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Abstract. The aim of this study was to optimise radioio-
dine therapy of diffuse and nodular toxic goitre by calcu-
lation of the radiation dose delivered to the thyroid on
the basis of the pretreatment technetium-99m pertechne-
tate thyroid uptake under thyrotropin suppression
(TcTUs). The TcTUs value serves as a substitute for the
non-suppressible iodine turnover and the functional au-
tonomous mass. Marinelli’s formula was used to calcu-
late tissue absorbed doses of 150 Gy, 200 Gy, 250 Gy
and 300 Gy to the thyroids of 438 patients with multifo-
cal and disseminated autonomy. The mean age of pa-
tients was 70±9 years, and the mean thyroid volume 
was 54±26 ml. Two hundred and sixty-one of the pa-
tients had at least one documented previous episode of
overt hyperthyroidism. Tissue absorbed doses were
adapted to the pretreatment TcTUs: 150 Gy for a TcTUs
of 1.5%–2.49%, 200 Gy for a TcTUs of 2.5%–3.49%,
250 Gy for a TcTUs of 3.5%–4.49% and 300 Gy for a
TcTUs of ≥4.5%. Normalisation of TcTUs and thyrotro-
pin (TSH), thyroid volume reduction and frequency of
hypothyroidism and recurrent hyperthyroidism were
evaluated 1 year after a single radioiodine therapy. The
presented dose strategy resulted in normalisation of
TcTUs in 96% and an increase in TSH to the normal
range in 92%. Recurrent hyperthyroidism was observed
in only five patients. Thyroid volume decreased from
54±26 before treatment to 34±20 ml, a mean reduction
of 37%. The frequency of hypothyroidism, at 0.9%, was
encouragingly low. Dose selection in accordance with
pretreatment TcTUs can be recommended for elimination
of functional autonomous tissue with a single radio-
iodine therapy in patients of advanced age with enlarged

thyroid glands and relevant autonomous masses who are
at risk of developing iodine-induced hyperthyroidism.
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Introduction

Despite almost 60 years of experience with radioiodine
therapy (RIT) in hyperthyroidism, little consensus exists
among experts on the optimal method of dose selection or
even the best method of dose determination [1]. 
Marinelli’s formula has been developed to provide a con-
sistent framework for absorbed dose calculations that us-
es universally accepted units and measurements [2]. This
formula requires determination of the effective half-life
and the maximum uptake of radioiodine, usually derived
from a radioiodine uptake test prior to RIT, and the target
volume [3]. Determination of the target volume can be
done easily by ultrasound in the case of a single hyper-
functioning thyroid nodule but is almost impossible when
there is a multifocal and disseminated pattern of function-
al autonomous cells. To overcome this problem, a “dosi-
metric compromise” has been suggested in which the to-
tal thyroid volume, rather than hyperfunctioning thyroid
nodules, is considered as the target volume and the tissue
absorbed dose is subsequently reduced to 50% [4]. How-
ever, studies using such an approach have shown that the
results of RIT with ≤200 Gy tissue absorbed dose are sig-
nificantly worse in patients who have been overtly hyper-
thyroid or have presented with a technetium-99m pert-
echnetate thyroid uptake under thyrotropin suppression
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(TcTUs) of >3.2% [5, 6]. RIT failed to eliminate function-
al thyroid autonomy in about 50% of such patients. The
TcTUs value has gained significance as a measure of the
non-suppressible iodine turnover or the functional auton-
omous mass, which can be used to identify patients who
are at risk of developing overt hyperthyroidism [7, 8]. As
a consequence, dose selection on the basis of the pretreat-
ment TcTUs has been recommended [9]. This modified
dosimetric approach has been prospectively evaluated
over a 5-year period. The results of the first 75 patients
treated were reported 3 years ago [10]. This study sum-
marizes the results of RIT using TcTUs-adapted dose se-
lection in more than 400 patients with goitres and multi-
focal and disseminated thyroid autonomy.

Materials and methods

Patients. Consecutive patients (n=438; 298 women and 140 men)
who were referred to two centres for RIT of diffuse or nodular tox-
ic goitre and who had a complete follow-up for between 6 and 
24 months after RIT were included in this prospective analysis. The
mean age of the patients was 70.0±8.9 years (range 35–96 years).
RIT was regarded as indicated in the presence of overt hyperthy-
roidism or symptomatic borderline hyperthyroidism and scinti-
graphically confirmed multifocal and disseminated thyroid auton-
omy with a TcTUs of ≥1.5% [11]. A total of 261 patients (59.6%)
had at least one documented previous episode of overt hyperthy-
roidism, while the remaining 177 patients (40.4%) were borderline
hyperthyroid. All patients had a goitre with a volume of more than
18 ml. Thyroid nodules were palpable in 344 cases (78.5%). None
of the patients had undergone a previous surgical intervention to
the thyroid or previously received radioiodine treatment. All pa-
tients presented with endogenously suppressed thyrotropin (TSH
≤0.1 mU/l) and peripheral euthyroidism (normal values for free
triiodothyronine and free thyroxine) at the time of radioiodine test
and therapy. Patients who were overtly hyperthyroid at the time of
RIT were not included in the present evaluation. Occasional anti-
thyroid drug medication was discontinued at least 3 weeks prior to
RIT. Urinary iodine excretion was below 10 µg/dl in 258 patients
(58.9%) and between 10 and 30 µg/dl in the remaining 180 pa-
tients (41.1%), indicating mild iodine deficiency in the patient
sample studied [12].

Methods. The TSH level was determined using an immunoradio-
metric assay (RIA-gnost hTSH, Cis bio international, Cedex,
France or Dynotest TSH 1, Brahms, Berlin, Germany). The nor-
mal range was 0.3–4 mU/l. TSH values ≤0.1 mU/l were consid-
ered to be suppressed. Free thyroxine (fT4) and free triiodothyro-
nine (fT3) levels were measured with the Amerlex-FT4-MAB 
and Amerlex-FT3-MAB kits (Demeditec Diagnostica GmbH,
Kiel, Germany). Reference ranges were 9–27 pmol/l (fT4) and
3–7.7 pmol/l (fT3). Laboratory kits and reference ranges were
identical at both centres.

Thyroid sonography was performed with a 7.5-MHz linear
transducer on a Hitachi CS 9000 sonography device and a 5-MHz
linear transducer or a 7.5-MHz sector transducer on a Philips
SSD-630 sonography device. The formula of Brunn and co-work-
ers [13] was applied for sonographic estimation of total thyroid
volume. This formula is based on the formula of a rotation ellip-
soid and has an average inaccuracy of 15%.

Thyroid scintigraphy was performed by means of a high-reso-
lution gamma camera (Siemens Basicam). Images were obtained
over 5 min starting 20 min after intravenous injection of 37 MBq
99mTc-pertechnetate. A method originally described by Mahlstedt
and Czirik was used for quantitative evaluation of scintigrams
[14]. In brief, the count rate density was measured in a region of
interest over the entire thyroid and corrected for the activity re-
maining in the syringe, activity at the site of injection and back-
ground activity. The camera and imaging procedure were identical
at both centres. A TcTUs value of ≥1.5% was used to define func-
tional thyroid autonomy [7, 11].

Urinary iodine excretion was measured in all patients of the
study group either with a modified ceric ammonium sulphate
method originally described by Wawschinek and co-workers [15]
or with the Urojod®-Test (Merck, Darmstadt, Germany). These
two methods are reported to produce comparable results [16].

Radioiodine therapy. Dosimetry was performed in all patients
within 2 weeks prior to RIT by means of a radioiodine uptake 
test with 2 MBq iodine-131 lasting 3–5 days. The activity applied
was calculated using Marinelli’s formula [17]. Activities of 817±
329 MBq (185–2,220 MBq) were applied to achieve tissue ab-
sorbed doses of 150 Gy in 168 patients (38.4%), 200 Gy in 93 pa-
tients (21.2%), 250 Gy in 81 patients (18.5%) and 300 Gy in 
96 patients (21.9%). Tissue absorbed doses were selected accord-
ing to the pretreatment TcTUs: 150 Gy for a TcTUs of
1.5%–2.49%, 200 Gy for a TcTUs of 2.5%–3.49%, 250 Gy for a
TcTUs of 3.5%–4.49% and 300 Gy for a TcTUs of ≥4.5% [10].
Thyroidal radioiodine uptake was measured every day during ther-
apy using a collimated gamma dose-rate probe to determine the
maximum uptake and effective half-life of radioiodine. Calibration
of the probe for the high activities of radioiodine was done with
therapy capsules at the same distance as the patient.

Evaluation. Sonographic thyroid volume, fT4 and fT3, thyrotropin
and 99mTc-pertechnetate thyroid uptake were measured when the
radioiodine test was performed and again between 6 and 24
months after treatment. The results of radioiodine therapy in the
four different dose groups were compared with regard to normali-
sation of TcTUs, increase in TSH level, reduction of goitre volume
and thyroid function.

Statistics. Data are expressed as mean values ±1 standard devia-
tion (SD) and, if appropriate, as maximum and minimum values.
The distribution-free rank sum test of Wilcoxon-Mann-Whitney
was used to test whether the population distribution functions cor-
responding to the random samples were identical or whether they
differed by location. The chi-square test was performed for com-
parison of proportions. A Bonferroni correction was applied for
multiple comparisons. P values of less than 0.05 were considered
statistically significant. All statistical analyses were performed us-
ing SPSS 9.0 for Windows software.

Results

The pretreatment data of the 438 patients with diffuse or
nodular toxic goitre are shown in Table 1. As stated
above, tissue absorbed doses of 150 Gy, 200 Gy, 250 Gy
or 300 Gy were selected on the basis of the pretreatment
TcTUs. Mean radioiodine uptake was 44.7%±12.8%
with a range from 16% to 84%. Despite some overlap
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between groups, the mean radioiodine uptake increased
significantly from 36.9%±10.6% in the 150-Gy group to
57.7%±12.1% in the 300-Gy group (P<0.05, Wilcoxon-
Mann-Whitney test). There was a significant difference
in radioiodine uptake between all treatment groups.
However, no significant difference was observed be-
tween the four groups with respect to thyroid volume,
effective half-life of radioiodine or applied activity.
Sonographic mean thyroid volume was 54±26 ml, rang-
ing from 19 to 140 ml. Effective half-life of radioiodine
was 6.2±0.9 days, with a wide range from 3 to 7 days.
Activities of 817±269 MBq radioiodine were applied

with a minimum of 185 MBq and a maximum of
2,220 MBq.

The results of RIT are shown in Table 2. Mean fol-
low-up period was 15±9 months, with no differences be-
tween groups. Post-treatment TcTUs was below 1.5% in
96.1% of cases, ranging from 97% in the 150-Gy group
to 94.8% in the 300-Gy group. The frequency of 
TSH-normalisation was 92%, not significantly lower
than that of TcTUs normalisation. The decrease in thy-
roid volume ranged between 10% and 60% with a mean
reduction of 37%. Three of four cases of post-treatment
hypothyroidism occurred in the 150-Gy group and one in

Table 1. Thyroid volume, TcTUs and iodine kinetics of 438 borderline hyperthyroid patients with multifocal and disseminated thyroid
autonomy prior to RIT

Tissue absorbed dose (Gy) Total

150 200 250 300

Patients (no.) 168 93 81 96 438

Thyroid volume (ml) 52±25 52±22 51±29 60±26 54±26
(19–140) (24–100) (20–150) (20–130) (19–140)

TcTUs (%)* 2.02±0.29 3.02±0.28 3.93±0.33 7.23±2.07 3.73±2.22
(1.5–2.49) (2.5–3.49) (3.5–4.49) (4.5–14.6) (1.5–14.6)

Radioiodine uptake (%)* 36.9±10.6 42.1±11.4 48.4±8.2 57.7±12.1 44.7±12.8
(16–69) (17–74) (28–62) (25–84) (16–84)

Effective half-life (days) 6.3±0.8 5.8±1.2 6.2±0.7 6.5±0.8 6.2±0.9 
(3.5–7) (3–7) (4–7) (4–7) (3–7)

Activity applied (MBq) 751±237 892±355 765±242 903±244 817±269 
(185–1,480) (220–2,220) (295–1,480) (370–1,665) (185–2,220)

Ranges are shown in parentheses
* Significant differences between groups, P<0.05 (Wilcoxon-Mann-Whitney test)

Table 2. Results 15 months after RIT in 438 patients with multifocal and disseminated thyroid autonomy using a TcTUs-adapted dosi-
metric approach

Absorbed dose (Gy) Total

150 200 250 300

Patients (no.) 168 93 81 96 438

Follow-up (months) 14.4±8.2 15.4±9.6 13.9±9.7 15.7±8.9 14.8±8.8

TcTUs <1.5% (no.)a 163 (97.0%) 89 (95.7%) 78 (96.3%) 91 (94.8%) 421 (96.1%)

TSH >0.3 mU/l (no.) 155 (92.3%) 87 (93.6%) 73 (90.1%) 88 (91.7%) 403 (92.0%)

Thyroid volume (ml)b 30.1±19.7 35.5±18.8 32.4±17.8 40.4±19.4 34.3±19.6
(6–115) (9–94) (6–70) (10–82) (6–115)

Hypothyroid (no.)c 3 (1.8%) 1 (1.1%) 0 0 4 (0.9%)

Euthyroid (no.) 157 (93.4%) 89 (95.7%) 77 (95.1%) 91 (94.8%) 414 (94.5%)

Hyperthyroid (no.)d 8 (4.8%) 3 (3.2%) 4 (4.9%) 5 (5.2%) 20 (4.6%)

a Six patients with TcTUs >2.5% and 11 patients with TcTUs
1.5%–2.5% 
b Range in parentheses
c Three patients with subclinical hypothyroidism and one patient
who was euthyroid under thyroid hormone substitution

d Fifteen patients with borderline hyperthyroidism, three patients
who were euthyroid under antithyroid medication and two patients
with overt hyperthyroidism
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the 200-Gy group. Only one patient was manifestly hy-
pothyroid; the remaining three patients were subclinical-
ly hypothyroid.

One of five cases of recurrent hyperthyroidism oc-
curred in the 200-Gy group, and two in each of the 
250-Gy and the 300-Gy group. These five patients re-
ceived a repeat treatment within 1 year after primary
RIT. The frequency of borderline hyperthyroidism did
not exceed 5%. Symptom relief was achieved in most of
these 15 patients. The TcTUs decreased to below 1.5% in
three of them, and to between 1.5% and 2.5% in 11 pa-
tients; only one patient had a TcTUs of >2.5% after RIT.
Of 15 patients with borderline hyperthyroidism after
RIT, just two were scheduled for repeat treatment with
radioiodine.

There were no significant differences between the
four treatment groups concerning any of the parameters
evaluated in the follow-up.

An example of successful RIT is shown in Fig. 1. A
67-year-old patient suffered from recurrent hyperthyroid-
ism on two occasions. Successful therapy of overt hyper-
thyroidism with anti-thyroid medication was discontin-
ued when the patient was borderline hyperthyroid, 
6 weeks before RIT. At the time of the radioiodine test
and therapy, the patient continued to be borderline hyper-
thyroid and the TcTUs was 5.2%. Therefore, a 300-Gy tis-
sue absorbed dose was selected and a sole RIT was per-
formed with 1,295 MBq 131I. Nine months later, the pa-
tient was euthyroid (TSH 0.3 mU/l) and scintigraphy
showed a TcTU of 0.3%. This value was well below the
threshold of reference range of TcTUs (<1.5%) and con-
firmed multifocal thyroid autonomy to be completely
eliminated. Goitre size was significantly reduced by
40%.

Discussion

Follicular epithelial cells with autonomous iodine turn-
over are found inside and outside of thyroid nodules and
also independent of the existence of nodules [18, 19, 20].
Thus, the target volume for RIT, i.e. the functional au-
tonomous volume, can be determined with sufficient ac-
curacy only in selected cases of unifocal autonomy,
when the autonomous follicles are concentrated in a
sonographically detectable area within the gland [8]. A
more heterogeneous distribution of autonomously func-
tioning epithelial cells renders sonographic volumetry al-
most impossible for the determination of the target vol-
ume. The non-suppressible 99mTc-pertechnetate uptake
can be used as a measure of the mass of functional au-
tonomous cells in the thyroid [7, 8]. Nevertheless, pre-
treatment thyroid volume and pretreatment TcTUs values
have been identified as most significant independent fac-
tors influencing the outcome of RIT in multifocal and
disseminated thyroid autonomy [21]. Both have to be
considered when selecting a dosimetric approach. When
the clinical applicability of a linear derivation of the au-
tonomous volume from the TcTUs was tested in a small
series of patients, a target dose of ≥350 Gy was neces-
sary to achieve a TcTUs normalisation in 90% and a TSH
normalisation in 70% [22]. When the patient database
was increased, this merely TcTUs-based dosimetric ap-
proach had to be corrected for the thyroid volume since
large goitres need higher target doses [21]. Conversely,
the older, merely volume-based approach [4] had to be
corrected for higher TcTUs values [5].

As a consequence of the findings described above, a
combined volume- and TcTUs-based approach has been
introduced that takes into consideration the total thyroid
volume and entails a stepwise dose adaptation to the pre-
treatment TcTUs [9, 10]. The results achieved in the cur-
rent series of 438 patients 15 months after a single RIT,
i.e. a TcTUs normalisation rate of 96% and a TSH nor-

Fig. 1. Scintigraphy of multifo-
cal thyroid autonomy before
(A) and 9 months after (B) RIT.
Due to a TcTUs of >4.5%,
1,295 MBq 131I was adminis-
tered to deliver a tissue ab-
sorbed dose of 300 Gy to the
total thyroid volume. With a
single RIT the patient became
euthyroid (TSH 0.3 mU/l), the
thyroid volume decreased by
about 40% (from 72 ml to
44 ml) and functional autono-
my was completely eliminated
(TcTU after RIT: 0.3%)



malisation rate of 92%, show that stepwise dose adapta-
tion is a highly effective dosimetric approach for non-
unifocal-distributed functional autonomous epithelial
cells in enlarged thyroids. Even with a different gradua-
tion of the dose steps [23], the results of RIT in multifo-
cal and disseminated thyroid autonomy are similar to
those presented in the current study.

It may be a matter of debate whether such a sophisti-
cated dosimetric approach for RIT is really necessary [1].
There are several issues to consider. In areas where most
cases of hyperthyroidism are of a non-immunogenic ori-
gin, the majority of patients are above 60 years of age and
many of them suffer from several other diseases which
require diagnostic or therapeutic application of iodine-
containing contrast media, disinfectants or drugs. These
patients often cannot wait for years until repeated appli-
cation of radioiodine will finally succeed. In the present-
ed series of patients, the mean age was 70±9 years.

A very recent analysis of factors predicting the out-
come of two fixed activity regimens with 185 or
370 MBq in patients with toxic nodular goitre reported
an overall cure rate of 71.4% (66.6% after 185 MBq and
84.6% after 370 MBq) [24]. The same study identified
more severe hyperthyroidism and medium or large goi-
tres to be highly significant factors which make the pa-
tient less likely to respond to a single dose of radioiodine
[24]. Most of our patients would belong to that sub-
group: almost 80% had a thyroid volume above 30 ml
(the mean thyroid volume was 54±26 ml), while the fre-
quency of documented previous overt hyperthyroidism
was 60%, similar to the frequency of pretreatment TcTUs
of >3%, namely 62%. A TcTUs value of 3% is supposed
to represent the “critical” autonomous volume, i.e. the
volume at which overt hyperthyroidism will occur [8].

A standard activity of 740 MBq radioiodine has been
reported to be highly effective in the treatment of toxic
solitary autonomous nodules [25]. However, the same
group reported that calculated activities adjusted for thy-
roid weight and radioiodine uptake were more effective
than repeated standard activities in toxic multinodular
goitre (relief of hyperthyroidism being achieved in 88%
vs 73%) and that the percentage of patients who were ad-
equately treated with a single application of radioiodine
was more than twice as high for the calculated activity as
for the standard activity (66% vs 27%) [26]. On the other
hand, application of a cumulative activity of 2.22 GBq
over 4 months with 555 MBq per month in patients with
large multinodular goitres was reported to have produced
hypothyroidism in 66% of cases after 18 months [27].
Nonetheless, a fixed activity method may strongly over-
irradiate the smaller glands as well [28]. The hypothy-
roidism rate with our dosimetric approach was just 0.9%
15 months after RIT.

Beside the clinical success, RIT is supposed to en-
hance convenience for the patient and to facilitate early
resumption of a normal lifestyle. Reducing the risk of re-
current hyperthyroidism following an occasional iodine

exposure in the form of iodine-containing contrast agents
or disinfectants is especially valuable for the older pa-
tient with concomitant disease. All this can be achieved
with high efficiency by using the presented dosimetric
approach: the percentage of patients adequately treated
in the present study, 96%, is considerably higher than the
66% rate achieved with a less sophisticated approach
[26]. As differences in radioiodine kinetics may occur in
approximately 10% of cases between uptake test and
therapy, a 100% success rate is scarcely possible with a
single therapy. However, careful measurement of the
therapeutic thyroidal radioiodine uptake permits detec-
tion of occasional underdosage and a subsequent correc-
tion by a second dose within the same in-patient treat-
ment [29].

There are only a few requirements when using 
Marinelli’s formula for absorbed dose calculations, and
all the preparations may be completed within 24 h: sono-
graphic volumetry of the thyroid, quantitative thyroid
scintigraphy with 99mTc-pertechnetate and a radioiodine
uptake test with a 24-h measurement of thyroidal radio-
iodine uptake. The effective half-life of radioiodine in
benign thyroid disease is strongly correlated with the
thyroid function and therefore may be derived from the
TSH, fT3 and fT4 levels [30]. Whether, considering their
logarithmic correlation [23], the 24-h radioiodine uptake
may be replaced by the TcTUs, or vice versa, might be a
topic for further studies.

Conclusion

Stepwise adaptation of the tissue absorbed dose to the
pretreatment uptake of 99mTc-pertechnetate by the thy-
roid under thyrotropin suppression and use of the total
thyroid volume for calculation of the applied activity by
means of Marinelli’s formula can be recommended for
complete elimination of multifocal and disseminated au-
tonomous thyroid tissue with a sole radioiodine therapy
at a very low rate of hypothyroidism. This approach
would be especially beneficial in patients of advanced
age or with enlarged goitres in whom iodine exposure by
use of contrast media or disinfectants is intended and
who are at risk of developing iodine-induced hyperthy-
roidism.
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