-FDG metabolism [32], and
for tumor blood using H,'°0 [34]. In these approaches,
ROls are drawn in visible vessels, and the partial volume
effect must be taken into account by testing different ROIL
sizes or by thresholding the pixels inside arterial ROIls: the
need for partial volume correction remains a necessary
limitation, Closer to the current analysis, Edward et al.
applied multiple tissue curves to estimate quantitative
kinetic parameters in the brain [7] and well reproduced
the input function for H,<*0. However, their formula did
not take into account the radioactivity from the blood
component inside the tissue ROI, and the validity of their
method may not be directly extrapolated to the liver
because of the large proportion of blood, which is typically
ranging between 0.27 and 0.40 ml/ml [23] in this organ.

input is almost doubled if the blood volume is not included
in the formula and if the arterial volume contributes 10% of
radioactivity in the tssue TACs in our preliminary study
(data not shown). The shape of an arterial input function
from multiple tissue TACs has been well reproduced in
brain "*FDG or ["'C]MPDX studies by using an indepen-
dent component analysis-based method (extraction of the
plasma TAC using independent component analysis [24,
25] still requiring one arterial blood sample, and the
combination of the latter and the current techniques may
be of further simplification and deserves investigation since
it would entail neither a model function nor direct blood
measurements.

One advantage of introducing a model function was to
shape the model input function by imposing constrains 1o
the parameters range, allowing to overcome noise problems
caused by limited scan duration and short half-life of '*0.
The present approach may be applicable to a study group
including subjects with hepatic disorders as far as measure-
ment conditions are equivalent and the shape of the input
function can be expected to be similar, though the validity
of the present method was tested in normal animals, We

Fig. 10 a Blmnd-Altman plot
for arterial (square). portal (- f E = = g
angle), and b tow! hepatic blood 1| A 1B
flow differences between ultra- A % P
sonography and kinetic model- e A . -
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expect no relevant limitation in the extension of the
assumptions concerning the shape to other species and in
a majority of hepatic conditions. A drawback in the use of a
model function, however, is that the feasibility is unknown
for a group in which the shape of input functions could be
extremely different or cannot be expressed by the present
model function. This is not a commonly expected case. In
this situation, the present method would require to, and may
still be adapted, by infroducing group-specific parameter
constraints or a modified model function. The present
model function was created by assuming the model,
namely, tracer bidirectional diffusion o whole body as in
differential Eq. 9. The solution was derived as Eq. 10, and
the model function was modified to avoid the one order
term of 1, which would complicate calculations in the
following procedures, i.e., model function for portal input
and for tissue response functions. This modification could
deteriorate the physiological mean of parameters, such as
K¢ and K however, the input functions obtained in the
present study using this modified equation well reproduced
the shape of measured inputs. The modified model function
and derived portal model function seemed to be superim-
posable to measured blood TACs, although there were
slight, few-second systematic misalignments in the peak of
arterial blood and overestimations at the late phase. This
suggested that the ermor in the position of the peak and in
late phase in the estimated input function against measured
ones (Figs. 7 and 8) is due to a limitation in the description
of the model function.

The present estimation procedure followed two steps, as
designed to fit tissue curves individually, and then
simultaneously. The first step allowed careful exclusion of
ussue TACs showing #; or r; values over one standard
deviation from the mean to ecliminate the influence of
radioactivity outside the liver region. In fact, in the
experimental procedure, H;'"O was injected in the femoral
vein, draining into the vena cava, which is not distant from
the liver. Other adjacent high-perfusion organs include the
kidneys. The influence of ROIs drawn in proximity of these
regions was not included in the model. Thus, special
attention was paid at excluding confounding tissue TACs
by examining f; and 7;. In the above examples, the tracer
was expected to show an carly peak in case of an
anatomical overlap with the vena cava, and the extracted
TAC covering this region was omitted in this step. The
second step was introduced to facilitate the achievement of
the convergence by fixing the values of 1, 15, and r, to their
calculated means (as obtained above) to estimate the
remaining two parameters, Generally, if many parameters
are estimated in a fitting procedure such as in the present
method, there could be many local minima, and uniqueness
of parameter solution might not be guaranteed. As shown in
the simulation study, the three parameters 1y, 1,, and r, were
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estimated independent of the number of tissue TACs:
however, the remaining two parameters 4 and KJ(l+a)
were dependent on that. This suggests that correlation
among parameters due to their numerosity could not be
prevented. However, the shapes of input functions were
reproduced, and flow values were consistent with other two
methods, i.c., those computed from measured inputs and
from ultrasonography. Thus, the correlation among param-
eters did not seem to affect the estimation of flow values,
although further study is required for optimization,

We used a fixed value of &, to represent the diffusion
rate of water between arterial blood and the gut compart-
ment in the estimation of the portal input. The deviation in
this rate constant was about 26% in the current study group.
The simulation analysis showed that values within 20% of
the assumed true &, number corresponded to a propagated
error of 10% in the final estimation of hepatic perfusion.
The value of &, used in our final computations is in
accordance with the recently reviewed concept that [20] in
mammals, the general biological rate (uptake ratio) varies
approximately in proportion to the 3/4 power of body size
and, given a body mass of ~60 kg, &, which is the uptake
rate of water in the gut system, can be predicted to fall
around 0,45 min' in humans. This number is consistent
with a mean figure of 0.5 min ', as obtained in this study,
suggesting that the present assumption could be imple-
mented to obtain the liver input function in humans. We
also assumed a time delay of portal input to be zero against
the artenial one. The deviation in this time was about 0.7 s
in the current study group. The simulation analysis showed
that an error in this value within 10 s corresponded to a
propagated error of less than 10% in the final estimation of
hepatic perfusion. Of further strength, a close agreement
was shown between estimated and measured blood activity
curves and estimated and Doppler-determined liver flow
results. The larger difference of the latter result against the
former result might be due to the model assumptions in
flow calculations, as well as in the assumption of circular
shape when estimating the area of the arterial and portal
vessels by ultrasonography and in the accuracy of ultraso-
nography data (from multiple measurements of flow data,
coefficient of variation was 1345% for portal flow and 18+
10% for hepatic artenal flow with this study [data not
shown]). In this study, the flow values were calculated
assuming the dual input, single compartment model [2, 29,
30, 35]. Altogether, the above observations support the use
of a fixed g and the current model in the fully non-invasive
quantification of liver perfusion.

The validation of the current approach, as obtained in this
study, is especially valuable in the liver for multiple reasons.
First, the inaccessibility of the portal vein prevents its direct
blood sampling in humans. Arterial blood can be obtained [8,
9, 16, 17, 26, 33], but blood counting requires corrections for
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dispersion, delay between target ongan and sampling device,
and cross calibration between PET scanner and radioactivity
counter, which are all potential sources of errors, in the same
magnitude as that expected with the current method. Second,
liver perfusion can be compromised both as consequence
and cause of hepatic disease and is considered a prognostic
indicator and useful marker during progression or treatment
follow-up [6, 22]. Third, the possibility to distinctly quantify
portal and arterial perfusion is important because their
reciprocal compensation may be masked once only if total
hepatic flow is measured.

The present simulation study allowed to establish that the
optimal number of tissue TACs for DIF estimation was 10 to
20, independent of the noise levels, among the ones selected
in this investigation. As pointed out by Edward et al. [7], as
the noise on tissue TACs increased, the standard deviation of
uptake ratio of tracer increased. Also, they suggested that the
standard deviaton tended to decrease when more regions
were used. The present study intended to investigate the
optimal number of tissue TACs from the whole region of
liver. The noise in the liver can be minimized by placing a
ROI to cover the whole organ and subsequently dividing it
in a number of sub-regions corresponding to 1020 under
the conditions of the current experiments. The present results
may depend on the reconstruction method However, as far
as the PET image is calculated quantitatively and the
distribution of flow values in the extracted TACs is in the
same order of magnitude as the present study, the results of
optimization in this study would be applicable because those
two conditions were assumed in the present simulation study.
We assumed that the ratio of blood flow between the hepatic
artery and the portal vein was uniform in the whole organ, as
supported by an extended literature on the healthy liver and
on a majority of metabolic disorders involving the organ,
Conversely, the quantification of flow in hepatic umors in
which perfusion from arterial blood is predominant may be
best approximated by simplifying the procedure to a single
input or by fitting the relative vascular (arterial and portal)
contributions as additional parameters in the model. The
current procedure was validared for the determination of
liver perfusion with H,'*0 PET data. Required conditions
were a model function to describe the input function and a
kinetic model for tracer exchange between blood and tissue. In
theory, the present method might be adapted to other tracers
and organs if tracer kinerics in the tissue can be described with
a model function.

In conclusion, our results demonstrate that arterial and
portal vein concentrations of labeled water can be estimated
directly from tissue time-activity curves obtained through
dynamic H,'*0 PET imaging. The calculated hepatic
arterial, portal, and total perfusion values using estimated
or measured input functions were similar and consistent
with ultrasonography measurements.
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Appendix

A model function for AIF was created by assuming a two-
mmpm"tmmt model in which the tracer is administered in a
rectangular form and diffuses bi-directionally berween
arterial and interstitial space in whole body pernipheral
tissue compartments. Differential equations for the model
function (CA(N) can be expressed as

dc dF
;:“} = 55~ KCalt) =K Ca () i
dc\;.__(,, = K.Calt) = KiCunlr) (o)

E=A(h<1<n) ()
0 (elsewhere) y
where 1, and r; assumes the appearance time of
administered tracer, and 1,1, represents the administration
duration: A4 corresponds to the given amount of tracer, The
equation F (Eq. 11) represents the bolus administration of
wracer in the rectangular form with duration ;- #;. Cygn(/) is
the expected tracer concentration in interstitial spaces in
whole body peripheral tissues: K, and K; are bidirectional
tracer diffusion rates between blood and peripheral tissue
compartments, respectively. Solving Eq. 10 for Cyp gives

Cwalr) = K,(r'***j Calz)é “dt. (12)
(1]

Sum of Eqs. 9 and 10 is

d(Cal1) + Cunln) _ dF

dr dr H
Thus,
Calr) + Cwnlt) = F
:g(f - 1) {n(;{l gjhl (4
=Aln—4) ((>h)
Q Springer

= Jll=—



1910

Eur J Nucl Med Mol Imaging (2008) 35:1899-1911

Substitution of Cyy from Eq. 12 into 14 after multiply-
ing M/ gives

where a=K/K, Thus,

f ' 5
MICAn) +A‘.J Ca(r)et "dr = M'F (15)  Caln= Kw‘*‘”‘"""J (uF—»}:—%)eA' leebtdr
1] [{] ,
Differentiation with respect to 1 after arranging gives (17
Solving Eq. 17, we obtain
dCal) . 1 dF
S =of + % — K(1 +a)CAlr) (16)
Calt)=0 (r<n) (18)
=~K—!—“A+—O)=(K‘u{l +a)t=n)+1 —a'k‘”.mu'-") h<r< 1)
= A Sl L ghell=nhin=r] _ Koll+akin=n
—W(Kctl“ a)(t—n) et & )) (t>n)

The first term in the second equation for 1y <t<n, ie.,
Keo(l+a)(n—12), would complicate further calculations
(such as tissue response and portal input); thus, this term
was omitted, and the model function (Eq. 18) was modified

to set the Cy value as 0 at 1=1y, as continuous at r=1;, and as
non-zero value at the equilibrium, i.e., at r=x. Thus, the
following equation was derived:

Calr) = 0. (t<n)
=K3(l.:n)’“_“pw’“_uw'_fm (h<t1<n)
=,;(¢XP{K¢{I +a)(h =) +exp(K(l +a)(r—1)) = 2 exp (Ke(l = a)(n =1))) . (r>n)

K21 +a)’
(19)
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Association of Serum Lipocalin-Type
Prostaglandin D Synthase Levels with
Subclinical Atherosclerosis in Untreated
Asymptomatic Subjects

Yoshikazu MIWA"?), Hiroshi ODA?, Yasuhiko SHIINAY, Kentaro SHIKATAZ,
Motoo TSUSHIMA®Y, Satomi NAKANOY, Taro MARUYAMA®, Shingo KYOTANIY,
Naomi EGUCHI?, Yoshihiro URADE", Fumi TAKAHASHI-YANAGA",
Sachio MORIMOTO", and Toshiyuki SASAGURI"

Recent studies suggest that lipocalin-type prostaglandin (PG) D synthase (L-PGDS), which converts PGH,
to PGD,, is implicated in the pathogenesis of atherosclerosis. However, clinical evidence for the association
between serum L-PGDS levels and atheroscierosis has not been reported. In this study, we measured the
serum L-PGDS concentration using sandwich enzyme-linked immunosorbent assay (ELISA) and investi-
gated the association with traditional cardiovascular risk factors and surrogate atherosclerotic indices, such
as the maximum score of the intima-media complex thickness of the carotid artery (C-IMT ..,) and the bra-
chial-ankle pulse wave velocity (ba-PWYV), in 500 non-treated asymptomatic subjects. The serum concentra-
tion of L-PGDS was 0.56+0.01 (mean+SEM, range 0.25-1.27, median 0.54) mgfL. Serum L-PGDS levels
Increased with age and were higher in men than in women. Serum L-PGDS was higher in subjects with
hypertension and increased with increasing numbers of the traditional atherosclerotic risk factors. When the
subjects were divided into four groups according to the levels of serum L-PGDS, the age-adjusted values
of C-IMT..... and ba-PWV were significantly increased in subjects with higher serum L-PGDS levels (quartile
3 and quartile 4) compared to those in the lowest quartile (quartile 1), for both genders. Multiple regression
analysis Including risk factors revealed that serum L-PGDS was an independent determinant for ba-PWV
(4=0.130, p<0.001). Serum L-PGDS tended to associate with C-IMT,., but was not statistically significant
(A=0.084, p=0.075). In conclusion, our results suggest that an increase in serum L-PGDS concentration Is
associated with the progression of atherosclerosis. (Hyperfens Res 2008; 31: 1931-1939)
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atherosclerosis, arterial stiffness
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Introduction

Lipocalin-type prostaglandin (PG) D synthase (L-PGDS) is
the enzyme responsible for the biosynthesis of the PGD; pro-
duced in the arachidonic acid cascade from a common precur-
sor of various prostanoids, PGH:. This enzyme has recently
been reported to have an association with cardiovascular dis-
eases, L-PGDS is expressed in the vascular wall (7, 2) and is
overexpressed in the atherosclerotic intima (/). Exogenous L-
PGDS inhibits cell proliferation and migration in vascular
smooth muscle cells (3). The decrease in L-PGDS production
in plaque macrophages increases the risk of plaque rupture
through matrix metalloproteinase-9 activation (4). L-PGDS
knockout mice fed a high-fat diabetic diet showed accelerated
atherosclerosis (5).

The downstream products of L-PGDS, PGD; and its natu-
rally occurring metabolites in the PGJ: family, such as PGJ.,
A“-PGI; and 15-deoxy-A'*"-prostaglapdin J; (15d-PGL.).
have also been reported to show atheroprotective effects by a
variety of mechanisms. PGD; inhibits platelet aggregation
(6). induces vasodilation (7) and suppresses the mRNA
expression of pro-inflammatory cytokines such as inducible
nitric oxide and plasminogen activator inhibitor-1 in vascular
wall cells (8, 9). Among the PGJ; family members, 15d-PGJ;,
a potent endogenous ligand for peroxisome proliferator—acti-
vated receptor-y (PPAR-y), inhibits inducible nitric oxide
synthase expression (/0), inflammatory cytokine production
(41), and matrix metalloproteinase activity in macrophages
(12). The PGJ; family also strongly inhibits proliferation and
promotes differentiation in vascular smooth muscle cells (13-
15).

In addition to these findings, several clinical studies have
suggested the usefulness of serum L-PGDS measurement in
predicting cardiovascular dysfunction. Serum L-PGDS levels
were increased in the coronary circulation in patients with
angina pectoris (/) and essential hypertension (/6), and were
suggested to predict the occurrence of restenosis after coro-
nary angioplasty (/7). However, these studies analyzed a rel-
atively small population, and the association between serum
L-PGDS and atherosclerosis in asymptomatic subjects has
not been well examined yet. Therefore, in the present study,
we measured the serum L-PGDS concentration using
enzyme-linked immunosorbent assay (ELISA) in untreated
asymptomatic subjects and investigated the association with
the traditional risk factors of atherosclerosis. We also quanti-
1atively assessed the atherosclerotic changes of the vascular
wall using two common methods—the maximum value of the
intima-media complex thickness of the carond artery
(C-IMT ) and the brachial-ankle pulse wave velocity (ba-
PWV)—and examined the associations with the serum L-
PGDS level.

Methods

Subjects

This study involved 512 untreated asymptomatic subjects
who participated in an annual health check program from
2001 to 2003 at Kisei-Town (Ise-City, Mie Prefecture,
Japan), conducted by Keio University Ise Hospital. Six sub-
jects with severe diabetes (HbAlc28.0%), 4 subjects with
severe hyperlipidemia (total cholesterol 27.8 mmol/L [300
mg/dL] or triglyceride 24.5 mmol/L [400 mg/dL]), and 2
subjects with renal impairment (serum creatinine 2 115 pmol/
L [1.3 mg/dL]) were excluded and. consequently, 500 sub-
jects were analyzed. Hypertension was defined as systolic
blood pressure (SBP) 2 140 mmHg and/or diastolic BP (DBP)
=90 mmHg. Dyslipidemia was defined as low-density lipo-
protein (LDL) cholesterol 23.6 mmol/L (140 mg/dL). Diabe-
tes mellitus was defined as fasting plasma glucose (FPG)
27.0 mmol/L (126 mg/dL). This sudy was conducted in
accordance with the Declaration of Helsinki, and the study
protocol was approved by the ethics review committee of the
Keio University Ise Hospital. Written informed consent was
obtained from all subjects.

Clinical Parameters

At the physical examination, blood preésure. body mass index
(BMI), and hematological and biochemical profiles were
determined in the morning after an overnight fast. Serum lev-
els of triglyceride, total cholesterol, high-density lipoprotein
(HDL) cholesterol, LDL cholesterol, fasting plasma glucose
(FPG), and creatinine were measured using routine laboratory
methods.

Measurement of Serum L-PGDS Concentration

Venous blood was collected in the absence of anticoagulant in
the morning after an overnight fast. After centrifuge, the
serum was aliquoted and stored at —80°C prior 10 use. Serum
L-PGDS levels were determined by sandwich ELISA using
two monoclonal antibodies, Mab-7F5 and Mab-1B7, as
described previously (I8). In brief, the samples were incu-
bated at 30°C for 90 min in Maxi Sorp F96 microtiter plates
(Nalge Nunc, Roskilde, Denmark) precoated with unlabelled
Mab-T7F5 (4.4 mg/L) at 4°C overnight. After a wash, the plates
were incubated at 30°C with peroxidase-conjugated Mab-1B7
(2.0 pg/mL) for 90 min. Thereafter, 2.2'-azino-bis(3-ethyl-
benzothiazoline)-6-sulfonic acid solution (Bochringer-Mann-
heim, Mannheim, Germany) was added to each well, and the
reaction was stopped by adding 1.5% oxalic acid. The plates
were read on a Spectra-Max 250 microplaie reader (Mole-
cular Devices, Sunnyvale, USA) at 405492 nm. All samples
were measured in duplicate and the resulls were averaged.
The minimal detectable concentration of this assay system
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Table 1. Clinical Characteristics of the Participants
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Men (n=158) Women (n=342) P
Age, years 61.8 59.6 0.041
Body mass index, kg/m’ 24.0 236 ns.
Systolic BP, mmHg 133.6 130.8 ns.
Diastolic BP, mmHg 79.8 76.2 0.003
Total cholesterol, mmol/L 548 5.67 0.024
HDL cholesterol, mmol/L 1.49 1.64 <0.001
LDL cholesterol, mmol/L i3e 3.50 ns.
Triglyceride, mmol/L 1.37 1.15 <0.001
FPG, mmol/L. 5.70 5.16 <0.001
Serum creatinine, pmol/L. 639 844 <0.001
Habitual smoking, % 293 8.2 0.046
Obesity, % 323 29.8 ns.
Hypertension, % 373 339 n.s.
Dyslipidemia, % 39.2 43.9 ns.
Diabetes, % 1.6 32 0.030

Values are the mean or frequency. p values refer to unpaired r-test for continuous variables and »* analysis for categorical variables, n.s.,
not significant; BP, blood pressure: HDL, high-density lipoprotein; LDL, low-density lipoprotein; FPG, fasting plasma glucose.

was .03 mg/L, and the intra- and interassay coefficients of
variation were 3.2 and 5.7%, respectively,

Carotid Artery Ultrasonography

Ultrasonography of the common carotid arteries was per-
formed with a high-resolution Duplex scanner (SSA-390A;
Toshiba Medical Co., Lid., Tokyo, Japan) using a probe at a
frequency of 7.5 MHz for the B-mode scan. The subjects
were investigated in the supine position. The carotid arteries
were carefully examined with regard to wall changes from
different longitudinal (anterior obligue, lateral, and posterior
obligue) and transverse views. Each ultrasound image was
recorded on a computer with an on-line digital filing system,
and the intima-media complex thickness (IMT) was measured
off-line and analyzed. This measurement was performed by
two independent sonographers blinded from the clinical data,
C-IMT .. was defined as the maximum value of the IMT in
the whole area examined, including plaques in bilateral com-
mon carotid arteries, The intra-observer and inter-observer
coefficients of variation using 50 subjects were 4.6% and
4.3%, respectively.

Measurement of the ba-PWV

The oscillometric ba-PWV was automatically measured by
AT form (Nihon-Colin AT Co., Komaki, Japan) as described
previously (/9). In brief, this device records the phonocardio-
gram. electrocardiogram, volume pulse form and arterial
blood pressure at the bilateral brachia and ankles. The level of
the ba-PWV was calculated by time-phase analysis between
the right brachium and ankle. The intra-observer and inter-
observer coefficients of variation using 50 subjects were 2.1

and 2,3%, respectively.

Statistical Analysis

Data are presented as means, means+SEM or frequency. The
values for the serum L-PGDS level were used for regression
analysis after logarithm-transformation, since these raw val-
ues were not normally distributed when we performed the
Shapiro-Wilk test and instead showed a logarithm distribu-
tion. To compare the mean values between two groups, the
unpaired {-test was used for continuous variables and the x°
analysis was used for categorical variables. In a simple
regression analysis, Pearson's correlation coefficients were
used for continuous variables and Spearman's correlation
coefficients for categorical variables. To compare the age-
adjusted mean values among groups, analysis of covariance
was used. Multivaniate-adjusted correlations were analyzed
by multiple regression models. In a multivaniate-adjusted
analysis for the C-IMT. and ba-PWV, sex (men: 1 or
women: (), age, habitual smoking (yes: 1 or no: 0), obesity
(yes: 1 or no: 0), hypertension (yes: 1 or no: 0), dyslipidemia
(yes: | or no: 0), diabetes mellitus (yes: 1 or no: () and
logip L-PGDS were entered into the model. The above
statistical analyses were performed using the JMP IN, version
5.1.1. J (SAS Institute Inc., Cary, USA). The appropriate
cut-off values of serum L-PGDS levels for the atherosclerotic
indices in the logistic regression model were calculated
by plotting the receiver-operating characteristic (ROC) curve
using SAS statistical software (SAS Instiute Inc.).
We defined significant atherosclerosis as a ba-PWV214.0
m/s (yes: 1 or no: 0) or a C-IMT 2 1.0 mm (yes: 1 or no: 0),
and the points closest to the upper left-hand corner of
the graph were chosen as the cut-off points. p<0.05 was
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Fig. 1. A: Distribution of the serum L-PGDS concentration. The solid and dashed lines represent logarithmic and normal distri-
butions, respectively. B: Serum L-PGDS levels in the indicated age groups. *p<0.05 vs. <40 years old. L-PGDS, lipocalin-type

prostaglandin D synthase.

considered statistically significant.

Results

Clinical Characteristics

The characteristics of the participants categorized by sex are
presented in Table 1. Ages ranged from 34 to 88 (60,310.5)
years. Men had higher levels than women of diastolic BP, tri-
glyceride, FPG, and serum creatinine, and lower levels of
total cholesterol and HDL cholesierol. The prevalence of ath-
erosclerotic risk factors was 15% for habitual smoking, 31%
for obesity, 35% for hypertension, 42% for dyslipidemia and
5% for diabetes. The ratios of habitual smoking and diabetes
mellitus were higher in men.

Serum L-PGDS Level and the Association with
Traditional Cardiovascular Risk Factors

The serum level of L-PGDS was 0.56+0.01 mg/L. (range
0.25-1.27, median 0.54) and showed a logarithm distribution
{Fig. 1A). Serum L-PGDS levels increased with aging: the
subjects over 50 years old had significantly higher serum L-
PGDS levels than those under 40 years old (Fig. 1B). Further-
more, men (0.60 mg/L} had a significantly greater level of
serum L-PGDS than women (0.54. mg/L) (p<0.001). This
trend did not change when the subjects were categorized by
age (Fig. 1B). In a linear regression analysis, the serum L-
PGDS (log scale) was positively correlated with age
(r=0382, p<0.001), SBP (r=0231, p<0.001), DBP
(r=0,142, p=0.001), and serum creatinine (r=0428,
p<0.001) and inversely correlated with HDL cholesterol
(r==0.181, p<0.001). These associations did not change
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when subjects were categorized by gender (data not shown)
When the subjects were categorized by the traditional cardio-
vascular risk factors (habitual smoking, obesity, hyperten-
sion, dyslipidemia and diabetes), age-adjusted serum L-
PGDS levels were significantly higher in patients with hyper-

tension for both men and women (Fig. 2). In women but not
in men, smokers also had higher serum L-PGDS levels than
non-smokers, Obesity, dyslipidemia, and diabetes did not
show significant differences. However, when the subjects
were divided into three groups according to the number of
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