
with a steady-state method using 15C-wateras well as the
reliabilityof the results in relation to those obtained with
the dynamic-state method using â€˜5O-water.

METhODS

MathemaOcal Mod& and Theory
In the steadybloodflow state, â€˜5C-wateris continuouslyin

haledandâ€˜@Ois rapidlyconvertedinthe lungsfromâ€˜5C-waterto
â€˜50-water(5). Therefore,the followingequationholdsbetween
the radioactivityin the spleen(Cs(t)),the inputfunctionof the
aorta (Ca(t)), the total splemc blood flow (F), the volume of the

spleen(V),andthespleen-bloodpartitioncoefficientforwater(p):

Methods: Reg@nalsplenic bloodflow(SBF)was quantifiedby
PEr usinga steady-state methodwith15Ã˜@e@ dioxide.SBFs
were determined using 104 tOmOgraphICplanes obtained from
49 patients. Results: Whenthe spleen-bloodpartitioncoefficient
forwater (p) was 0.85, algn@cant correlations (p < 0.005) were
found between SBF values determined by the steady-state and
dynamicmethods.The best correlationbetween SBFs deter
minedbythe twomethods (r = 0.571)was foundwhen p = 0.93.
The best regressionline,however,wasthoughtto be the line
when p = 0.93. The regression linebetween SBF calculatedby
thesteady-statemethod(y)andSBFdeterminedbythedynamic
method (x) was y = 0.57 x + 0.03 wIthan F ratio of 48.75
(d.f. = 103, p = 5.0 x 10Â°%, by ANOVA) when p = 0.92.
Conclusion: A quickevaluationof SBF can be made by using
the newlydefined regression line.

Key Words: positron emission tomogmphy re@onalsplenic
@ fio@@ @oncoefficient

J NuciMed1995;36:599-602

Eq.1

where @Li5 the decayconstantof â€˜50-carbondioxide.Regional
splenicbloodflowper100g of splenictissue(SBF)canbe solved
as follows:

Eq.2

ollowing Ter-Pogossian's pioneering studies with â€˜@Oto
measure cerebral blood flow (1), rapid progress has been
made in the understandingof 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 splertichemodynamics, which change
as liver damageprogresses (3,4), with PET usingwater and
a dynamic-state method. Since splenic hemodynamics are
probably importantin liver disordersand portal hyperten
sion, PET is a powerful tool to study this relationship.

In this study, we estimated splenic blood flow (SBF)

ReceivedApr.21, 1994;revisionacceptedAug.1, 1994.
ForcorrespondenceorreprintscontactHWoidTaniguchi,MD,FirstDepartment

ofSurgery,KyotoPrefectui@UnWers@yofMed@ne,Kawaiwnachi.Hirokchji,Ks
migyo-ku.Kyob602,Japan.

p@
Forty-ninepatients[28malesand21females,agesrangefrom

32 to 77 yr (mean:58.1 yr)]were investigated.No patienthad
hepaticfunctionaldisorders.

Materials
ThePETsystemconsistedof awhole-bodyPETscanneranda

cyclotronwith a gas purifyingsystem. The performancecharac
teristics of the PET system were set as follows: an image resolu
tionof8.2 mmFWHMandaslicethicknessof 11â€”13mmFWHM.
The matrixsize of the imagewas 128 x 128witha 2-mmpixel
size.Thesliceintervalofthe planeswas 15mm.Thescanposition
foreachpatientwasdeterminedusingx-rayCT.Emissiondatafor
three slicesat intervalsof 15mmwere collectedsimultaneously.

One hundredfour sliceswere chosen as havingplaneswhich
encompassedthe spleenandprovidedregionsof interest(ROIs)
with full signalimaging.Understeady-stateconditions,5-min
PETscanningwasperformedduringcontinuousinhalationof 185
MBqâ€”370MBq of 15C-water. Blood samples were collected from
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dCs(t) F FCs(t)
â€”@-â€”=@Ca(t)â€”Vp â€”@Cs(t)=0,

100F 100k
SBF=@@@=(@) 1\'

@Cs(t)p)

whereD is thespecificgravityof thespleen.
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bk)od partition coefficients for water (p) were applied to the steady

I
Vstate

method.the rvaluewasthe h@hestamount(O.571)whenpfor
the steady-statemethodwas0.92.correlations

were found between the SBFs obtainedduring-@
the dynamic and steady states. As p increased from 0.85,

. the correlation coefficient (r) between SBFs determined

CT images of a patientwithnormal using the two methods increased and reached a maximum
[r = 0.571, y = 0.76 x â€”16.5 after Brace's correction(6)]@â€˜@n@tk@i;.

PET and x-raywhen

p was 0.92. Conversely, r gradually decreased aspthe
leftbrachialarteryinthe firstandlast minutesof the scan increased beyond 0.92. In all cases where significantcor

session,and the averagecount in the two sampleswas takenas relations were found, the p value was less than 0.005.TheCa(t).relation
of r to p is shown in Figure 2, and theregressionDirectly

after finishing the
flingusingthedynamicmethod
blood flow requiresthat p
cannot be obtained with
value of p was taken which
steady-statemethodcorrelate
fromthe dynamicmethod.
methods pertainingto the
scribed in a previous reportsteady-state

cxperiment,PET @. lines for each change in p are plotted in Figure 3.
was performed. Determination of@ p was 0.93, the regiession line relating the SBFs

is known, althoughthis parameter for the two methods passed on the origin. Figure 4 shows
thesteady-state method. Consequently, a the correlation between SBFS for the two methods. The

made the SBF derived from the . . .
. . regression line relating SBF estimated by the steady-statemost @losclywiththeSBFdenved . .

Detailsof the theoiy andthe actual method (y) to SBF detetinmed by the dynamic method (x)
dynamic state method have been de- was y 0.57 x + 0.03 with an F ratio of 48.75 (df. = 103,

(3), whichis basedonthemethodfor P 5.0 X 108%, by ANOVA). The relationshipbetweenregionalcerebral
bloodflow(1).The

specificgravityofthe spleenwas takenas one,whichclosely
approximates the

surgically removed spleens.
Braces method(6) was

the regressionlmebetween
oris Becauseboth the
havemeasurementerrorsmean

specificgravityof 1.029for 15

usedto calculatethecorrelationand
the dynamicandsteadystatemeth

dependentandthe independentvariables
corrections were made by multiplying=i

o@@ -i oo , =o. 95 p =0. 93
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of linearrelationships

with a ROI and x-ray CF images-@

50@
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@ o so ioo 150 200 250300areshown
in Figure 1.With the dynamic method, SBF persplenic blood flow by the dynamicmethod100

gof splenic tissue(SBF = F/V) ranged from 46.0to(mi/lOOg/min)347.9
ml/min/100g (mean:

spleen-blood partition
When p derived from163.9,

s.e.: 6.6). The mean@@ wi@UiBraC&Smethod

coefficient was 0.74.@ s@ d@fr@d bythesteady-stateanddynamicstatemethods
the dynamic method was used for@ ddte@ntspisen-bicodpartitioncoefficientsfor water (p)arethe

steady-state methodor p was 0.84, no significant shown.
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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
minimizingnonlinearregressionanalysis.

In many other respects, however, the dynamic method
is far superiorto the steady-state method. Erroramplifies
tion is substantially reduced when calculations are made
with absolute values of blood flow; thus the raw datasets
aremore linearlyrelatedto actualblood 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 derivedwith the dynamic method, is a veiy
useful parameter that is closely related to disease progress.
In contrast, a constantvalue must be given for the partition
coefficient with the steady-state method. Finally, repeated
measurementsare possiblewith the dynamicmethod 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 veiy 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 calculationof SBF using a universalpartitioncoef
ficient(p)should not be consideredmeaningless.Further
more, when the oxygen extraction fraction of the spleen
will be measured in the near future, steady-state scans
using â€˜5C-waterâ€˜5C-carbondioxide, 1502and Ci50 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
â€˜5C-watersteady-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 arterialblood, Ca, is given as:

1 r
ca=.@j:.J0 Ca(t)dt,

0 100 200 300 400 500
splenicbloodflow by thedynamicmethod

(mi/bOg/mm)

U
c@ 400

I?@
@E3O0

@ 2 250

@ @ll200
p150

.@@ 100

.@ 50

@. 0

0.8 0.85 0.9 0.95 1 1.05 1.1
spleenâ€”bloodpartitioncoefficientforwater

Eq.3

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 pvalue. Initially,
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FiGURE4. CorrelationbetweenSBFestimatedbythe steady
state method wfthp = 0.93 (y)and SBF Calculatedwiththe dynamic
method(x).y - 0.57 x -i-0.03 (r = 0.569,d.f. = 103, F ratio=
48.75, p â€”5.0 x 10@). p: spleen-blood partitioncoefficientfor
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.c.: 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/100g/min.

DISCUSSION

We have described a technique for quantifyingSBF by
PET using â€˜50-waterand 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 requiresonly one scan and there
is no need to performserial arterialblood samplingin order

FIGURE5. RelatIonshipbetweenthe splenicbloodflow esti
mated by the steady-statemethodand the spleen-bloodpartition
coefficientforwater.



p values obtained with the dynamic method were used,
although it soon became apparentthat 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
maintainsignificantcorrelations between SBF determined
using the two methods. In the current study, the highest
correlation coefficient between the two methods (0.571)
was foundwhen p = 0.92, althoughif p was assumed to be
1.00, the correlation coefficient was only slightly less
(0.539).Thus,assumingp = 1.00maybeadequatefor
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 underestimationofcerebral blood flow (10). Thus,
many investigators of cerebralblood 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 thatwith 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
66.0ml/100g/min (Fig. 3). By settingp = 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
nved 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 detennined using the non
linear least squares method. In the steady-state method,
however, p can have only a veiy narrow range of values
and must be close to one, since p is a denominationof one
in the second equation. This also explainswhy organblood
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 significantcorrela
tion between the spleen-blood partitioncoefficient for wa
ter and hepatic function. This perspective on partitionco
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
followingregressionline:y (SBF by the dynamicmethod)
= 0.57 x (SBF by the steady-statemethod with p at0.93) +

0.03.
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