KINETICS OF LARGE THERAPY DOSES OF 31|
IN PATIENTS WITH THYROID CANCER
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Radioiodine kinetics were studied in 16 pa-
tients treated with a postsurgery ablation dose of
radioiodine ranging from 90 to 450 mCi. The
data obtained from serial whole-body radioactiv-
ity measurements, thyroid uptakes, plasma radio-
activity, and protein-bound iodine radioactivity
measurements in the patients could be fitted to
the Brownell model which was modified to
simulate an unsteady state by varying the turn-
over rates between thyroid and plasma compart-
ments (L., and L,,). Although there appears to
be a linear relationship between the radiation
dose delivered to the thyroid and the maximal
radioiodine concentration, there is a change in
the slope beyond **'l concentration of 0.4 mCi/
gm of thyroid tissue. More data with higher ra-
dioiodine doses are necessary to confirm a satu-
ration effect.

Iodine kinetics with tracer doses of radioiodine
have been studied by many workers and commonly a
three-compartment model has been proposed to in-
terpret the kinetic data (/-3). A more universal and
detailed model has been proposed by Berman, et al
(4). The iodide system is in a steady state with
tracer doses of radioactive sodium iodide and the
compartment sizes remain constant. However, with
large therapy doses of '3!I the thyroid compartment
size and the turnover rates may not remain constant
during the period of observation due to acute radia-
tion damage to the thyroid. This paper proposes a
model to describe radiation damage to the thyroid
from radioiodine therapy doses and the resulting
effects on iodine kinetics. The model is consistent
with the experimental data observed after the ad-
ministration of radioiodine to patients with thyroid
cancer. The radiation dosage to thyroid, total body,
blood, and metastases resulting from such kinetics
are also computed.
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MATERIALS AND METHODS

Sixteen patients suffering from differentiated car-
cinoma of the thyroid were studied. A therapeutic
dose of 13'] as sodium iodide was administered orally
to ablate residual thyroid tissue or functioning thy-
roid malignancy or both. The dose of radioiodine
varied from 90—450 mCi depending upon the uptake
of 13T and the mass of the iodide-concentrating tissue
to be ablated. Five of the 16 patients were treated
with an ablation dose more than the conventional
maximum dose of 250 mCi. A larger dose was given
to these patients since the area to be ablated had
poor 131 retention. The following observations were
made after the administration of radioiodine.

Whole-body radioactivity measurement. Serial
whole-body radioactivity measurements were per-
formed at 1% hr, 2 hr, 4 hr, 8 hr postadministration
and then at 24 hr intervals up to 6-13 days. The
radioactivity in the whole body was expressed as a
percentage of the dose administered. The patient
served as his own standard. The maximum whole-
body count was taken as 100% of the dose admin-
istered.

The whole-body counter consisted of a 3 X 3-in.
Nal(TI) activated crystal detector coupled to a spec-
trometer and a scaler. A focusing collimator (19
holes, 4.5 cm focal distance) was used to cut down
the sensitivity and the background counts. The pa-
tient was kept in a standing position at a distance
of 13 ft. In the area occupied by the patient, the
point-source response variations at different posi-
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tions were less than 10% of the maximum counting
rate observed. The counting system gave 280 counts/
min/mCi for 31 with a background of 400-500
cpm.

Thyroid uptake measurements. The radioiodine
uptake by the thyroid was computed by subtracting
the whole-body counts obtained with the thyroid re-
gion covered by a standard lead shield from the total
whole-body counts. The radioactivity in the thyroid
at any time was expressed as a percentage of dose
administered. Similar measurements were carried out
for determining the uptake of !3'I by the functioning
metastasis.

Plasma radioactivity measurement. After radio-
iodine therapy serial blood samples were collected
in a heparinized vial at 2, 4, and 8 hr on the first
day and then at 24 hr intervals for 5-13 days. Plasma
radioactivity was measured in a well-type scintilla-
tion counter. Blood volume was assumed to be 7%
of the body weight and plasma volume was derived
from the hematocrit value. Total radioactivity in the
entire plasma volume was expressed as a percentage
of the administered dose. In order to express the
plasma activity as a percentage of the administered
dose, the response of the well counter used for the
study was calibrated against the response of the
whole-body counter.

Protein-bound iodine radioactivity measurements.
Plasma proteins were precipitated with 20% trichlo-
roacetic acid (TCA) and then washed three times
with 20% TCA. The washed precipitate was dis-
solved in 20% NaOH and counted in the well-type
scintillation counter. The radioactivity was expressed
as percentage of dose administered.

Estimation of thyroid weight. The mass of the thy-
roid was estimated from the scintiscan taken 48 hr
after administration of a tracer dose of 3!I. The
weight of the thyroid was derived from the following
formula assuming the thickness of thyroid lobe to
be equal to two-thirds of the width.

Weight of lobe in gm =
length (cm) X width (cm) X %4 width (cm)
2
Weights of the two lobes were added to obtain total
thyroid weight in patients where both lobes were
visualized.

Estimation of the weight of metastasis. Metastases
in the lymph nodes were taken to be spherical and
their weight was derived from the volume of sphere.
Weight of a bone metastasis was determined from its
dimensions seen in the scan.

Kinetic modeling. The model described by Brown-
ell, et al (1) was modified to simulate the unsteady
state by varying the turnover rates. Simulation of the
model was carried out on UNIVAC-1108 computer
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FIG. 1. lodine kinetics model. Numbered circle represents com-
partment (physiological or biochemical subdivision of the system)
such that the specific activity within the compartment is constant
ot any particular moment. Flow of radioactivity between the com-
partments is governed by Eq. 1 (see text). Triangles shown on right
are measurements, experimentally observed value of radioactivity
at site mentioned, having contributions from different compartments
(Eq. 2, see text). Small circle joined to triangle represents corre-
sponding compartment shown in left part of figure.

using the SAAM computer program described by
Berman, et al (5).

The model illustrated in Fig. 1 is defined by the
following equations:

% = SL,F, — SL,F, (1)
b} b}
Qi = ’zsqu (2)

where F, is the radioactivity at time t in the compart-
ment i (represented by circle i, Fig. 1).

L, is the fractional turnover rate, defined as the
fraction of compartment j entering compartment i
per unit time (represented by arrow from compart-
ment j to compartment i, Fig. 1).

Q, is the radioactivity measured in the set of meas-
urement i (e.g., for i = 7, Qy, represents the measured
radioactivity in plasma, which is partly due to the
radioactivity from inorganic iodide F, and partly due
to radioactivity from protein-bound iodine, F;). Q;
is represented by triangle i in Fig. 1.

S, is the fraction of compartment j seen in the set
of measurement i (represented by line joining cir-
cle j and triangle i, Fig. 1).

The subscripts i and j have only the values that
are shown in Fig. 1 as the numbered circles and tri-
angles. The S;; and Ly not shown in Fig. 1 are zero.

The following hypotheses were introduced as we
could not fit the data to a model with the time-
independent constant turnover rates (L, and L.,).
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1. Radiation within the thyroid destroys the tis-
sue (T) at a rate proportional (C,) to the
radioactivity within the thyroid (Ag).

dT
E‘ = —CnTth(t) (3)
or
t
T() =T(O) —C.[ Aa(®dd (4

2. The rate of uptake of iodide by the thyroid is
proportional to the amount of active tissue re-
maining.

t
L5 =L TT—((O))
Where L., is the value of this parameter at
t = 0 and L', is the value at any time “t”.

3. When the tissue. is destroyed, a proportional

amount of iodine is released as iodide.

&)

’o_ 1 dT
Le=Let+ 55 &

(6)

Since it was not apparent at the outset that func-
tioning metastases would have an iodine kinetic pat-
tern similar to that of thyroid, no attempt was made
to formulate any hypothesis linking the effect of
metastases irradiation and the associated fractional
turnover rates. Moreover, no figures on the fractional
turnover rates essential for the formulation and con-
firmation of the hypothesis have been reported in
the literature.

Computation of radiation-absorbed dose to various
body organs. Computation of absorbed dose was
done according to the method outlined by Loevinger
and Berman (6). The equilibrium dose constants
were taken from Dillman (7). The absorbed fractions
were taken as published by Brownell, et al (8).
Millicurie day required for computation of absorbed
dose was calculated from the model simulations (F,).
The model was simulated with values for L;; and Sy
equal to the values for normals as published in lit-
erature (I/—4). Variations in L,./L., and radiation-
absorbed dose to various body organs were deter-
mined for a tracer dose of 1 xCi of 31 in a standard
man.

RESULTS

Figure 2 shows the pattern of total-body uptake,
thyroid uptake, and plasma and protein-bound !3'I
activity in a patient studied over a period of 12 days
after the administration of a therapeutic dose of 3!
The points are experimental observations whereas the
lines drawn are values predicted by the model. Figure
3 shows the Ay (the millicurie days in thyroid),
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FIG. 2. o |-body retention, thyroid uptake, and plasma and
protein-bound’%”" | activity in patient treated with | over period
of 12 days,‘Raints are experimental values and lines drawn are
values prediéted by model. Coefficient of correlation between ob-
served valusg=in all 16 studies and corresponding values predicted
by model is. 09906.

T(t)/T(0) (the fractional functioning thyroid), L,.
and L., at various time intervals for the same study
shown in Fig. 2.

The coefficient of correlation between the observed
data points for all 16 patients studied and their cor-
responding values as given by the model is 0.9906
(p < 0.001). The equation of regression of the
model value (Y) on the experimentally observed
value (X) is

Y =0.952X —0.177 @))

The standard deviations for slope (0.952) are
0.005 and for the intercept (0.177) are 0.146.

Table 1 gives the mean and standard deviations of
the model parameters for all 16 patients studied.

Radiation dose delivered to the thyroid, total
body, blood, and metastases is depicted in Table 2.
Figure 4 shows the total thyroidal dose plotted
against the maximum 3!I concentration per gram of
thyroid tissue in the 16 patients with thyroid cancer.
The maximum 3! concentration was calculated by
multiplying the dose administered and the maximum
thyroid uptake expressed as fraction of dose admin-
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FIG. 3. Time-dependent variations in Aw, Lus, Ly, and T()/7(0)
in same patient as shown in Fig. 2.

TABLE 1. MEAN AND STANDARD DEVIATIONS
OF THE FRACTIONAL TURNOVER RATES (L),
FRACTION OF COMPARTMENT j SEEN IN SET
OF OBSERVATION i, (S,), PBI SPACE, IODIDE
SPACE, AND CONSTANT OF PROPORTIONALITY
C, FOR 16 PATIENTS TREATED WITH 131]

*ln (0.178 + 0.348)

*lis ]
la 1.362 = C.317
le 0.015 =+ 0.0072
La 0.227 == 0.383
L 0.207 +* 0.256
Lse 0.049 =+ 0.029
Sa 0.048 =+ 0.029
Sas 0.929 + 0.188
S1,1 0.003 +* 0.007
Si,s 0.794 * 0.301 PBI space 3.15 == 1.91 liters

Sn 0.096 == 0.049
Sn 0.861 =+ 0.260
Sa1 0.027 + 0.026
S 1.045 +0.133
0.014 + 0.016

lodide space 25.9 =+ 5.18 liters
PBI space 2.99 =+ 1.69 liters

* Rate constant before radiation damage.

1 Constant of proportionality in Eq. 3 relating to the de-
struction of thyroid and the millicurie day in the thyroid.

$ This value is slightly higher as compared with the cor-
responding value obtained by Sz, probably due to small
losses of PBl radioactivity while precipitating with trichloro-
acetic acid. However, the difference is not significant

P> 8.

LARGE THERAPY DOSES OF 131 I[N THYROID CANCER

TABLE 2. TOTAL ABSORBED DOSE IN RADS
Dose
adminis-
tered Total  Metas-
S (No.) (mCi) Thyroid Blood body tasis
1 90 1,380.7 36.2 .1
2 205 5,504.1 44.1 56.8
3 230 66,000.4 90.8 101.3
4 190 17,150.4 1247 142.1  6,398.1
5 220 1792.9 50.4 43.2
é 200 6A425.5 40.2 51.6
7 290 2,100.0 92.4 75.4
8 110 62,531.5 108.0 114.6
9 350 62,473.4 99.2 100.8 13,7287
10 415 9,253.4 154.2 126.2
1 215 2209 84.3 65.3
12 240 70223 78 60.7
13 95 17,656.1 29.1 32.8
14 309 829.2 107.3 90.1
15 109 108,152.2 54.4 60.2
16 450 1,105.6 158.2 129.1 2,118
Mean 23,099.9 84.1 799 7,412.85
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FIG. 4. Correlation between cumulative dose to thyroid over an
infinite time and the maximum concentration of *'| in thyroid.
7 for the continuous curve is 0.934.

istered (compartment 2), predicted by the model
and divided by the weight of thyroid in grams.

DISCUSSION

Berman, et al (9,70) have described techniques
for kinetic analysis which are not only applicable to
a steady-state system but can also be used for un-
steady-state kinetics. After an unsuccessful attempt
to fit our experimental data to a steady-state model,
time-dependent variable fractional turnover rates be-
tween thyroid and plasma were introduced. The as-
sumption is justified since an acute and a massive
radiation dose to the thyroid does alter thyroidal
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metabolism of iodine. The values for total-body ra-
dioactivity, thyroid radioactivity, plasma radioactiv-
ity, PBI radioactivity, and metastases radioactivity
predicted by the model agreed well with the corre-
sponding experimentally measured values in all 16
studies as shown by the correlation of 0.9906 and the
equation of regression (7) which is not far away
from the ideal line with slope 1.0 and intercept 0.0.

The variations in the turnover rates associated
with thyroid uptake (L.,) and discharge of iodide
from the thyroid (L,.) for 1 uCi of 3] in a simu-
lated model were negligible. In this case, L,, varied
from 1.0 to 0.99985 and L,. varied from 0 to 0.0095
over a period of 10 days. The cumulative dose to thy-
roid, blood, and total body from 1 nCi of 18] was
found to be 1.039, 0.00043, and 0.00071 rads, re-
spectively, over a 10-day period.

The variations in L., and L,. in patients with thy-
roid carcinoma treated with a large ablation dose of
131 were, however, significant. Figure 3 illustrates
these variations in one of the patients treated with
109 mCi of '*'I. L,, varied from 0.0 to 0.442 and
L., from 0.447 to 0.353. A similar pattern of varia-
tion was observed in all 16 patients studied. The
individual value of L., (rate constant for thyroid
uptake) varied from patient to patient which was
due to different amounts of functioning thyroid tis-
sue left after surgery. A high standard deviation of
0.348 for L., (Table 1) confirms that the extent of
thyroidectomy was variable from patient to patient.

Equations 5 and 6 show that changes in L,, are
directly proportional to total millicurie day in thy-
roid, and L., is proportional to fractional function-
ing thyroid remaining in the thyroid. Thus with large
therapeutic doses of radioiodine, dose delivered to
the thyroid would be less than the dose delivered had
there been no variation in L,,; and L,,. These time-
dependent variations are suggestive of a possible
saturation effect at higher concentrations of 3'I/gm
of thyroid tissue. The constant of proportionality
(C,) showed marked variations from patient to pa-
tient (Table 1). The high standard deviation of 0.016

678

for the mean C, value of 0.014 is probably due to
the difference in radiosensitivity of individual thy-
roid tissue or malignancy or both.

The line and the curve fitted on the least-square
principle (Fig. 4) clearly indicates that the curve
Y = 45,000 X ©°8362 j5 a better representation of
the observed data. Although the dose delivered to
the thyroid appears to be linearly related to radio-
iodine concentration, a change of slope beyond !31
concentration of 0.4 mCi/gm of thyroid can be made
out which again indicates a possible saturation effect.
However, more data with a higher radioiodine con-
centration per gram of thyroid tissue are needed to
confirm this effect.
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