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Methods: Regional spienic blood flow (SBF) was quantified by
PET using a steady-state method with '*O-carbon dioxide. SBFs
were determined using 104 tomographic planes obtained from
49 patients. Results: When the spleen-blood partition coefficient
for water (p) was =0.85, significant correlations (p < 0.005) were
found between SBF values determined by the steady-state and
dynamic methods. The best cormrelation between SBFs deter-
mined by the two methods (r = 0.571) was found when p = 0.93.
The best regression line, however, was thought to be the line
when p = 0.93. The regression line between SBF calculated by
the steady-state method (y) and SBF determined by the dynamic
method (x) was y = 0.57 x + 0.03 with an F ratio of 48.75
(df. = 103, p = 5.0 x 107%%, by ANOVA) when p = 0.92.
Conclusion: A quick evaluation of SBF can be made by using
the newly defined regression line.
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Ellowing Ter-Pogossian’s pioneering studies with 1°0 to
measure cerebral blood flow (1), rapid progress has been
made in the understanding of cerebral blood flow and ox-
ygen metabolism using the steady-state method (2). This
method, however, has never been applied to other organs,
especially intra-abdominal organs. PET studies enable the
exact measurement of the distribution of positron-emitting
radioisotopes within the human body and can be used to
effectively quantify blood flow in many organs.

We have studied splentic hemodynamics, which change
as liver damage progresses (3,4), with PET using water and
a dynamic-state method. Since splenic hemodynamics are
probably important in liver disorders and portal hyperten-
sion, PET is a powerful tool to study this relationship.

In this study, we estimated splenic blood flow (SBF)
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with a steady-state method using *C-water as well as the
reliability of the results in relation to those obtained with
the dynamic-state method using '*O-water.

METHODS

Mathematical Model and Theory

In the steady blood flow state, 'C-water is continuously in-
haled and '*0 is rapidly converted in the lungs from '*C-water to
150-water (5). Therefore, the following equation holds between
the radioactivity in the spleen (Cs(t)), the input function of the
aorta (Ca(t)), the total splenic blood flow (F), the volume of the
spleen (V), and the spleen-blood partition coefficient for water (p):

dCs(t) F FCs(t
=0 -2 sty =0,

dt \' Vp Eq.1

where u is the decay constant of *O-carbon dioxide. Regional
splenic blood flow per 100 g of splenic tissue (SBF) can be solved
as follows:

100F 100
SBF = — =

DV D(Ca(t) 1) ’
Cs(t) »p
where D is the specific gravity of the spleen.

Patients

Forty-nine patients [28 males and 21 females, ages range from
32 to 77 yr (mean: 58.1 yr)] were investigated. No patient had
hepatic functional disorders.

Materials

The PET system consisted of a whole-body PET scanner and a
cyclotron with a gas purifying system. The performance charac-
teristics of the PET system were set as follows: an image resolu-
tion of 8.2 mm FWHM and a slice thickness of 11~13 mm FWHM.
The matrix size of the image was 128 x 128 with a 2-mm pixel
size. The slice interval of the planes was 15 mm. The scan position
for each patient was determined using x-ray CT. Emission data for
three slices at intervals of 15 mm were collected simultaneously.

One hundred four slices were chosen as having planes which
encompassed the spleen and provided regions of interest (ROIs)
with full signal imaging. Under steady-state conditions, S-min
PET scanning was performed during continuous inhalation of 185
MBg-370 MBq of *C-water. Blood samples were collected from

Eq.2
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FIGURE 1. PET and x-ray CT images of a patient with normal
liver function.

the left brachial artery in the first and last minutes of the scan
session, and the average count in the two samples was taken as
Ca(t).

Dircctly after finishing the steady-state cxperiment, PET scan-
ning using the dynamic method was performed. Determination of
blood flow requires that p is known, although this parameter
cannot be obtained with the steady-state method. Consequently, a
value of p was taken, which inadc thc SBF derived from the
steady-state method correlate most closely with the SBF derived
from the dynamic method. Details of the theory and the actual
methods pertaining to the dynamic state method have been de-
scribed in a previous report (3), which is based on the method for
regional cerebral blood flow (7).

The specific gravity of the spleen was taken as one, which
closely approximates the mean specific gravity of 1.029 for 15
surgically removed spleens.

Brace’s method (6) was used to calculate the correlation and
the regression line between the dynamic and steady-state meth-
ods. Because both the dependent and the independent variables
have measurement errors, corrections were made by multiplying
each y by the standard deviation of x and dividing the rcsult by the
standard dcviation of y. F-test analysis (ANOVA) was applicd to
determine thc significance of lincar relationships.

RESULTS

A typical PET image with a ROI and x-ray CT images
are shown in Figure 1. With the dynamic method, SBF per
100 g of splenic tissue (SBF = F/V) ranged from 46.0 to
347.9 m/min/100 g (mean: 163.9, s.e.: 6.6). The mean
spleen-blood partition coefficient was 0.74.

When p derived from the dynamic method was used for
the steady-state method or p was <0.84, no significant
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FIGURE 2. Correlation coefficient () between SBF determined

by the dynamic and steady-state methods when difterent spleen-
blood partiton coefficients for water (o) were applied to the steady-
state method. The r value was the highest amount (0.571) when p for
the steady-state method was 0.92.

correlations were found between the SBFs obtained during
the dynamic and steady states. As p increased from 0.85,
the correlation coefficient (r) between SBFs determined
using the two methods increased and reached a maximum
[r=0.571,y = 0.76 x — 16.5 after Brace’s correction (6)]
when p was 0.92. Conversely, r gradually decreased as p
increased beyond 0.92. In all cases where significant cor-
relations were found, the p value was less than 0.005. The
relation of r to p is shown in Figure 2, and the regression
lines for each change in p are plotted in Figure 3.

When p was 0.93, the regiession line relating the SBFs
for the two methods passed on the origin. Figure 4 shows
the correlation between SBFs for the two methods. The
regression line relating SBF estimated by the steady-state
method (y) to SBF detesmined by the dynamic method (x)
wasy = 0.57 x + 0.03 with an F ratio of 48.75 (d.f. = 103,
p = 5.0 x 10%%, by ANOVA). The relationship between
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FIGURE 3. w of regression lines with Brace's method
for SBF determined by the steady-state and dynamic state methods
for different spleen-blood partition coefficients for water (o) are
shown.
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FIGURE 4. Correlation between SBF estimated by the steady-
state method with p = 0.93 (y) and SBF calculated with the dynamic
method (x). y = 0.57 x + 0.03 (r = 0.569, d.f. = 103, F ratio =

48.75, p = 5.0 x 1079). p: spleen-blood partition coefficient for
water.

mean SBF and p at steady state is shown in Figure 5. The
mean SBF estimated by the steady-state method was 99.9
(s.e.: 7.3) ml/100 g/min.

When p was 1.00, r, the regression line relating SBFs
estimated by two methods, and mean SBF by the steady-
state method were 0.539, y = 0.54 x + 66.0, and 77.6
ml/100 g/min.

DISCUSSION

We have described a technique for quantifying SBF by
PET using '®O-water and a dynamic state method. The
merits of this approach have been previously discussed
(3,4)- With the steady-state method, the procedures and
calculations required to obtain blood flow measurement are
simpler and easier than those used in the dynamic method.
The steady-state method requires only one scan and there
is no need to perform serial arterial blood sampling in order
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FIGURE 5. Relationship between the splenic blood flow est-

mated by the steady-state method and the spleen-blood partition
coefficient for water.
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to acquire an input function, as is the case with the dy-
namic method. A great deal of time is spent in determining
SBF with the dynamic method as many scans must be
analyzed and the flow can only be calculated by using
minimizing nonlinear regression analysis.

In many other respects, however, the dynamic method
is far superior to the steady-state method. Error amplifica-
tion is substantially reduced when calculations are made
with absolute values of blood flow; thus the raw datasets
are more linearly related to actual blood flow. The dynamic
method is also less affected by a loss in sensitivity if more
than one compartment is analyzed and patients are not
needlessly irradiated. Furthermore, the partition coeffi-
cient, which is derived with the dynamic method, is a very
useful parameter that is closely related to disease progress.
In contrast, a constant value must be given for the partition
coefficient with the steady-state method. Finally, repeated
measurements are possible with the dynamic method and
changes in physiological behavior can consequently be
evaluated.

Even though the steady-state method is inferior to the
dynamic method in quantifying SBF, since p cannot be
determined, it is nonetheless very useful for assessing a
patient’s condition. For example, if an upper abdominal
PET scan is performed on the liver (7) and the pancreas
(8), blood flow in the spleen can be qualitatively estimated
from the PET image. A rough estimate of SBF is possible
if p is known, although caution is needed in interpreting the
estimated values since p, which reflects liver function (4),
may change as the liver disorder progresses. After due
consideration of the faults with the steady-state method, a
rough calculation of SBF using a universal partition coef-
ficient (p) should not be considered meaningless. Further-
more, when the oxygen extraction fraction of the spleen
will be measured in the near future, steady-state scans
using '*C-water *C-carbon dioxide, 30, and C'*0 will be
required. In this case, if the spleen-blood partition coeffi-
cient for water is known, the splenic metabolic rate of
oxygen can also be calculated from the results of these
PET scans alone, because SBF can be measured by a
15C-water steady-state scan.

In the steady-state method, Ca(t) was approximated by
the average count of arterial blood samples taken in the
first and last minutes of the scan. The accurate radioactive
concentration of the arterial blood, Ca, is given as:

1
Ca=»FCa(t)dt, Eq. 3
T
where T is the time at which PET imaging is completed.
There is an error between the actual and approximated
values when the patient’s breathing pattern is not stable.
Yamaguchi et al. reported this error to be less than 5% to
6% (9).
To derive SBF with steady-state PET imaging, the p
value has to be evaluated appropriately because the
steady-state method does not provide the p value. Initially,
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p values obtained with the dynamic method were used,
although it soon became apparent that p can have a wide
range of values, which if low can yield a negative blood
flow to the spleen. Therefore, p = 0.85 was needed to
maintain significant correlations between SBF determined
using the two methods. In the current study, the highest
correlation coefficient between the two methods (0.571)
was found when p = 0.92, although if p was assumed to be
1.00, the correlation coefficient was only slightly less
(0.539). Thus, assuming p = 1.00 may be adequate for
calculating SBF by the steady-state method. In another
study, Lammertsma reported that if the partition coeffi-
cient increased above one, there would be only a small
over- or underestimation of cerebral blood flow (10). Thus,
many investigators of cerebral blood flow and oxygen me-
tabolism that use the steady-state method (11,12) assume
that p = 1. Despite these arguments, however, it may not
necessarily follow that setting p = 1 will provide reliable
estimates of SBF. We found that with p = 1 the regression
line for dynamic and steady-state evaluations of SBFs in-
tersected the axis for SBF by the steady state method on
66.0 ml/100 g/min (Fig. 3). By setting p = 0.93, the regres-
sion line relating SBFs determined by the two methods
passed on the origin. This line was thought to be the best
one.

The spleen-blood partition coefficient for water, p, de-
rived from the steady-state method was higher when com-
pared to the value from the dynamic method. In the dy-
namic method, p can have a wide range of values as
mentioned above because it is determined using the non-
linear least squares method. In the steady-state method,
however, p can have only a very narrow range of values
and must be close to one, since p is a denomination of one
in the second equation. This also explains why organ blood
flow derived from the steady-state method is inaccurate.

Because the patients in our study have neither hepatic
nor splenic disorders, these results are applicable to them.
Data from a previous study (4) suggest significant correla-
tion between the spleen-blood partition coefficient for wa-
ter and hepatic function. This perspective on partition co-
efficients in patients with liver disease requires further

study.

In conclusion, we have established a relationship be-
tween dynamic and steady-state methods for measuring
SBF. A quick evaluation of SBF can be made with the
following regression line: y (SBF by the dynamic method)
= 0.57 x (SBF by the steady-state method with p at 0.93) +
0.03.

ACKNOWLEDGMENTS

The authors thank Mr. Hitoshi Horii, Mr. Kazuo Wakita and
Mr. Ryo Fujii, members of the Nishijin Hospital PET Center, for
technical assistance.

REFERENCES

1. Ter-Pogosian MM, Eichling JO, Davis DO, et al. The determination of
regional cerebral blood flow by means of water labeled with radioactive
oxygen-15. Radiology 1969;93:31-40.

2. Jones T, Chesler DA, Ter-Pogossian MM. The continuous inhalation of
oxygen-15 for assessing regional oxygen extraction in the brain of man. Br
J Radiol 1976;49:339-343.

3. Oguro A, Taniguchi H, Koyama H, et al. Quantification of human splenic
blood flow (Quantitative measurement of splenic blood fiow with H,'50 and
dynamic state method: I). Ann Nucl Med 1993;7:245-250.

4. Oguro A, Taniguchi H, Koyama H, et al. Relationship between liver func-
tion and splenic blood flow (Quantitative measurement of splenic blood flow
with H,'*0 and dynamic state method: II). Ann Nucl Med 1993;7:251-255.

5. West JB, Dollery CT. Uptake of oxygen-15-labeled CO, in the lung. J App!
Physiol 1962;17:9-13.

6. Brace RA. Fitting straight lines to experimental data. Am J Physiol 1977,
233:R94-R99.

7. Taniguchi H, Oguro A, Takeuchi K, et al. Difference in regional hepatic
blood flow in liver segments—noninvasive measurement of regional hepatic
arterial and portal blood flow in human by positron emission tomography
with H,'50. Ann Nucl Med 1993;7:141-145.

8. Takeuchi K, Taniguchi H, Oguro A, et al. Quantification of human pancre-
atic blood flow by positron emission tomography with oxygen-15 water. Eur
J Nucl Med, in submission.

9. Yamaguchi T, Kanno I, lida H, et al. Study for the stability in the '*O gas
steady state method. Jap J Nucl Med 1986;23:9-15.

10. Lammertsma AA, Jones T, Frackowiak RSJ, et al. A theoretical study of
the steady-state model for measuring regional cerebral blood flow and ox-
ygen utilization using oxygen-15. J Comput Assist Tomogr 1981;5:554-550.

11. Frackowiak RSJ, Lenzi GL, Terry J, et al. Quantitative measurement of
cerebral blood flow and oxygen metabolism in man using '*O and positron
emission tomography: theory, procedure and normal values. J Comput
Assist Tomogr 1980;4:727-736.

12. Lammertsma AA, Jones T. Correction for the presence of intravascular
oxygen-15 in the steady-state technique for measuring regional oxygen
extraction ratio in the brain: I. Description of the method. J Cereb Blood
Flow Metabol 1983;3:416-424.

The Joumal of Nuclear Medicine ¢ Vol. 36  No. 4  April 1995





