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We proposed an alternative to a monoexponential model of
radioiodine kinetics to obtain a more accurate estimate of
absorbed doses to postsurgical thyroid remnants. We sug-
gested that part of the difference between the predicted and
the actually absorbed therapeutic doses of 131I, usually ex-
plained by radiation damage of thyroid cells, can be attrib-
uted to errors resulting from inadequate sampling of data and
oversimplified modeling. Methods: A standard monoexpo-
nential model and alternative biphasic model (incorporating
both radioiodine uptake and clearance) were used on 2 sets
of patient data to fit time–activity measurements after admin-
istration of diagnostic and therapeutic activities of radioio-
dine. One set of data consisted of 633 records of routine
measurements, and the second set consisted of 71 prospec-
tively collected records with measurements performed more
frequently and for a longer time. The time–activity curves
derived from the 2 models were used to calculate residence
times for diagnostic and therapeutic activities of 131I, and the
respective residence times were compared using the paired t
test. Errors of fitting and prediction of therapeutic time–
activity data were also calculated. Results: With both mod-
els, a statistically significant difference (P , 0.01) was found
between residence times after diagnostic administration of
131I and residence times after therapeutic administration of
131I. However, the effects of biphasic modeling and of im-
proved sampling substantially reduced the difference (P ,
0.01). Errors of fitting and prediction were smaller with the
biphasic model than with the monoexponential model (P ,
0.01). Conclusion: The biphasic model more accurately pre-
dicts 131I kinetics when applied to measurements in the short
interval after diagnostic administration of radioiodine. The
minimum requirement for the biphasic model is measurement
twice a day at intervals . 6 h for at least 3 d after adminis-
tration.
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Radioiodine therapy of differentiated thyroid cancer is
intended to ablate thyroid tissue or thyroid cancer metasta-
ses remaining after surgical treatment by administration of
sufficiently large doses of radioiodine. There are 2 com-
monly used algorithms for prescribing the therapeutic ad-
ministered activity, fixed or individualized (1). Considering
individual variations in radiopharmaceutical kinetics and
accumulating mass of the target tissue, patient-specific ra-
diation dosimetry can improve the accuracy of dose esti-
mates and increase the safety and cost-effectiveness of
radioiodine therapy (1–3). The patient-specific treatment-
planning paradigm, initially proposed by Benua et al. (4),
consists of serial time–activity measurements over selected
regions after the administration of a tracer activity of131I.
The kinetic data are then used to determine the cumulated
activities in target tissues and to predict the therapeutic
dose. After the administration of therapeutic activity, serial
time–activity measurements and cumulated activity calcu-
lations are repeated and the absorbed dose is compared with
the predicted dose. Experience has shown that in individual
patients, the therapeutic dose actually absorbed in the target
tissue is less than would have been predicted using only the
kinetics of the pretreatment tracer radioiodine study (5–8).
The explanation is that the therapeutic dose results in acute
radiation damage that causes rapid leakage of iodide from
the damaged thyroid cells (1). More recently, the concept
of thyroid stunning was introduced, and it is being investi-
gated (9).

The radiation dose to a target tissue is proportional to the
area under the time–activity curve for that tissue, assuming
(as with radioiodine and thyroid tissue) that the dose con-
tribution of other tissues is negligible. The curve is fitted to
analytic models, and the area under the curve is calculated
by numeric or analytic integration. Accurate estimation of
the area requires adequate sampling over a sufficiently long
period (10,11). In clinical practice, however, only a limited
number of measurements is usually available over a short
interval of several days. In part because the required number
and frequency of activity measurements depend on the
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number of adjustable parameters of the model, the function
often used in practice is a simple monoexponential.

In this study, we evaluated an alternative biphasic model
incorporating both radioiodine uptake and clearance. Al-
though the complexity (the number of estimated parame-
ters) is the same as in the monoexponential model, the
biphasic model has the potential to provide more accurate
estimates using data limited to initial periods after iodine
administration. We suggested that a significant part of the
difference between the predicted and actually absorbed ther-
apeutic doses of131I can be attributed to errors from inad-
equate sampling of data and oversimplified modeling.

MATERIALS AND METHODS

Patient-specific radiation dosimetry is based on measurement of
131I kinetics and on estimation of the accumulating mass of the
target tissue. This study focused on examination of131I kinetics.
The parameter selected for comparison of monoexponential and
biphasic kinetic models was residence timet (in days):

t 5 Ac/A0, Eq. 1

that is, the ratio of cumulated activity Ac (in MBq z d) and admin-
istered activity A0 (in megabecquerels). The cumulated activity is
the area under the time–activity curve and represents the sum of all
nuclear transitions in the region and interval of interest. In the
MIRD schema, the residence time is used to calculate the mean
absorbed dose per unit administered activity (10,11):

D/A0 5 tS, Eq. 2

where D (in grays) is the mean absorbed dose and S (Gy/MBqz d)
is the mean absorbed dose per unit cumulated activity (for sim-
plicity, arguments indicating source and target regions are omitted).

Patients
Radioiodine treatment was performed 6 wk after total or nearly

total thyroidectomy for differentiated thyroid carcinoma. Patients
were on a low-iodine diet and were hypothyroid, with the level of
serum thyroid-stimulating hormone exceeding 30 mIU/L. Thyroid
hormone substitution started 24 h after therapeutic administration
of 131I. For the study, only the patients with neck lesions receiving
the first radioiodine treatment were considered. Two groups of
patients were analyzed. In the first group (n 5 633), time–activity
measurements after131I administration were performed according
to a routinely used standard protocol. In the second group (n 5
71), the measurements were performed more frequently and for a
longer time with respect to the standard protocol.

The first group of patients consisted of 506 females (age range,
9–81 y; mean age6 SD, 47.06 14.3 y) and 127 males (age range,
11–78 y; mean age6 SD, 47.86 14.9 y). Three hundred forty-one
patients (53.9%) had papillary carcinoma, 162 (25.6%) had follic-
ular carcinoma, and 130 (20.5%) had the mixed forms. The second
group of patients consisted of 54 females (age range, 16–77 y;
mean age6 SD, 45.36 16.4 y) and 17 males (age range, 19–72
y; mean age6 SD, 46.66 16.4 y). Fifty-seven patients (80.3%)
were treated for papillary and 14 (19.7%) for follicular thyroid
carcinoma.

Diagnostic activity (70–75 MBq) and therapeutic activity (3–8
GBq; mean, 4.26 1.4 GBq) of131I were administered in the form
of Na131I solution. If the uptake in thyroid remnants exceeded

5%–9% of diagnostic administered activity, a surgical revision was
considered. Otherwise, therapeutic activity was applied immedi-
ately after evaluation of diagnostic measurements (i.e., 3–6 d after
the diagnostic application).

Measurement Protocols
According to the standard protocol, the counting rate was mea-

sured over the remnants of thyroid gland and other known lesions
in the neck using a collimated scintillation probe with a NaI(Tl)
detector connected to a multichannel analyzer. Measurements were
performed in the constant distance (20 cm) between the detector
and the inspected region at 3, 24, 48, and 72 h after the diagnostic
administration. After the administration of therapeutic activity, the
measurements were performed daily for 10–20 d.

To compare both curve-fitting models and to validate the bi-
phasic model in detail, a prospective study with a modified pro-
tocol was performed on 71 consecutive patients. According to the
modified protocol, measurements were performed twice a day at an
interval of approximately 6 h for an extended period (i.e., up to 6 d
after administration of diagnostic activity and up to 20 d after
administration of therapeutic activity).

A vial with an iodine solution of known activity was used for
calibration. The vial was placed in the thyroid phantom, consisting
of a polyethylene cylinder of diameter 150 mm and height 160 mm
with an eccentric hole of diameter 35 mm and depth 100 mm for
the vial. The shortest distance between the hole and phantom
surface was 5 mm. Calibration was performed before measurement
and repeated every 2 h. For measurements after administration of
therapeutic activities of131I, a lead diaphragm (12 mm) was
inserted in front of the probe to reduce the incident counting rate.
All measured counting rates were corrected for background ac-
tivity.

Monoexponential Model
In routine practice, the activity A(t) (in megabecquerels) of131I

in thyroid remnants at time t (in days) after administration is
modeled (for t$ t1 > 1 d) by the monoexponential function:

A ~t! 5 A ~0! exp@2~t 2 t1! ln 2/Tef#, Eq. 3

where A(0) (in megabecquerels) is a constant and Tef (in days) is
the effective half-life of radioiodine. The corresponding model
describing measured values Am(t) of the activity A(t) in logarith-
mic form is:

ln Am~t! 5 ln A ~0! 2 ~t 2 t1! ln 2/Tef 1 n, Eq. 4

where n is normal noise. There are 3 unknown patient-specific
parameters in the model to be estimated: the time t1 of maximum
activity in the lesion, the constant A(0), and the effective half-life
Tef. Obtaining the correct value of the time t1 (often substituted by
the peak time of measured counting rate or fixed to 1 d after iodine
administration) is critical for accurate curve fitting using Equation
4, especially when the number of measurements is low. Therefore,
time t1 was estimated by shifting t1 between the highest counting
rate values until the minimum error of the fit was achieved. Noise
n reflects measurement and approximation errors as well as the
random character of the observed biophysical processes. Assumed
normality of the noise implies that the remaining 2 unknown
parameters, A(0) and Tef, are optimally estimated by the least
squares method. The residence time was then calculated as:

t 5 ~A ~0!/A0!Tef/ln 2. Eq. 5
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Alternative Biphasic Model
In the biphasic model, the activity A(t) at time t measured since

the time of administration (t5 0) is expressed as:

A ~t! 5 tC2 exp~C1 1 C3t
2/3 ln t 2 t ln 2/Tp!, Eq. 6

where C1, C2, and C3 are patient-specific constants and Tp (in days)
is the physical half-life of131I (8.04 d). The corresponding model
describing measured values Am(t) of the activity A(t) in logarith-
mic form is:

ln Am~t! 5 C1 1 C2 ln t 1 C3t
2/3 ln t 2 t ln 2/Tp 1 n, Eq. 7

where the normal noise n has the same justification as in the
traditional monoexponential model. The assumed normality of
additive noise again implies that the constants C1, C2, and C3 are
optimally estimated by least squares. The residence time is calcu-
lated using Equation 1, in which the cumulated activity Ac is
substituted by the area under the curve modeled by Equation 7.
The area is obtained by a simple numeric integration.

Statistical Evaluation
Using monoexponential and biphasic models, residence times

were estimated for 633 records with routine (relatively infre-
quently sampled) time–activity measurements and for 71 records
with more frequent time–activity measurements. All estimated
residence times were converted to natural logarithms to reflect
their approximately lognormal distribution. The values of lntd and
ln tt were obtained from data measured after administration of
diagnostic and therapeutic activities, respectively, of131I. Compar-

isons were made pairwise in individual patients, and the differ-
ences were evaluated by a pairedt test (12). Mean values and
variances between the groups of patients were compared by a
standardt test and F distribution (12).

Errors of fitting and prediction for monoexponential and bipha-
sic models were calculated for the group of patients with more
frequently performed measurements after therapeutic administra-
tion of 131I. Errors were calculated as the sums of squared devia-
tions between measured values of activity and the values modeled
by Equations 4 and 7. Errors of fitting were summed over all data
points available for the curve fitting. Errors of prediction were
summed over the points not used for the curve fitting after the
parameters of the respective models were estimated from measure-
ments in the short initial interval and the curves extrapolated to a
longer time (Fig. 1). Occasionally, the number of measurements
was close to the number of parameters and the fit was almost
errorless. Seven of 71 data records with errors close to 0 were
excluded from evaluation to avoid bias.

RESULTS

An example of time–activity curves fitted to measured
data points in an individual patient is given in Figure 1.

Logarithms of residence timestd and tt estimated after
the administration of diagnostic and therapeutic activities of
131I are compared in Tables 1and 2. Mean values and ratios
of td and tt are summarized in Figure 2. With diagnostic
records, the effect of the model was not significant in either

FIGURE 1. Example of curve fitting in 1
patient using monoexponential (A and C)
and alternative biphasic (B and D) models
applied to all (A and B) and initial (C and D)
data. In each plot, only black points are
used for curve fitting. Dashed lines show
fitted curves. Figure shows ability of re-
spective models to fit data and to predict
course of time–activity curve when fitted to
limited number of initial data points. Values
of estimated parameters are t1 5 0.89 d, ln
A(0) 5 6.29, Tef 5 2.29 d, t 5 0.22 d (A);
C1 5 0.41, C2 5 5.80, C3 5 20.24, t 5
0.37 d (B); t1 5 0.89 d, ln A(0) 5 5.74, Tef 5
7.07 d, t 5 0.69 d (C); and C1 5 0.34, C2 5
5.72, C3 5 20.21, t 5 0.36 d (D). Average
ln errors of fitting are 0.06 (A) and 0.03 (B).
Average ln errors of prediction are 2.96 (C)
and 0.08 (D). When only 1 measurement a
day is evaluated, the errors increase to
0.07 (A), 0.06 (B), 3.88 (C), and 0.43 (D),
respectively. exp. 5 exponential.
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of the 2 groups of patients. The effect of frequent sampling,
however, resulted in significantly longer estimates of resi-
dence times with both models. After the administration of
therapeutic activity, the effects of both the model and the
sampling frequency were found to be significant. The long-
est estimates of residence timestd andtt were found with
the biphasic model and frequently sampled data.

Paired differences lntd 2 ln tt are summarized in Table
3. Ideally, if there is no thyroid stunning or other possible
effects causing the differences between the residence time
estimated from diagnostic and therapeutic records, the dif-
ferences should be 0 (i.e., the residence times estimated
from diagnostic and therapeutic records should be identi-
cal). For the same reason, ratiostd/tt shown in Figure 2
should ideally equal 1. The condition is best approximated
by the biphasic model when applied to frequently sampled
data. However, even in the best approximation, the differ-
ences between residence times of131I after diagnostic and
therapeutic administrations remain significant.

Errors of fitting and prediction in logarithmic form are
given in Tables 4 and 5. In comparison with the monoex-
ponential model, the alternative model provides estimates

with significantly smaller errors of fitting and prediction
when 2 measurements a day are used for curve fitting. When
only 1 measurement a day is used, the differences become
insignificant.

DISCUSSION

The activity of radioiodine used for the ablation of thy-
roid remnants is not standardized. Tumor size, lymph node
involvement, and distant metastases seem to have implica-
tions for the level of administered activity of131I (13).
Therapeutic activities used in practice vary widely from,1
to .12 GBq (13–15). The frequency of complications has
been reported to increase with the dose (13), and in many
patients very low doses have been shown to be sufficient to
prevent recurrence of the disease (14,15). Prediction of
therapeutic doses based on the determination of patient-
specific radioiodine pharmacokinetics and lesion uptake
thus could help to standardize protocols and improve both
the safety and the cost-effectiveness of the treatment. Be-
sides other factors (unknown accumulating mass of the
thyroid remnants), the problem of dose prediction is that the

FIGURE 2. Mean values and ratios of td

and tt obtained by monoexponential (M)
and biphasic (B) models for 633 routine
records with infrequent sampling (M633,
B633) and for 71 experimental records with
frequent sampling (M71, B71).

TABLE 1
Logarithms of Estimates of Residence Times td

After Diagnostic Administration of 131I

Model n

Arithmetic
mean of

ln td

SD of
ln td

Effect of
model

Effect of
sampling

Monoexponential 633 23.71 1.32
Biphasic 633 23.71 1.21 P . 0.05
Monoexponential 71 23.02 2.23 P , 0.05
Biphasic 71 22.88 1.68 P . 0.05 P , 0.01

Effect of model shows difference between monoexponential and
biphasic models in each group of patients. Effect is evaluated by
paired t test. Effect of sampling shows difference between 2 groups
of patients with different sampling for monoexponential and alter-
native models. Effect is evaluated by standard t test for 2 arithmetic
means.

TABLE 2
Logarithms of Estimates of Residence Times tt

After Therapeutic Administration of 131I

Model n

Arithmetic
mean of

ln tt

SD of
ln tt

Effect of
model

Effect of
sampling

Monoexponential 633 25.43 1.08
Biphasic 633 24.77 0.94 P , 0.01
Monoexponential 71 23.79 1.06 P , 0.01
Biphasic 71 23.27 1.06 P , 0.01 P , 0.01

Effect of model shows difference between monoexponential and
biphasic models in each group of patients. Effect is evaluated by
paired t test. Effect of sampling shows difference between 2 groups
of patients with different sampling for monoexponential and alter-
native models. Effect is evaluated by standard t test for 2 arithmetic
means.
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residence time estimated after administration of therapeutic
activity of 131I is substantially shorter than that estimated
after administration of diagnostic activity (5–8) and that the
resulting actual dose absorbed in the target tissue is thus
lower than predicted. One of the possible explanations cur-
rently discussed in the literature is the effect of thyroid
stunning: relatively low activities of131I used either for
diagnostic scintigraphy or time–activity measurements may
result in a time-dependent reduction of thyroid131I uptake
(9). Recent studies on the possible stunning effect of low
doses of radioiodine are, however, controversial, finding
both its presence (16–18) and its absence (19,20).

To analyze thyroid stunning and other biologic effects of
radiation in detail, all other possible effects that may con-
tribute to the differences between the true and the predicted
therapeutic doses should carefully be excluded. The aim of
this study was to analyze the effects of modeling and curve
fitting in time–activity measurements and to propose a prac-
tical and useful method to improve the planning of radio-
iodine therapy. All other factors affecting the calculation of
therapeutic doses, especially the mass of the target tissue,
were ignored.

A simple monoexponential model fitted to the initial part
of the elimination curve does not properly predict the com-
plete time–activity curve. Such a model neglects both the
uptake and the long-term retention phases of131I kinetics.
Reliable fitting of more realistic models (i.e., models with
more adjustable parameters) requires a higher number and

frequency of measurements over a longer interval than is
feasible in clinical practice.

The motivation of the alternative biphasic model is de-
scribed in our previous reports (21,22). Briefly, the aim was
to approximate the results of more complex multicompart-
mental models that, in practice, cannot successfully be
estimated because of a lack of data. An additional important
requirement was linearity in parameters that would guaran-
tee both simplicity and robustness of estimation. The result-
ing biphasic model emerged from a series of experiments
testing various simple analytic descriptions that produced
time–activity curves similar to those provided by more
complex compartmental models. The model takes into ac-
count the uptake phase and, using a limited number of
well-distributed samples over the initial period, also pre-
dicts the long-term retention well. The biphasic model thus
represents a compromise between simple but inadequate
and complex but demanding models.

The biphasic model yields estimates of therapeutic resi-
dence time averaging approximately 50% higher than those
yielded by the standard monoexponential model. As can be
seen in Figures 1 and 2 and in Tables 3 and 5, the main
advantage of the new model is its significantly better pre-
dictive ability than that of the monoexponential model. The
difference between both models decreases with increasing
number of measurements and the length of the interval used
for curve fitting.

TABLE 3
Paired Differences Between Logarithms of Estimates of Residence Times ln td 2 ln tt

Model n

Arithmetic
mean of

ln td 2 ln tt

SD of
ln td 2 ln tt

Paired t
test of

ln td 2 ln tt Effect of model Effect of sampling

Monoexponential 633 1.72 0.95 P , 0.01
Biphasic 633 1.07 0.76 P , 0.01 P , 0.01
Monoexponential 71 0.77 1.31 P , 0.01 P , 0.01
Biphasic 71 0.38 0.75 P , 0.01 P , 0.01 P , 0.01

Differences ln td 2 ln tt in each row are evaluated by paired t test. Effect of model shows difference between monoexponential and
biphasic models in each group of patients. Effect is evaluated by paired t test. Effect of sampling shows difference between 2 groups of
patients with different sampling for monoexponential and alternative models. Effect is evaluated by standard t test for 2 arithmetic means.

TABLE 4
Errors of Fitting of Measured Time–Activity Curves

Model n

Measurement twice a day Measurement once a day

Arith. mean
of ln error

SD of
ln error

Effect of
model

Arith. mean
of ln error

SD of
ln error

Effect of
model

Monoexponential 64 1.33 1.28 2.14 0.89
Biphasic 64 0.58 1.40 P , 0.01 2.15 0.89 P . 0.05

Arith. 5 arithmetic.
Effect of model shows difference between monoexponential and biphasic models evaluated by paired t test.
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Besides the type of the model, the number, frequency,
and duration of time–activity measurements was found to be
important for accurate estimation of dose. According to
experience based on this study, reliable curve fitting re-
quires that time–activity measurements be performed after
the administration of a diagnostic activity of131I twice a day
for at least 72 h. Daily measurements should be separated by
at least 6 h. Measurement after the therapy should last
longer, but the sampling frequency of data points can be
lower.

The results obtained with the biphasic model show that
radiation damage to thyroid cells may not be the only
explanation for the short residence time of131I found after
administration of therapeutic activities of radioiodine. The
differences between diagnostic and therapeutic kinetics can
also be explained by the different lengths of time during
which the measurements are performed, the different fre-
quencies and regularities of data sampling, and the different
models used to fit data. However, even with well-sampled
data and the biphasic model, the difference between resi-
dence times estimated after the administration of diagnostic
and therapeutic activities of131I remains significant and is
likely related to the radiobiologic effect of the131I radiation.

CONCLUSION

The important feature of analytic models used for fitting
of time–activity curves is their ability to predict, that is,
extrapolate, the course of activity behind the interval of
measurement. In comparison with the traditional monoex-
ponential model, the alternative biphasic model better pre-
dicts the kinetics of131I when applied to the short initial
interval after diagnostic administration of radioiodine. After
therapeutic administration of131I, the biphasic model pro-
vides estimates of residence time that are closer to those
predicted from diagnostic time–activity measurements. At
the same time, the biphasic model requires estimation of
only the same number of unknown patient-specific param-
eters as does the monoexponential model. Even with the
biphasic model, both diagnostic and therapeutic time–activ-
ity measurements have to be performed as long and as
frequently as is practical. The minimum for the biphasic
model seems to be 2 measurements a day separated at an

interval of at least 6 h for at least 72 h. Later measurements
can be performed once a day.

APPENDIX

The parameters of both monoexponential and biphasic
models are estimated by the regression C5 (X9X)21X9Y,
where matrix C contains the estimated parameters of the
respective model, matrix X contains an independent vari-
able (time), and matrix Y contains a dependent variable
(activity). X9 is the transpose of X.

In the monoexponential model, the content of the matri-
ces Y, X, and C is Y5 [ln A(t 1), ln A(t2),. . ., ln A(tk)]9, X 5
[x1, x2], x1 5 [1, 1,. . ., 1]9, x2 5 [2t1, 2t2,. . ., 2tk]9, and
C 5 [ln A(0), ln 2/Tef]9, where A(ti) (i 5 1, 2,. . ., k) is the
activity measured at time ti, k is the number of measure-
ments, and A(0) and Tef are the estimated parameters of the
monoexponential model (Eqs. 3 and 4). Time t1 is the peak
time of the count rate estimated from measurements.

In the biphasic model, the content of the matrices Y, X,
and C is Y5 [ln A(t 1) 1 t1 ln(2)/Tp, ln A(t2) 1 t2 ln(2)/
Tp,. . ., ln A(tk) 1 tk ln(2)/Tp]9, X 5 [x1, x2, x3], x1 5 [1,
1,. . ., 1]9, x2 5 [ln t1, ln t2,. . ., ln tk]9, x3 5 [t1

2/3 ln t1, t22/3

ln t2,. . ., tk2/3 ln tk]9, and C5 [C1, C2, C3]9, where Tp is the
physical half-life of131I and C1, C2, and C3 are the estimated
parameters of the biphasic model. Practical implementation
of the estimation procedures requires introduction of phys-
ical limits (e.g., 0 initial value of cumulated activity) and
use of the method of restricted least squares.
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