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We describe the development of a biokinetic model which per-
mits an estimation of organ activities and the dosimetry of a
bolus of '50-water. The aim of this study was to estimate time-
activity functions and deduce the cumulated activities in different
organs so that the radiation absorbed dose values can be esti-
mated. Methods: The model we used includes the right heart
chambers, lungs, left heart chambers, brain, liver, kidneys, mus-
cles, gastrointestinal tract and the remainder of the body. Activity
in an organ will decay by physical decay with the decay constant,
A, and can diffuse in the organ. An exception is the heart, where
blood is ejected from the heart chambers. Depending on the
location of the organ in relation to the blood sampling point,
organ activities can be calculated by convolution or deconvolu-
tion. Results: The radiation absorbed dose values were esti-
mated and an effective dose equivalent Hg of 1.16 uSv/MBq
(4.32 mremymCi) as well as an effective dose E of 1.15 uSv/MBq
(4.25 mrem/mCi) were calculated. The cumulated activities in
select organs measured by PET gave good agreement with the
values calculated by this model. Conclusion: The values of
effective dose equivalent and effective dose for bolus adminis-
tration of '®O-water calculated from the absorbed doses esti-
mated by the proposed kinetic model are almost three times
higher than those previously published. A total of 8700 MBq (235
mCi) of '®0O-water can be administered if an effective dose of 10
mSv (1 rem) is accepted.
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Oxygen-lS (half-life, 123 sec; 100% B* decay) labeled
water (1) is widely used to evaluate regional cerebral blood
flow using PET (2-11) and was proposed for the evaluation
of regional pulmonary (12), myocardial (/3-14) and periph-
eral muscular (15) blood flow.

The '%O-water tracer is widely available in PET centers
and the short half-life of 1’0-water permits repeat measure-
ments in a single session. The diffusion of '*O-water across
the blood-brain barrier is considered as acceptable (16), and
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a side method to evaluate regional oxygen extraction rate is
available (3,7,17-19).

Oxygen-15-water is administered intravenously, with a
time profile depending on the chosen numerical method for
data processing, which includes short bolus administration
in the autoradiographic (4) and bolus pluriparametric ap-
proaches (6, 7,20), or ramp administration in the dynamic-
integral combined approach (11).

The absorbed doses from *O-water were estimated by
Kearfott (21) on the basis of a tracer distribution propor-
tional to the water content of different organs and of the
whole body. This model should only be applicable, how-
ever, if the tracer was administered at a rate allowing
permanent steady-state equilibrium.

Since kinetic methods are based on a model where *O-
water distributes as a function of blood flow rather than the
volume of water distribution (22, 23), the current work pro-
poses a reexamination of the Kearfott dose estimates in
dynamic conditions, and proposes a new method to more
accurately estimate the organ dose values.

MATERIALS AND METHODS

General Considerations

Due to the short half-life of 0, the dosimetry of a bolus of
150-water can be estimated principally on the basis of a kinetic
model (Fig. 1). After injection, the bolus of activity passes through
the right heart chambers, the lungs and the left heart chambers
with corresponding input concentrations of C1(t), C2(t) and C3(t)
(in «Ci/ml). The activities in these organs are q1(t), q2(t) and q3(t)
(in uCi), respectively. The input concentration for the brain, kid-
neys, liver, muscles, gastrointestinal tract and remainder of the
body is CA(t) (in xCi/ml). The only parameter that can be mea-
sured is the variation of the concentration C4(t) obtained by sam-
pling arterial blood at different times from a catheter introduced
into the radial artery. In this model, the recirculation of the blood
is taken into account.

For a single organ, i, the quantity of radioactivity q(t) (in xCi)
present in the organ as a function of time is the product of the
convolution of the input function F,C(t) (uCi/sec) and 3,(t) (no
unit), where F; is the blood flow (ml/sec) to the organ i and Ci(t)
(uCi/ml) is the input concentration to the organ i at time t. The
function @(t) (no unit) is a function of diffusion of water in the
organ according to the Kety model (23). The Kety model can be
used for all organs except the heart chambers. The model equa-
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FIGURE 1. Kinetic model of the transit of I S I X B B I T
a 150-water bolus.

tions are presented in Appendix 1, and the definitions of the
symbols used in the biokinetic model are given in Table 1.

Due to the short half-life of 130, the radiation absorbed dose
during the transit of activity through the heart is strongly depen-
dent on residence time in the heart chambers. We developed a
realistic beat-by-beat model for cardiac output that is presented in
the Appendix. The function @,_,(t) (no unit), which is repre-
sented as D, ;.. cham(t) for the right heart chambers and
B, 1eart cham(t) for the left heart chambers, was obtained for the
heart chambers by numeric simulation of blood pool ejection to
account for ejection occurring in the last third of chamber con-
traction following an exponential function with decay constant, o

(sec™?). During the first two-thirds of the heart beat, only the
physical decay has to be considered (Fig. 2).

Calculation of Time-Activity Variations in the Organs

In this study, we used the blood flow values F; (ml/sec) (24)
which are summarized in Table 2, and the experimental functions
CA(t), which are an average of the values for six patients.

From the values of C4(t) as a function of time, which can be
considered as the output function from the left heart chambers,
the activity gy(t) in the left heart chambers can be obtained by
multiplying CA(t) by the diffusion volume of the organ V; (ml). The
input function F,C(t) can be derived by discrete step-by-step

TABLE 1
Definition of Symbols Used in the Biokinetic Model

Symbol Name/Description Unit
A Physical decay constant sec™’
G Input concentration to the organ i at time t uClimi
q(t) Activity present in the organ i at time t uCi
F, Blood flow to the organ i mi/sec
FC® Input function to the organ i at time t uCl/sec
Couwilt) Output concentration from the organ i at time t uCmi
() Function of diffusion of water in the organ i (except the heart chambers) as a function no unit

of time
q1° Activity in the heart chambers at time 0 for the first beat uCi
tooat Duration of a cardiac beat sec
ty Time of the beginning of the ejection (= 2/3 t,ee) sec
toeat ond Time of the end of a beat sec
Dreant(t) Function of the blood output from the heart chambers. Specifically, D, neert cham(?) IS for no unit
the right heart chambers and @, jeet chem(t) i for the left heart chambers

o Decay constant of the exponential function describing the blood ejection sec™!
V, Diffusion volume of the organ i mi
C1° Concentration in the heart chambers at time 0 for the first beat uCiml
V et Diastolic volume mi
qt = 0), Activity in the heart chambers at the beginning of the n™ beat uCl
At = tyedn Activity in the heart chambers at the beginning of the blood ejection for the n™ beat uCi
Qlt = toeet enc)n Activity in the heart chambers at the end of the n™ beat uCi
EF Blood ejection fraction from the heart chambers no unit
A Cumulated activity uChhr
T Residence time hr
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FIGURE 2. Two cycles of blood ejection from the heart cham-
bers.

deconvolution of gy(t) by the function D, e chams(t). Finally,
Ci(t) is obtained by dividing F,C(t) by F,.

Ci(t) for the left heart chambers then becomes the output func-
tion C,,, ,(t) for the preceding organ, which are the lungs, and the
same procedure used for the left heart chambers can be applied.
The activities qj(t) at time t are obtained step-by-step for the left
heart chambers, lungs and right heart chambers.

For the other organs, including brain, liver, kidneys, gastroin-
testinal tract, muscles and the remainder of the body, CA(t) is the
input concentration Ci(t) and consequently the input function
F,C{t) is calculated by multiplying C4(t) by the blood flow F;. The
activities in organ, q(t), are derived by discrete convolution of
F,CA(t) by the corresponding function 3(t).

Calculation of Cumulated Activities in the Organs

An example of the experimental variation of the activity con-
centration CA(t) as a function of time is illustrated in Figure 3.
Figures 4 and 5 illustrate the calculated curves for the time vari-
ations of the quantity of radioactivity q(t) for the organs whose
flow rate is measured with SO-water (i.e., the brain and the heart
walls). Due to the convolution process, the origin of the abscissa
is shifted from zero to negative values. The cumulated activities A
(nCi-hr) were obtained by integrating the functions g,(t) from zero
to infinity. The estimates of the radiation absorbed dose values
were calculated using the MIRD technique (25). The excess cu-

TABLE 2
Blood Flow Values F, to Selected Organs*
Organ F, (ml/sec)
Brain 125
Heart (walls) 417
Heart (left chambers) 91.7
(right chambers) 91.7
Lungs 91.7
Liver 21.7
Gastrointestinal tract 167
Kidneys 200
Muscles 167
Remainder of body 0.15-13.3
*See reference 24.
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FIGURE 3. Variation of arterial concentration C4(t) as a function
of time.

mulated activity correction (26) was used for activity in the re-
mainder of the body. Calculations of the radiation absorbed dose
values were then made using the MIRDOSE2 program (27).

Comparison of Cumuiated Activities Calculated Via
the Model

To evaluate the accuracy of this model, we compared our
calculated cumulated activities with the cumulated activity values
estimated experimentally for several organs by PET. These or-
gans included the brain, heart wall, lungs and liver for five pa-
tients, and the results were normalized assuming that an activity
of 37 MBq was administered. For these studies, a Siemens CTI
ECAT 951 R (31 slices) PET camera was utilized. From dynamic
acquisitions after injection of *O-water, the frames visualizing the
organs of interest were summed. Regions of interest (ROI) were
drawn on the organs and the time-activity curves were then de-
duced. The integration of these curves from zero to infinity gave
the organ cumulated activities.
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FIGURE 4. Variation of activity q(t) in the brain as a function of
time.
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FIGURE 5. Variation of activity q(t) in the heart walls as a function
of time.

RESULTS AND DISCUSSION

The values of cumulated activities A (uCi-hr) for admin-
istered doses of either 1850 MBq (50 mCi) or 37 MBq (1
mCi) as well as the residence times 7(hr) are presented in
Table 3. The estimates of the radiation absorbed dose val-
ues are summarized in Table 4. An effective dose equiva-
lent Hg (28) of 1.16 uSv/MBq (4.32 mrem/mCi) and an
effective dose E (29) of 1.15 uSv/MBq (4.25 mrem/mCi)
were calculated. The data in Table 5 show a comparison of
the values of the cumulated activities A (#Ci-hr) in four
organs (brain, heart walls, liver and lungs) for 37 MBq
administered, measured by PET and calculated via the
kinetic model. Good agreement is shown in view of differ-
ences in various physiological parameters (organ volume,
organ mass, organ blood flow) and the equivalent parame-
ters adopted in the kinetic model. Furthermore, PET eval-
uation of cumulated activities in the heart walls is under-
estimated because of the magnitude of the partial volume
effect.

Table 4 compares our results and the absorbed dose

TABLE 4
Absorbed Dose Estimates for the Adult in uGy/MBq

(mRad/mCi)
Radiation absorbed dose
Organ Present study Kearfott (27)

Brain 0.71 (2.63) 0.16 (0.58)
Breast 1.16 (4.28) —

GB wall 1.20 (4.45) —
Lower large intestine 1.54 (5.68) 0.59 (2.2
Small intestine 1.05 (3.90) 0.57 (2.1)
Stomach 1.21 (4.46) 0.57 (2.1)
Upper large intestine 1.26 (4.66) 0.57 (2.1)
Heart Wall 0.67 (2.49) 0.57 (2.1)
Kidneys 0.95 (3.52) 0.57 (2.1)
Liver 0.75 (2.76) 0.54 (2.0)
Lungs 0.57 (2.10) 0.54 (2.0
Muscle 0.15 (0.57) 0.54 (2.0)
Ovaries 1.79 (4.39) 0.57 (2.1)
Pancreas 1.21 (4.48) 0.54 (2.0)
Red marow 1.49 (5.51) 0.32(1.2)
Bone surface 1.12 (4.14) 0.21 (0.78)
Skin 1.07 (3.94) 0.57 (2.1)
Spleen 1.19 (4.41) 0.57 (2.1)
Testes 1.11 (4.11) 0.59 (2.2)
Thyroid 1.11 (4.09) 0.51 (1.9)
UB Wall 1.16 (4.31) 0.35 (1.3)
Uterus 1.20 (4.44) 0.51 (1.9)
Total Body 0.42 (1.55) 0.43 (1.6)

values published earlier by Kearfott (21). These earlier
studies used a different model and an effective dose equiv-
alent Hg, of 0.50 uSv/MBq (1.84 mrem/mCi) can be calcu-
lated from the data of radiation absorbed doses presented
in this study. Our results are more realistic; we assume that
30-water is a blood flow tracer and not a volume tracer.
The value of effective dose equivalents calculated in the
present work is almost three times higher than the value
estimated from Kearfott data. This difference should have
a significant implication on the activities of *O-water rou-
tinely administered.

During the time period when this manuscript was being
revised, an abstract was published on the same subject
(31). The absorbed doses in both works were of the same
order of magnitude. Recently, Smith et al. (32) calculated

 TABLE 3 the dosimetry of intravenously administered 'O-labeled
Cumulated Activities A for 1850 or 37 MBq Doses water in man on the basis of a similar approach. They
A A Residence time  Calculated an effective dose equivalent of 1.24 uSv/MBq
Organ (1850 MBq) (37 MBq) (hn (4.58 mrem/mCi) and an effective dose of 1.16 uSv/MBq
Brain 837 167 0.00167
Heart (walls) 2097 0.419 0.000419 TABLE 5
Lvr e . e Comparison of PET and the Kinetic Model Mean Cumulated
Musch 221.0 442 0.00442 Activities, A (uCi-hr), for a 37-MBq Dose
Gastrointestinal tract 81.9 1.64 0.00164 Organ A measured by PET A calculated
Remainder 1800.0 36.1 0.035
Left heart (cham) 208 0.416 0.000416 Brain 2005 167
Lungs 50.5 1.01 0.00101 Heart walls 13+09 042
Right heart (cham) 19.7 0.39 0.00039 Liver 34 +06 241
Total body 24450 490 0.049 Lungs 10203 1.01
654 The Joumnal of Nuclear Medicine ® Vol. 36 ® No. 4 ¢ April 1995



(4.29 mrem/mCi), which are in good agreement with the
values presented in this work.

CONCLUSIONS

In this work, we presented a biokinetic model describing
the distribution of a bolus of '*O-labeled water. This model
is based on the distribution of *O-water as a blood flow
tracer and not a volume tracer.

From the time-activity functions calculated on the basis
of the model, the cumulated activities in different organs
were estimated and the radiation absorbed dose values
were calculated. An effective dose equivalent Hg of 1.16
#Sv/MBq (4.32 mrem/mCi) and an effective dose E of 1.15
uSv/MBq (4.25 mrem/mCi) were calculated. These values
are almost three times higher than the values calculated
from data previously published.

A total of 8700 MBq (235 mCi) of *O-water can be
administered if an effective dose of 10 mSv (1 Rem) is
accepted. This effective dose value can be compared with
the values for other PET studies (30) such as '*F-FDG, 370
MBq (10 mCi) = 3.7 mSv (370 mrem) and "'C-spiperone,
925 MBq (25 mCi) = 4.9 mSv (490 mrem).

APPENDIX: EQUATIONS FOR WATER DIFFUSION
AND BLOOD EJECTION CYCLES

Equations Describing the Diffusion of Water in Organ |

a(t) = FGH@ (1) Eq. Al

where F; (ml/sec) is the blood flow rate to the organ i; Ci(t)
(«Ci/ml) is the input concentration to the organ i; @ is the symbol
of convolution; 9(t) is the diffusion function; = exp [(-F/V; +
A)t]; and V; is the diffusion volume in the organ i. Moreover,

Couti(t) = G(VV;, Eq. A2

where C,,,, ;(t) is the output concentration from the organ i. Taking
into account the physical decay during the transit between the
organ i and the next organ i + 1, the concentration C,,,, ; becomes
the input concentration for the next organ i + 1 if there is no blood
branching between the two organs, which gives the following
relationship:

G+ 1(t) = Cour (V)

Equations for Ejection of Blood from the
Heart Chambers
Two cycles of blood ejection from the heart chambers were
presented in Figure 2. The duration of one beat t,_,,(sec) can be
divided in two parts: (1) during the first two-thirds of the duration
of the beat, there is no ejection and the activity decays physically
with the decay constant A (sec™"); and (2) during the last third,
blood is ejected with the ejection decay constant o (sec™?).
Equations for the First Beat. The activity present in the heart
chambers at time 0 for the first beat, q(t = 0), (xCi), is the product
of the concentration present in the heart chambers C1° (uCi/ml)
and the diastolic volume Vy,,, (in ml):

Eq. A3

q(t = 0); = CI° Vipge. Eq. A4
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For the period of time between 0 and the beginning of the ejection
(), which corresponds to the first two-thirds of the duration of
the beat, only the physical decay has to be considered:
q(t =ty = C1° Vi €Xp (= A23tpear).  Eq. AS
As long as the blood ejection occurs effectively (period of time
between and tyey eng» COMresponding to the last third of the
duration of the beat), the blood is ejected following an exponential
function with the ejection decay constant o (sec™?).
Q(t = toeat endht = C1° Vigiast €XP (= A2Btpeay) €XP (— 01/ 3tpeay)-
Eq. A6

Since at the end of the beat, the blood fraction remaining in the
chambers is (1 — EF), where EF is ejection fraction, the activity
present in the chambers at the end of the beat (t = t,_,, ona) iS
given by the relationship:
q(t = tpear enaht = q(t = th(1 — EF),
where EF is ejection fraction.
It follows that:

C1° Vgiast €XP ( — A2/3tyeg X1 — EF) = C1° Vgi0ps €Xp

(= A2tyes) XP ( — 01Btocy), Eq. A8
which can be simplified in:

Eq. A7

(1 - EF) = exp ( — 01/3tpeq), Eq. A9
from which the constant o can be extracted:
1
o= - —In(1-EF). Eq. A10

13toear

[Equations for the Second Beat. The same considerations can be
applied and it follows that:

q(t = 0); = C1° Vigiags €XP ( — A23Btpeqr) €XP ( — 01/tpear),
Eq. All
q(t = tg) = C1° Vigiags €Xp (= A2Btpeqy) €XP ( = 013tpeqr)
X exp (— A23tyey), Eq. A12
q(t = theat end)2 = C1° Vigingt €XP (= A2Btyeqr) €XP (= 01/3tpeq)
X eXp (= A2/3tpeqy) €XP ( — 013ten). Eq. Al3

Equations for the n* Beat.
q(t = tocat enthn =
CI° Viiaed €Xp (= A23tpeay)] " [€Xp ( — 01Btpeq)]”
Eq. Al4
with
o= - —In(1-EP. Eq. Al5

13toear

After normalizing to q1° (= C1° V,,,) = 1, which is the activity
in the heart chambers at time 0 for the first beat, the final equation
giving the ratio of the activity present in the heart chambers to the
initial activity, i.e., the value of Dy_,.(t = tpeq ena)n at the end of
the n'® beat, is:



Dheart(t = theat endn =
[exp ( — A2/3thea)] * [exp ( — 013thea)]”  Eq. Al6
with
o= — m In (1 - EF). Eq. A17
We adopted a cardiac pulsation of 85 bpm (tye,, = 0.71 sec). The

functions 9B, (t), which are symbolized D, ; o cham(t) and
D\ heart cham(t) fOr the right heart chambers and the left heart cham-
bers, respectively, were calculated using this last equation step-by-
step with an increment unit of 0.71 sec and taking values of 60% for
the right heart and 65% for the left heart for ejection fraction.
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