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A dosimetry study was performed on 26 patients with an auto
nomous thyroid nodule and suppressed serum thyroid-stimulat

ing hormone, to determine the dose to extranodular tissue when
the nodule receives 300 Gy for 131Itherapy. Methods: Param

eters of radioiodine turnover to be used in the dosimetry formula
were separately obtained for the nodule and the contralateral
lobe, as a measurable example of the extranodular tissue, using
55 MBq 123Iand a computer-assisted gamma camera. The
biologic half-life of 123Iwas then converted into the effective
half-life of 131I,and the volumes of the nodule and the lobe were

obtained by scintigraphy or sonography. Results: The mean
dose to the contralateral lobe from uptake and irradiation by the
nodule was calculated to be 32 Gy, and that to the ipsilateral lobe
was estimated to be 34 Gy. Conclusion: During radioiodine
therapy for autonomous thyroid nodules, the extranodular tissue
receives a higher dose than is generally assumed, which ex
plains the relatively high rate of post-treatment hypothyroidism
reported in the literature.
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RLadioiodine treatment of autonomous thyroid nodules
(ATNs) has been used for more than 50 y. The results in
eliminating nodule hyperfunctioning have been generally
good (1-20). Post-treatment hypothyroidism was initially
considered negligible because of the suppression of iodine
uptake by extranodular tissue as a consequence of thyroid-
stimulating hormone (TSH) inhibition by elevated circulat
ing thyroid hormones. The publication in 1983 of an article
by Goldstein and Hart (4) reporting a 40% prevalence of
hypothyroidism after radioiodine treatment of ATN was
therefore a surprise. After this report, many groups reviewed
their data and reported consistently lower rates of hypothy
roidism (5-8,21). However, the data of Goldstein and Hart
did not remain isolated, and many articles since have
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reported an elevated prevalence of hypothyroidism (70-
15,20). Very few studies have investigated extranodular
tissue dosimetry during radioiodine treatment of ATN
(2,77,22). Reported here is such a study performed on 26
patients with ATN.The results explain the different hypothy
roidism rates described in the literature after radioiodine
treatment of ATN.

MATERIALS AND METHODS

Twenty-six patients with ATN were studied. Seventeen had
elevated concentrations of free thyroxine (FT4) or free tri-
iodothyronine (FT3) in serum (toxic patients), and 9 had free-
circulating thyroid hormone levels within the normal range (non-

toxic patients); serum TSH concentrations were below the normal
range in all patients (Table 1). After the initial finding of a palpable
thyroid nodule associated with clinical signs of hyperthyroidism of
varying severity as well as variously elevated circulating thyroid
hormone and subnormal TSH levels, the patients underwent a
pertechnetate scintigraphy and uptake study showing radionuclide
concentration to be almost completely limited (more than 90% of
thyroid uptake) to the nodule; only on overexposed images was
faint uptake by the extranodular tissue visible. The patients were
then examined with I2'I to confirm that the nodules were really
hyperfunctioning and not of the trapping-only type (23) and to

collect data for dosimetry calculations if the patients and the
referring endocrinologists eventually chose radioiodine as the
method of definitive ablation. I23I(55 MBq) was injected intrave

nously; the activity of the syringe was measured before and after
injection in a Perspex (Imperial Chemical Industries PLC, London,
UK) neck phantom under a gamma camera equipped with a low-energy,
general-purpose, parallel-hole collimator. The neck of each patient was

imaged for 5 min at 1, 24, 48 and 72 h after injection. Regions of
interest for uptake measurements were drawn separately on the
nodule and the contralateral lobe. For lobe visualization the images
were overexposed, and in most patients, a faint image of the lobe
was seen, especially at 24 h, when the counting rate was still high
and the background was already greatly reduced (Fig. 1). In the few
patients in whom the lobe was not clearly visible, the region of
interest was drawn over its presumed anatomic region. The
calculation of the dose to extranodular tissue was primarily made
on the contralateral lobe because the normal tissue adjacent to the
nodule could not be easily separated from it, and measurements of
uptake and volume could not be made. A region of interest for
background subtraction was drawn on the path of the subclavian
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TABLE 1
Demographic and Hormone Data and Final Treatment of 26 Patients with Autonomous Thyroid Nodule

Patient
no.1234567891011121314151617181920212223242526MeanSDAge(y)45615240534567622257656948805366636743573966675560555612SexFFFFFMFFFFMFMFFFMMMFMFFFMMSerum

FT4*

(pmol/L)19.332.743.731.733.525.719.016.516.322.931.717.950.034.250.021.122.015.011.615.114.916.225.919.414.428.325.010.8Serum

FT3*

(pmol/L)6.912.318.68.016.817.010.77.06.212.210.96.915.616.417.57.69.25.26.54.510.64.56.08.47.413.910.34.5Serum

TSH*

(mU/L)0.010.020.020.100.010.100.040.010.100.010.100.100.070.010.070.030.070.220.100.060.010.070.070.010.030.010.060.05HormonestatusNTTTTTTTNTNTTTNTTTTTTNTNTNTTNTTTNTTFinaltreatmentEthanolSurgeryEthanolEthanolUnknownSurgeryEthanolEthanolEthanolRadioiodineEthanolNoneEthanolMethimazoleEthanolMethimazoleRadioiodineRadioiodineRadioiodineRadioiodineRadioiodineRadioiodineRadioiodineRadioiodineRadioiodineRadioiodine

â€¢Normalranges: 7.7-19.3 pmol/L for FT4; 4.0-8.6 pmol/L for FT3; 0.4-15 mU/LforTSH.

FT4 = free thyroxine; FT3 = free tri-iodothyronine; TSH = thyroid-stimulating hormone; NT = nontoxic; T = toxic.

vessels. Nodule and lobe volumes were calculated with the formula
for the ellipsoids (ir/6 X a X b2, where a is the longest axis and b is

the shortest axis), measuring the axes on scintigraphic images
(5,13,16). When the lobe was not clearly visible on overexposed
images, the measurements were made using sonography. A single
gamma camera image was acquired at each time interval; the data
were processed three times to obtain mean values for the uptake
and axes of the nodule and contralateral lobe. The mean coefficients
of variation were 0.5% and 3% for uptake and axis values, respectively,
for the nodule. The same values were higher (7% and 5%) for the
contralateral lobe because of the less favorable counting statistics.

The biologic half-life of radioiodine was separately calculated

for the nodule and the contralateral lobe on the basis of uptake
values at 24,48 and 72 h. The biologic half-life was then converted
into the effective half-life of I31I. These parameters were subse

quently introduced into the dosimetry formula to calculate the
activity of '"I to be administered to deliver a predetermined dose to

the nodule and to calculate the dose to the contralateral lobe. The
calculated doses to the lobe are those received when 300 Gy are
delivered to the nodule, which is the most frequently used value to
ablate autonomous nodules (11,12,18,19,22).

The following formula was used for dose calculations:

A =
25.2 X D X m
Umaâ€žX T.^eff '

FIGURE 1. Examplesof overexposed123Iscintigraphicimages
at 24 h show "burned" nodule and varying degrees of contralat-

eral lobe visualization in patients 2 (A), 6 (B), 8 (C) and 10 (D). At
normal exposure only nodule was visible.
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where A is the activity in megabecquerels, D is the dose to be given
in grays, m is the tissue mass in grams, Umaxis the maximum
radioiodine uptake as a percentage of administered activity, T^eff
is the effective half-life of '"I in days and 25.2 is a constant value

taking into account the energy and the type of radiation emitted by
'"I and assuming a thyroid mass of 20 g.

Once the activity to be given had been determined, the same
formula was used to calculate the dose received by the contralateral
lobe using D as the unknown value and the lobe parameters. The
formula gives the absorbed dose resulting from the uptake of
radioiodine (about 90% from beta rays and 10% from gamma rays).
The portion of the total dose received by the contralateral lobe
because of irradiation from the photons leaving the nodule was
calculated separately using the electron gamma shower, version 4,
transport code (24) and measuring the distance between nodule and
lobe in each patient. We also estimated the dose received by the
ipsilateral lobe assuming that the radioiodine concentration was the
same as that measured on the contralateral lobe and calculating the
dose from irradiation assuming that a lobe of the same shape and
dimensions as the contralateral one was in contact with the nodule.

In most patients subsequently treated with radioiodine, we
calculated the dose really absorbed by tissues using the same
protocol. Uptake measurements were prolonged to 96 h, and dose
calculation was limited to the nodule because uptake by the
contralateral lobe was difficult to measure as a result of high

penetration of the collimator septa by the high-energy photons
of '"I.

Serum FT4 and FT3 were measured by a radioimmunoassay
method (25). Serum TSH was measured using a sensitive immuno-

radiometric assay, and the results were given in units of the 80/558
reference preparation of the World Health Organization. Normal
values were 7.7-19.3 pmol/L for FT4, 4.0-8.6 pmol/L for FT3 and
0.4-4.5 mU/L for TSH.

RESULTS

Table 2 shows the parameters obtained from 123Iscinti-

graphic studies and used for calculation of the dose received
by the nodule and the contralateral lobe. As expected, there
was great variability in the handling of radioiodine by
nodules, both in uptake and in dismission, as reflected by the
biologic half-life. Taking 20 d as the lower limit of the

normal range (26), 14 of the 26 patients had a value shorter
than normal, and 3 patients had an extremely short value.
Radioiodine uptake by the contralateral lobe was generally
very low, but variability was great and maximum uptake
ranged from 0.23% to 2.29% of the administered activity.
The uptake curve of the lobe was different from that of the
nodule, and the biologic half-life was generally slightly

TABLE 2
Thyroid Mass and Parameters of Radioiodine Turnover in 26 Patients with Autonomous Nodule

Thyroid mass

(9)Patient

no.1234567891011121314151617181920212223242526MeanSDNodule14.423.424.219.131.330.030.817.111.817.918.913.011.412.624.722.57.418.118.89.616.315.010.025.418.819.418.56.6Contralaterallobe8.19.28.46.411.010.18.48.98.37.610.46.06.07.68.08.08.19.810.93.310.15.75.18.19.77.78.11.9123I

Thyroid uptake(%)24

h15.729.529.219.030.836.640.219.317.730.429.818.229.223.622.149.127.333.334.616.826.137.831.825.832.534.228.58.1Nodule48h16.329.127.714.930.634.738.418.516.030.428.818.622.623.713.646.327.932.533.617.223.837.430.028.432.732.327.28.2Contralateral

lobe72h15.9â€”27.213.0â€”32.135.717.114.029.028.316.918.722.410.244.526.732.131.616.223.433.128.427.131.828.925.28.424h0.801.250.220.230.800.500.660.512.090.630.430.440.341.560.261.720.291.270.950.460.270.630.270.942.090.830.790.5648h0.931.370.240.200.910.540.660.462.290.740.440.520.381.610.251.850.351.341.050.480.280.670.261.001.970.820.830.5872h0.85â€”0.210.23â€”0.520.640.492.170.770.470.520.361.550.251.840.431.380.890.470.300.640.271.002.020.860.800.58Biologic

half-life

(d)Nodule0048.919.33.6106.510.711.711.76.029.527.421.13.027.81.714.467.136.715.236.112.010.812.60072.48.3Contralateral

lobe000032.100000045.532.8000000y.00220.634.9000000â€¢XX00y.177.10032.900Effective131

1half-life

(d)Nodule8.06.95.72.57.44.64.84.83.46.36.25.82.26.21.45.27.16.65.36.64.84.64.98.07.24.15.41.7Contralaterallobe8.08.06.48.08.08.06.86.48.08.08.08.08.07.76.58.08.08.08.08.08.08.07.78.06.48.07.70.6
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prolonged, as expected for normal thyroid tissue scarcely
stimulated by TSH. The calculated dose to the extranodular
tissue was relatively high but varied from one patient to
another (Table 3). The mean value was more than one tenth
of the dose received by the nodule (about 32 Gy to the
contralateral lobe and 34 Gy to the ipsilateral lobe for 300
Gy to the nodule). The component that was caused by
irradiation by the nodule was relatively constant, whereas
the proportion received through uptake was much higher and
more variable, depending on the different combinations, in
nodule and lobe, of the parameters that influence the dose
calculation (maximum uptake, biologic half-life and tissue

weight).
In 9 patients, the nodule was ablated by intranodular

ethanol injection (27). Two patients underwent surgical
resection of the nodule, 2 patients refused definitive treat
ment and were managed with antithyroid drugs, 1 patient
was simply followed up and 1 patient was lost to follow-up
(Table 1). Eleven patients (patients 10 and 17-26) were

treated with radioiodine. Patient 18 was treated under further
TSH suppression by exogenous levothyroxine. Results are

already evaluative for 8 of the patients, who have a mean
follow-up period of 9 mo (range 3-26 mo). The patients are

euthyroid after receiving a mean intended dose of 158 Gy
(range 110-230 Gy), and the mean serum TSH level after
treatment was 1.9 mU/L (range 0.9-3.4 mU/L). The compari

son between the intended dose, calculated with pretreatment
dosimetry, and the delivered dose, calculated with the
therapeutic 13II activities, gave results in close agreement

(mean intended dose 144 Gy; mean delivered dose 133 Gy)
in 9 evaluated patients.

DISCUSSION

The opinion that hypothyroidism after radioiodine treat
ment of ATN is rare because of suppression of uptake in
extranodular tissue has been prevalent for many years. The
article by Goldstein and Hart (4) raised doubts about this
idea, and in years since, several series with a high hypothy
roidism rate have been reported (Table 4). The common
opinion that the dose received by extranodular tissue is
generally negligible is based on the fact that at simple
inspection of normally exposed scintigraphic images.

TABLE 3
Calculated Dose to Extranodular Tissue from Uptake and from Irradiation When 1311Activity that Delivers 300 Gy

to Nodule Is Administered

Patient
no.1234567891011121314151617181920212223242526MeanSDDose

to extranodular
Activity tissue from uptake*

(MBq) (A)(Gy)83586910993040103813471207139514827077739111342648603566628262377563998465248584560410461167111930.4441.087.9734.6827.2622.8625.5920.30129.8122.7411.0925.0626.9841.9450.5948.894.7527.8523.7029.519.2824.337.8533.1233.0537.0930.6923.51Dose

to contralateral
lobe from irradiation

(B)(Gy)0.861.131.901.271.131.241.871.220.880.761.120.691.170.981.791.671.191.471.371.390.571.660.882.161.081.671.270.41Dose

to ipsilateral
lobe from irradiation

(C)(Gy)2.753.743.783.813.703.923.622.802.263.202.852.492.642.363.843.571.822.912.732.492.512.802.393.532.863.123.020.59Total

dose to
contralateral lobe

(A + B)(Gy)31.3042.219.8735.9528.3924.1027.4621.52130.6923.5012.2125.7528.1542.9252.3850.565.9429.3225.0730.909.8525.998.7335.2834.1338.7631.9623.51Total

dose to
ipsilateral lobe
(A + C)(Gy)33.1944.8211.7538.4930.9626.7829.2123.10132.0725.9413.9427.5529.6244.3054.4352.466.5730.7626.4332.0011.7927.1310.2436.6535.9140.2133.7023.51

*Dose to extranodular tissue was calculated from uptake and volume values measured on contralateral lobe; same radioiodine

concentration was assumed for calculating dose to ipsilateral lobe.
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TABLE 4
Results of Radioiodine Treatment of Autonomous Thyroid Nodule According to Published Series, Including

Thyroid-Stimulating Hormone Assay

SourceBlumetal.

(1)Ratcliffe
et al.(8)Mariotti

et al.(7)Hegedus
et al.(6)Eyre-Brook

and Talbot(3)Bockisch

et al. (16)Ross
et al.(5)Als

et al.(19)Guhlmannetal.
(18)Heinze

and Bohn(9)Moser
et al. (10)Clerc

et al.(17)Kinseretal.
(ÃÃ)Fontana

et al.(2)Huysmans
et al. (13)Moser

et al.(10)Berglund
et al.(12)Steiner

and Bauer(20)O'Brien
et al.(75)Goldstein

and Hart(4)Ramos-Gabatin
et al. (14)TotalPatient

no.1448138273761455323021791887129526325112322121357Administered

activity(MBq)Mean792670466278381112530574011255551077851984Range370-1887555-1665204-1069141-65544-555190-1100137-814290-900445-2590<370->1887445-2590426-1003500-1100729-3700555-2035370-1106Dose
tonodule

(Gy)25-20015030031040040080300200-800400300350Follow-up(y)Mean3.13.06.51.04.90.51.02.01.36.49.010.05.48.00.35.68.5Range<62-101-11>10.3-0.8Â£70.7-2.10.25-152-204-174.2-6.81-130.2-164-160.6-5.2Hypothyroidismrate(%)0(0/14)0

(0/48)3.6(5/138)3.7

(1/27)5.4
(2/37)6.5(4/61)6.7

(3/45)7.5
(4/53)8.2(19/230)10.6(23/217)11.0(10/91)13.6(12/88)14.1

(10/71)20.6
(6/29)21.1
(11/52)23.8(15/63)24.0

(6/25)27.3(3/11)34.8

(8/23)40.9
(9/22)58.3(7/12)11.6(158/1357)Relapse

or
retreatment

rate(%)0

(0/14)16.6(8/48)8.7(12/138)7.4

(2/27)32.4
(12/37)26.2(16/61)13.3(6/45)13.2(7/53)6.9(16/230)2.3(5/217)5.5(5/91)13.6(12/88)9.8(7/71)41.4(12/29)1.9(1/52)4.8

(3/63)0
(0/25)0(0/11)4.3

(1/23)0
(0/22)0(0/12)9.2(125/1357)

Series are listed in order of increasing hypothyroidism rates. Both clinical and subclinical hypothyroidism were considered.

the uptake seems almost completely confined to the nodular
tissue. Our data, collected with modern instrumentation and
relatively high-activity 123I to provide sufficient statistics

even with very low uptake, show that faint extranodular
uptake occurs in most patients and can be measured and used
in the dosimetry formula. In this series, the maximum
contralateral lobe uptake ranged from 0.23% to 2.29% of the
administered activity, with a mean value of 0.85%. This
value was less than one thirtieth of the mean maximum
nodule uptake (28.7%); however, considering that the bio
logic half-life was longer in the lobe and that the volume of

the lobe was smaller than that of the nodule, the final mean
dose to the lobe was more than one tenth of the dose to the
nodule.

The long radioiodine half-life in extranodular tissue was
first observed by Medeiros-Neto et al. (28) in 10 patients
who were given double labeling (125I1 mo and I3II 1 d before

surgery). At day 1 nodule uptake per gram of tissue was 10
times higher than lobe uptake, whereas at day 30 lobe uptake
was twice as high as nodule uptake. Despite this early
evidence that extranodular tissue shows a small but long-

lasting uptake of radioiodine, there are few data on the
dosimetry of extranodular tissue. An article by Gorman and
Robertson (22) has been frequently quoted to show that the
dose to extranodular tissue is low; however, that work was a
simple mathematical calculation, without experimental data,
based on the assumption that no extranodular uptake occurs

and that the dose to the lobe is entirely derived from photons
leaving the nodule. Those authors calculated that when the
nodule receives 300 Gy, the center of the contralateral lobe
receives about 3 Gy. More realistic data have been reported
by Fontana et al. (2) and by Clerc et al. (17). Although their
work did not deal specifically with dosimetry, Fontana et al.
calculated that the contralateral lobe receives 21.5 Gy when
the nodule receives 200 Gy and that extranodular uptake is
16% of that of the nodule. This value is certainly an
underestimation because the investigators attributed too
large a fixed volume to the contralateral lobe (15 mL); in
addition, it is not clear whether the effective half-lives of the

nodule and lobe were measured separately. In 1995 Clerc et
al. (77) published an article specifically focused on dosim
etry at the same time the preliminary results of our study
were published (29). Their work also showed several pitfalls
because the doses to the nodule and contralateral lobe were
separated retrospectively, using total uptake measures and
dividing nodule and lobe uptake by digitizing the rectilinear
scanner map taken 24 or 48 h after a tracer dose of 131I.It

was therefore impossible to calculate the nodule and lobe
half-lives separately. The dose to the nodule was always

lower than predicted, depending on the degree of extranodu
lar uptake and lobe volume. Despite these technical limita
tions, the results are of great interest. In the series of Clerc
et al. (77), in a group of patients without clearly visible
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extranodular activity, the mean total thyroid uptake was
46%, the mean uptake of the contralateral lobe was 1.3% and
the corresponding doses for the calculated 80 Gy to the
thyroid were 72 Gy to the nodule and 8.5 Gy to the lobe. In a
group with clearly visible extranodular activity, the mean
total uptake was 48%, the mean uptake of the contralateral
lobe was 10.6% and the corresponding doses were 56.9 Gy
to the nodule and 48.9 Gy to the lobe. In these patients, the
sum exceeds the expected 80 Gy because the lobe volume
was only about one third of the nodule volume, and
therefore, lobe uptake was contained in a smaller volume.

Our results, collected prospectively with modern equip
ment that allows measurement of nodule and contralateral
lobe uptakes and half-lives separately, agreed with those of

Clerc et al. (17) for their patients without clear extranodular
activity. In our series, the mean maximum uptake of the
nodule was 28.7% and that of the lobe was 0.85%; extranodu
lar activity was visible only on overexposed images, and
TSH levels were subnormal in all patients and 0.1 mU/L or
lower in all but 1. The mean dose to the contralateral lobe
calculated for 300 Gy to the nodule was 32 Gy, in close
agreement with the data of Clerc et al. (8.5 Gy for 72 Gy,
corresponding to 35 Gy for 300 Gy).

The dose to the ipsilateral lobe could not be measured
directly and required assumptions, namely, that the radioio-

dine concentration was the same as that measured for the
contralateral lobe and that a lobe of similar shape and
dimensions was in contact with the nodule. In addition, the
possibility that some ÃŸradiation can reach the surface of the
lobe from the external portions of the nodule was not
considered. Despite these limitations, the results are of
interest and confirm that a dose from uptake is prevalent and
that the ipsilateral lobe suffers essentially the same damage
as the contralateral one. Therefore, both lobes contribute to
the preservation of thyroid function, and this represents an
advantage over surgery, which, with lobectomy, eliminates
half of thyroid tissue.

Thyroid damage caused by the relatively high doses
received by extranodular tissue is certainly the main cause of
post-treatment hypothyroidism. Hegedus et al. (6) found, by

sonography, a reduction in contralateral lobe volume after
treatment instead of the expected increase as a result of the
resumption of TSH secretion, and this phenomenon was
observed even in a series treated with small activities and
showing one of the lowest rates of hypothyroidism. High
doses to the nodule, on the order of 300 Gy, were suggested
when scintigraphy was the main criterion to judge the results
of treatment, and transformation of the nodule into a scar
was considered the best result (30). However, good clinical
results have been obtained with lower doses or activities
(Table 4). With reduced doses the prevalence of compen
sated results, namely, nodules incompletely inactivated on
follow-up scintigraphy (1,11,16,30-32), increases, but with

modern criteria, the aim of treatment is not complete nodule
inactivation but a reduction of hormone production suffi
cient to allow resumption of TSH secretion. The only means

to reduce hypothyroidism is to reduce the planned doses;
150 Gy are probably sufficient to inactivate most nodules,
thus halving the dose to the extranodular tissue. It is also
important to avoid therapeutic errors, such as treatment of
patients with unsuppressed TSH or of patients pretreated
with antithyroid drugs that increase TSH levels by reducing
the circulating thyroid hormones (31,33). Individual dosim-

etry (34) allows excluding unsuitable patients from treat
ment, such as those with an excessively rapid radioiodine
turnover in the nodule or those receiving excessively high
doses to the extranodular tissue (for example, patients 9 and
15 of this series). The dose to the nodule can be individually
adjusted by taking into account the dose that will be received
by extranodular tissue.

This series was started as a pilot study for this individual,
separate dosimetry, and many patients were treated with
ethanol, mainly because this form of ablation is extensively
used in our departments (26,27,35). We have now started
using this dosimetry protocol in the patients we plan to treat
with radioiodine. Our current policy is to deliver 150 Gy to
the nodule; this value can be increased to 200 Gy when the
dose to extranodular tissue is low and decreased to 100 or
even 80 Gy (17) when high dose suggests risk of subsequent
hypothyroidism. Soon we will collect data to judge the
usefulness of this protocol in reducing the hypothyroidism
rate relative to more primitive methods of dose calculation.

CONCLUSION

This study shows that during radioiodine therapy of ATN,
extranodular tissue receives a dose greater than generally
assumed, approximately 10% of the dose received by the
nodule. This explains the relatively high prevalence of
hypothyroidism reported in recent years, especially in
patients treated with high radiation doses and followed up
for long periods. The dose to the extranodular tissue can be
decreased only by reducing the dose to the nodule. Indi
vidual, separate dosimetry is important to select a 131I

activity that is sufficient to inactivate the nodule without
causing serious damage to the extranodular tissue.

REFERENCES

1. Blum M, Shenkman L, Hollander CS. The autonomous nodule of the thyroid:
correlation of patient age, nodule size and functional status. Am J Med Sci.
1975:269:43-50.

2. Fontana B, Curii G, Biggi A. Fresco G. The incidence of hypothyroidism after
radioactive iodine ('-"I) therapy for autonomous hyperfunctioning thyroid nodule

evaluated by means of life-table method. J NucÃMed Allied Sci. 1980:24:85-91.
3. Eyre-Brook IA, Talbot CH. The treatment of autonomous functioning thyroid

nodules. Br J Surg. 1982:69:577-579.
4. Goldstein R. Han IR. Follow-up of solitary autonomous thyroid nodules treated

with '"I. NEnglJMed. 1983:309:1473-1476.

5. Ross DS, Ridgway EC, Daniels GH. Successful treatment of solitary toxic thyroid
nodules with relatively low-dose iodine-131, with low prevalence of hypothyroid
ism. Ann Intern Med. 1984; 101:488^*90.

6. Hegedus L, Veiergang D, Karstrup S, Hansen JM. Compensated '"1-therapy of

solitary autonomous thyroid nodules: effect on thyroid size and early hypothyroid
ism. Acta Endocrinol (Capenti). 1986; 113:226-232.

7. Mariotti S, Martino E, Francesconi M, et al. Serum thyroid autoantibodies as a risk
factor for development of hypothyroidism after radioactive iodine therapy for
single thyroid "hot" nodule. Acta Endocrinol (Copenhl 1986:113:500-507.

DOSIMETRYOFAUTONOMOUSTHYROIDNODULEâ€¢Reschini et al. 1933



8. Ratcliffe GE, Cooke S, Fogelman I, Maisey MN. Radioiodine treatment of solitary
functioning thyroid nodules. BrJ Radial. 1986:59:385-387.

9. Heinze HG, Bohn U. Iodine-131 therapy of autonomous adenoma of the thyroid:
7-year results [in German]. Dlsch Med Wochenschr. 1987;! 12:1073-1079.

10. Moser E, Pickardt CR. Mann K, et al. Results of radioiodine treatment of patients
with immunogenic and non-immunogenic hyperthyroidism using different focal
doses [in German]. Nuklearmedizin. 1988:27:98-104.

11. Kinser JA. Roesler H, Furrer T, Grutter D. Zimmermann H. Nonimmunogenic
hyperthyroidism: cumulative hypothyroidism incidence after radioiodine and
surgical treatment. J NucÃMed. 1989:30:1960-1965.

12. Berglund J, Christensen SB, Dymling JF, Hallengren B. The incidence of
recurrence and hypothyroidism following treatment with antithyroid drugs,
surgery or radioiodine in all patients with thyrotoxicosis in Malmo during the
period 1970-1974. J Intern Med. 1991:229:435-442.

13. Huysmans DA, Corstens FH, Kloppenborg PW. Long-term follow-up in toxic

solitary autonomous thyroid nodules treated with radioactive iodine. J NucÃMed.
1991;32:27-30.

14. Ramos-Gabatin A, Wyatt RA, Weiland F. Radioiodine treatment of toxic

autonomously functioning thyroid nodule [abstract]. Clin NucÃMed. 1991;16:
220.

15. O'Brien T, Gharib H, Suman VJ, van Heerden JA. Treatment of toxic solitary

thyroid nodules: surgery versus radioactive iodine. Surgery. 1992; 112:1166-1170.

16. Bockisch A, Jamitzky T, Derwanz R, Biersack HJ. Optimized dose planning of
radioiodine therapy of benign thyroidal diseases. J NucÃMed. 1993:34:1632-

1638.
17. Clerc J, Dagousset F, Izembart M, et al. Radioiodine therapy of the autonomous

thyroid nodule in patients with or without visible extranodular activity. J NucÃ
Med. 1995:36:217-223.

18. Guhlmann CA, Rendi J, Borner W. Radioiodine therapy of autonomously
functioning thyroid nodules and Grave's disease [in German). Nuklearmedizin.

1995:34:20-23.

19. Als C, Rosler H, Listewnik M. Separation of autonomous function from cell
density in non-immunogenic hyperthyroidism: part 2. Quantified comparison
before and after radioiodine therapy. Nuklearmedizin. 1996:35:12-19.

20. Steiner D, Bauer R. Radioiodine therapy of small, solitary autonomous adenomas
[in German]. Nuklearmedizin. 1997:36:76-80.

21. Corstens F. Smals A, Buijs W, Kloppenborg P. Thyroid function after treatment of
solitary autonomous thyroid nodules [letter]. N Engl J Med. 1984:310:1393.

22. Gorman CA. Robertson JS. Radiation dose in the selection of I31I or surgical

treatment for toxic thyroid adenoma. Ann Intern Med. 1978:89:85-90.

23. Reschini E, Catania A, Ferrari C, Bergonzi M, Parecchi A, Rainen P. Comparison

of pertechnetate and radioiodine thyroid scintiscans in thyroid disease. J NucÃBiol
Med. 1993:37:12-17.

24. Nelson WR, Hirayama H, Rogers DWO. The EGS4 code system: SLAC-Report-

265. Stanford, CA: Stanford University; 1985.

25. Romelli PB, Pennisi F, Vancheri L. Measurement of free thyroid hormones in

serum by adsorption chromatography and radioimmunoassay. J Endocrinol

Invest. 1979:2:25^0.

26. Paracchi A, Reschini E, Ferrari C, Ciocia G, Castellani M. Changes in radioiodine
turnover in patients with autonomous thyroid adenoma treated with percutaneous
ethanol injection. J NucÃMed. 1998:39:1012-1016.

27. Livraghi T, Paracchi A, Ferrari C, Reschini E, Macchi RM, Bonifacino A.

Treatment of autonomous thyroid nodules by percutaneous ethanol injection: a
4-year experience. Radiology. 1994:190:529-533.

28. Medeiros-Neto GA, Ferraz A, Nicolau W, Kieffer J. Autonomous thyroid nodules:

part 2. Double labeling with iodide isotopes and study of biochemical constituents
of nodular and paranodular tissues. J NucÃMed. 1972:13:738-743.

29. Reschini E, Matheoud R, Canzi C, et al. Radioiodine therapy for autonomous

thyroid adenoma: absorbed dose estimate in nodular and extranodular tissue by
quantitative iodine-123 thyroid imaging [abstract]. J Endocrinol Invest. 1995;18

(suppl):62.
30. Horst W, Rosler H, Schneider C, Labhart A. Three-hundred six cases of toxic

adenoma: clinical aspects, findings in radioiodine diagnostics, radiochromatogra-
phy and histology; results of'"I and surgical treatment. J NucÃMed. 1967:8:515-528.

31. Ng Tang Fui SC, Maisey MN. Standard dose BII therapy for hyperthyroidism

caused by autonomously functioning thyroid nodules. Clin Endocrinol (Oxf).
1979:10:69-77.

32. Nygaard B, Jarlov AE, Hegedus L, et al. Long-term follow-up of thyroid
scintigraphies after 13IItherapy of solitary autonomous thyroid nodules. Thyroid.

1994:4:167-171.

33. Reschini E, Peracchi M. Thyroid scintigraphy during antithyroid treatment for

autonomous nodules as a means of imaging extranodular tissue. Clin NucÃMed.
1993:18:597-600.

34. Berg GEB, Michanek AMK, Holmberg ECV, Fink M. Iodine-131 treatment of

hyperthyroidism: significance of effective half-life measurements. J NucÃMed.
1996:37:228-232.

35. Ferrari C, Reschini E, Paracchi A. Treatment of the autonomous thyroid nodule: a
review. Ear J Endocrinol. 1996:135:383-390.

1934 THEJOURNALOFNUCLEARMEDICINEâ€¢Vol. 40 â€¢No. 11 â€¢November 1999




