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Abstract
Background: Graves’s disease (GD) is the most common 
cause of hyperthyroidism. Maximal 30% of pediatric GD pa-
tients achieve remission with antithyroid drugs. The majority 
of patients therefore require definitive treatment. Both thy-
roidectomy and radioactive iodine (RAI) are often used as 
definitive treatment for GD. However, data on efficacy and 
short- and long-term side effects of RAI treatment for pedi-
atric GD are relatively scarce. Methods: A systematic review 
of the literature (PubMed and Embase) was performed to 
identify studies reporting the efficacy or short- and long-
term side effects of RAI treatment in pediatric GD. Results: 
Twenty-three studies evaluating 1,283 children and adoles-
cents treated with RAI for GD were included. The treatment 
goal of RAI treatment changed over time, from trying to 
achieve euthyroidism in the past to aiming at complete thy-
roid destruction and subsequent hypothyroidism in the last 
3 decades. The reported efficacy of a first RAI treatment 
when aiming at hypothyroidism ranged from 42.8 to 97.5%, 
depending on the activity administered. The efficacy seems 

to increase with higher RAI activities. When aiming at hypo-
thyroidism, both short- and long-term side effects of treat-
ment are very rare. Long-term side effects were mainly seen 
in patients in whom treatment aimed at achieving euthy-
roidism. Conclusion: RAI is a safe definitive treatment option 
for pediatric GD when aiming at complete thyroid destruc-
tion. When aiming at hypothyroidism, the efficacy of treat-
ment seems to increase with a higher RAI activity. Prospec-
tive studies are needed to determine the optimal RAI dosing 
regimen in pediatric GD. © 2021 The Author(s)

Published by S. Karger AG, Basel

Introduction

In adults and children, hyperthyroidism is mostly 
caused by Graves’ disease (GD) [1, 2]. Treatment options 
for GD include antithyroid drugs (ATDs), thyroidecto-
my, and radioactive iodine (RAI). In Europe, ATDs are 
the preferred first-line treatment modality in newly diag-
nosed pediatric GD patients [3–5]. Unfortunately, the re-
lapse frequency of hyperthyroidism is high in this age 
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group, with only 20–30% reaching long-lasting remission 
after 2 years of ATD treatment [5]. Therefore, most pedi-
atric GD patients eventually require definitive treatment.

Both thyroidectomy and RAI are proven effective thera-
peutic measures for hyperthyroidism. The choice between 
RAI and total thyroidectomy is a contentious topic and will 
reflect local expertise and opinion. The final decision on 
what option to follow will involve shared decision-making 
including the patient and parents, focusing on the (dis)ad-
vantages of each option and local expertise. Total thyroid-
ectomy is a safe treatment option in pediatric GD patients, 
especially if performed by high-volume surgeons [6]. Only 
in a minority of pediatric patients, irreversible complica-
tions of surgery like permanent hypocalcemia (2.5%) or re-
current laryngeal nerve injury (0.4%) have been reported 
[6]. Furthermore, thyroidectomy is potentially associated 
with general surgical risks and consequences, like postop-
erative bleeding, infections, and a permanent scar. RAI 
treatment using iodine-131 has been carried out for 80 
years. RAI is taken up by thyrocytes and stored within the 
thyroid follicle. The radioactive isotope decays by emitting 
β-radiation, causing DNA damage leading to thyrocyte 
apoptosis and necrosis. In the past, in many areas of the 
world, the aim of RAI treatment for GD was to achieve eu-
thyroidism; hypothyroidism was considered a side effect. 
The current American Thyroid Association and European 
Thyroid Association treatment guidelines both state that in 
pediatric GD patients, the RAI treatment goal is to achieve 
hypothyroidism (ablative RAI treatment) [4, 7]. The main 
reason to aim for complete thyroid destruction in pediatric 
patients is to prevent the need for additional RAI therapy 
(and thus extra radiation exposure) as low RAI activity has 
been associated with poor remission rates. In addition, the 
current guidelines state that aiming at hypothyroidism will 
minimize the future risk of malignant transformation of vi-
able but radiation-damaged thyrocytes [7]. RAI treatment 
should be avoided in cases with active Graves’ orbitopathy 
as it can result in exacerbation, and specific preparatory 
measures prior to RAI administration have to be taken in 
patients with inactive Graves’ orbitopathy [8].

Data on the efficacy of RAI treatment, the optimal RAI 
activity, and its short- and long-term side effects in pedi-
atric GD patients are scarce. However, such data are nec-
essary to aid in deciding on the modality of definitive 
treatment. Several approaches are used to determine the 
RAI activity to be used in pediatric GD patients. RAI ac-
tivity may be calculated based on estimated thyroid 
weight or based on full dosimetry using the result of a RAI 
uptake, either probe or scan based [9, 10]. Alternatively, 
administration of a fixed amount of RAI activity has been 

reported [9]. In adult patients undergoing RAI treatment 
for GD, radiation thyroiditis is reported as a short-term 
side effect in 1.2% of the patients [11]. With respect to 
long-term side effects, there are some worries that RAI 
treatment at a younger age may increase the risk of other 
malignancies later in life [12]. In this study, we performed 
the first systematic review on the efficacy and short- and 
long-term side effects of RAI treatment in pediatric GD 
patients. Ideally, the results of this systematic review 
should be helpful in formulating an evidence-based ad-
vice on the optimal ablative RAI activity, preferably with-
out short- or long-term side effects. An overview of avail-
able data on both the efficacy and side effects of RAI treat-
ment may be helpful when counseling young patients and 
their parents who require definitive treatment for GD.

Methods

This systematic review was performed following the PRISMA 
2009 guidelines [13].

Literature Search
The literature search for this review, using the electronic data-

bases PubMed and Embase, was performed in July 2020 and was 
further not limited to a specific period. The following search terms 
were used: Graves’ disease, RAI, and efficacy or side effects. For all 
main terms, synonyms were inserted. MeSH and tiab terms were 
combined to find a wide range of articles. The exact search strat-
egy used for both the PubMed and Embase database is available in 
online suppl. data (for all online suppl. material, see www.karger.
com/doi/10.1159/000517174). The search was limited to studies in 
pediatric patients (age limit <18 years). Additional articles were 
searched by scanning the references of relevant articles and using 
the “related article” function of the databases.

Study Selection and Quality Assessment
Title and abstract screening was performed independently and 

blinded by S.L.L. and C.F.M. Full-text screening was performed by 
S.L.L. and discussed with C.F.M.; in case of disagreement, a third 
reviewer (A.S.P.v.T.) was consulted. Original studies reporting on 
the efficacy or on short- and long-term side effects of RAI treat-
ment in a minimum of 10 pediatric GD patients were included. 
When a study reported data on pediatric patients separate from 
adult patients, the study was also included. Full-text availability 
was the last inclusion criterion. Exclusion criteria were conference 
abstracts, review articles, and articles published in other languages 
than English, Dutch, German, French, Italian, or Spanish. Part of 
the full-text screening was a critical appraisal to evaluate the qual-
ity per study using the Critical Appraisal Skills Program checklist. 
The used checklist is designed for cohort studies and is therefore 
applicable to all of the included articles.

Data Extraction
Data extraction was performed by S.L.L. and was double-checked 

by C.F.M. Data on the treatment goal, efficacy, used RAI activity, and 
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side effects of treatment were collected. The side effects were classi-
fied as either long- or short-term side effects. For efficacy, we mainly 
focused on studies using ablative RAI treatment. For side effects, 
studies on RAI treatment that aimed at either ablation or euthyroid-
ism were analyzed. Short-term side effects were defined as side effects 
that occurred within 3 months of RAI treatment, while long-term 
side effects occurred >3 months after RAI treatment.

Results

The PubMed and Embase searches were performed on 
July 16, 2020, and yielded 208 unique articles. Ten addi-
tional articles were identified via references reading. A 

total of 154 articles were excluded after title and abstract 
screening, and an additional 41 articles were excluded af-
ter full-text screening. Twenty-three retrospective obser-
vational cohort studies were included in this review 
(Fig. 1). Based on the quality assessment, the quality of 2 
of the included studies was rated as good [14, 15], 18 stud-
ies as fair [16–33], and 3 studies as reasonable [34–36]. As 
reported RAI treatment protocols differed between stud-
ies or changed over time (including the treatment goal: 
aiming for eu- or hypothyroidism) and individual patient 
data were lacking, we were unable to perform a meta-
analysis calculating the optimal iodine-131 activity aim-
ing for hypothyroidism.

Records after duplicates removed
(n = 218)

Records screened
(n = 218)

Full-text articles
for eligibility 

(n = 64)

Studies included in
systematic review

(n = 23)

Full-text articles excluded with
reasons (n = 41)
– No pico match (n = 3)
– No data on pediatric GD patients 
 (n = 7)
– Pediatric data not reported 
 separatly (n = 9)
– Incomplete data (n = 1)
– No full-text availability (n = 13)
– Review article (n = 1)
– Case report (n = 3)
– Conference abstracts (n = 4) 

Records excluded
(n = 154)

Records identified
through PubMed search

(n = 80)

Records identified
through Embase search

(n = 158)

Additional records
identified through other

sources (n = 10)
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Fig. 1. Flowchart illustrating the results of the literature search on studies evaluating the efficacy and/or short- 
and long-term side effects of RAI treatment in pediatric GD patients. GD, Graves’ disease; RAI, radioactive io-
dine.
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Study Characteristics
The 23 included studies reported on RAI treatment of 

1,283 children and adolescents with GD. Study character-
istics of the included studies regarding the study period, 
number of patients, gender of included patients, age at 
RAI treatment, and the indication for RAI treatment are 
shown in online suppl. Table 1. Extracted data on the ap-
plied iodine-131 activity (converted to megabecquerel 
[MBq]), the efficacy of RAI treatment, and the short- and 
long-term side effects are shown in Table  1. Seventeen 
studies used a calculated activity of RAI [17, 19–33, 36], 
and 2 studies a fixed activity of RAI [14, 15]. In 4 studies, 
it was not clear how the activity of RAI was determined 
[16, 18, 34, 35]. The way in which the efficacy of RAI treat-
ment was evaluated differed between studies. In 13 of the 
23 included studies, data on short-term side effects of RAI 
treatment are reported, and data on long-term side effects 
are reported in 15 studies. In most studies, the majority 
of patients was treated with ATDs prior to RAI treatment.

The Efficacy of RAI Treatment in Pediatric GD
The goal of RAI treatment – hypothyroidism or euthy-

roidism – differed between and even within included 
studies. Based on the current treatment goal of aiming at 
destruction of the thyroid gland, we analyzed data on 
studies using ablative RAI treatment. This, however, was 
the specific treatment goal in only 5 of the included stud-
ies, reporting on a combined total of 278 patients [14, 25, 
27, 28, 36]. In these 5 studies, the reported efficacy after a 
first RAI treatment aiming at hypothyroidism ranged 
from 42.8 to 97.5%, depending on the activity adminis-
tered. When aiming at hypothyroidism, the efficacy ap-
pears to increase with a higher iodine-131 activity. The 
study by Nebesio et al. [14] was the only one aiming at 
hypothyroidism using a fixed RAI activity (555 MBq; 
equals 15,000 microcurie [µCi]) resulting in hypothy-
roidism in 97.5% of the studied patients after 1 course of 
RAI. This fixed RAI activity is far more than used in the 
other studies based on the average thyroid weight in chil-
dren. Pinto et al. [27] reported hypothyroidism in 73% of 
the patients after a first activity of 3.7 MBq/g thyroid tis-
sue adjusted for RAI uptake. Azizi and Amouzegar [36] 
aimed for hypothyroidism using an RAI activity of 7.4 
MBq/g thyroid tissue and reported that 14.7% of the pa-
tients required a second cycle of RAI therapy, but did not 
specify the percentage of patients becoming hypothyroid 
after the first RAI activity (eventually 66.2% of the RAI-
treated patients were classified as hypothyroid). The stud-
ies by Nakatake et al. [28] and Rivkees and Cornelius [25] 
are the only 2 studies that retrospectively evaluated the 

efficacy of different RAI activities aiming at hypothyroid-
ism. Nakatake et al. [28] reported hypothyroidism in 48% 
of the patients who received 4.44 MBq (120 μCi) of io-
dine-131 per gram of thyroid tissue. However, 85% of the 
patients who received 11.1 MBq (300 μCi) of iodine-131 
per gram of thyroid tissue became hypothyroid [28]. In 
line with these findings, Rivkees and Cornelius [25] re-
ported similar results: hypothyroidism was achieved in 
42.8% of the patients receiving an activity of 2.96–4.44 
MBq (80–120 μCi) of iodine-131 per gram of thyroid tis-
sue, while 93.75% of the patients who received 11.1–14.99 
MBq (300–405 μCi) of iodine-131 per gram of thyroid 
tissue became hypothyroid. Based on these last 2 studies, 
administering a minimum activity of 11 MBq but possi-
bly a little >15 MBq of iodine-131 per gram of thyroid 
tissue seems necessary to achieve thyroid destruction in 
the vast majority of pediatric GD patients.

Several of the other included studies aimed at either 
euthyroidism or euthyroidism/hypothyroidism and are 
therefore not usable for formulating an evidence-based 
advice on the optimal RAI activity that aims at thyroid 
destruction. However, overall, the studies show that the 
efficacy seems to increase with a higher iodine-131 activ-
ity. All studies reported patients requiring additional RAI 
treatment because of persistent or recurrent hyperthy-
roidism. A detailed presentation of the reported efficacy 
of RAI treatment in all included studies is presented in 
Table 1.

Short- and Long-Term Side Effects of RAI Treatment 
in Pediatric GD
To evaluate the presence of side effects after RAI treat-

ment, studies aiming at both euthyroidism and hypothy-
roidism were included. Short-term side effects of RAI 
treatment in pediatric GD patients were only rarely re-
ported. Among them were vomiting (n = 4), radiation thy-
roiditis (n = 1), local inflammation (n = 1), palpitations  
(n = 1), and myxedema (n = 6). Reported long-term side 
effects included benign thyroid nodules (n = 6), multi-
nodular benign goiter (n = 1), hyperparathyroidism  
(n = 1), and papillary thyroid carcinoma (n = 1). No ad-
ditional cases of thyroid cancer, no cases of leukemia, and 
no impaired reproductive capacity were reported in the 
patients who received RAI treatment for pediatric GD, 
nor was there a reported increased frequency of congeni-
tal abnormalities in their offspring in studies with a long 
enough follow-up period. The cases of thyroid nodules, 
multinodular goiter, and thyroid carcinoma after RAI 
treatment were all reported in patients with RAI treatment 
not exclusively aiming at hypothyroidism. However, in 
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these studies, a causal relation between RAI treatment and 
the development of thyroid nodules was not proven. De-
tailed information on the reported side effects of RAI 
treatment in the included studies is shown in Table 1.

Discussion

In this systematic review, we report the efficacy and 
short- and long-term side effects of RAI treatment in pedi-
atric patients with GD. Twenty-three studies evaluating 
1,283 children and adolescents with GD were included. In 
5 studies, the specific treatment goal of RAI was hypothy-
roidism (including a total of 278 patients). In these studies, 
the reported efficacy of the first RAI treatment in achieving 
hypothyroidism ranged from 42.8 to 97.5%, depending on 
the applied activity. Unfortunately, prospective studies 
evaluating the effect of different iodine-131 activities in the 
treatment of pediatric GD are lacking, hampering evi-
dence-based activity advice. Yet, in the few retrospective 
studies in which RAI treatment aimed at hypothyroidism, 
a minimal activity of 11.1–14.99 MBq of iodine-131 per 
gram of thyroid tissue seemed to result in hypothyroidism 
in 85–94% of pediatric GD patients. Short- and long-term 
side effects of RAI treatment in pediatric GD were very 
rare. Reported long-term side effects were benign thyroid 
nodules, multinodular benign goiter, hyperparathyroid-
ism, and papillary thyroid carcinoma. These side effects 
affecting thyroid tissue were only reported in cases in 
which the RAI treatment aim was euthyroidism. However, 
it has not been proven that the abovementioned long-term 
side effects are caused by low-level thyroid irradiation. 
Overall, the data in this systematic review show that RAI 
aiming at hypothyroidism of the thyroid seems a safe de-
finitive treatment option for pediatric GD. Evidence for 
the best dosing strategy to reach hypothyroidism after RAI 
treatment is still weak as only 2 retrospective studies evalu-
ated the efficacy of different RAI activities [25, 28].

Ideally, the optimal RAI activity should result in 100% 
efficacy without significant short- or long-term side ef-
fects. Based on the 2 studies reporting the effects of differ-
ent RAI activities aiming at hypothyroidism, an activity of 
11 MBq but possibly a little >15 MBq per gram of thyroid 
tissue leads to an efficacy of 85–94% [25, 28]. In addition, 
Kaplowitz et al. [33] stated that a higher RAI activity was 
associated with a higher likelihood of hypothyroidism 
(8.95 vs. 7.84 MBq per gram of thyroid tissue; p = 0.013). 
Interestingly, none of the studies aiming at hypothyroid-
ism reached 100% efficacy, meaning that a minority of 
patients may require a second RAI treatment to achieve 

hypothyroidism. However, one may be reluctant to pre-
scribe higher RAI activities for treatment of a benign thy-
roid disorder like GD as RAI has, at least theoretically, 
been associated with an increased risk of development of 
malignancies in other tissues than the thyroid later in life.

Recently, an association was reported between RAI 
treatment for benign adult thyroid disease and an in-
creased risk of death from breast or gastric cancer many 
years later [37]. However, these results have been heavily 
criticized, and studies on this association in children are 
lacking [38]. Nevertheless, one should be prudent using 
higher RAI activities in the treatment of pediatric GD be-
cause of the (theoretical) risk of RAI-induced cancers lat-
er in life. None of the studies included in this review re-
ported nonthyroidal malignancies or leukemia later in 
life, despite long-term follow-up after RAI treatment, up 
to 27 years in some studies [17, 19–21, 26]. Since all pa-
tients included in these 5 studies were treated with RAI 
between 1941 and 1973, new studies with a long follow-up 
are needed to determine the exact risk of secondary ma-
lignancies later in life after RAI treatment with dosing ac-
cording to current treatment guidelines. The only report-
ed case of malignancy was papillary thyroid carcinoma in 
a patient in whom RAI treatment aimed at euthyroidism 
[18]. Hypothetically, this side effect might not have oc-
curred if treatment had aimed at thyroid destruction. Pe-
diatric patients with differentiated thyroid carcinoma re-
ceive much higher activities of iodine-131 for remnant ab-
lation after thyroidectomy [39], varying from 1,100 MBq 
(29,729 μCi) up to 7,400 MBq (200,000 μCi) in case of lung 
metastases. Even after the use of such high activities of 
RAI in pediatric differentiated thyroid carcinoma, an in-
creased risk of secondary malignancies has thus far not 
been reported [40–42]. Therefore, one may assume that it 
is safe to apply somewhat higher activities than currently 
used for complete thyroid ablation in pediatric GD.

To our knowledge, this is the most extensive system-
atic review on the efficacy and short- and long-term side 
effects of RAI treatment in pediatric GD and therefore 
gives a good overview of the available data on outcome of 
RAI treatment in children and adolescents with GD. It is 
remarkable that in spite of the long history of RAI treat-
ment in pediatric GD, the available studies only focused 
on activities administered and not on dosimetric param-
eters related to the actual radiation dose delivered to the 
thyroid. It is very well possible that individualization of 
administered RAI activity through more extensive dosim-
etry may not only increase efficacy but also minimize un-
necessary exposure of other tissues than the thyroid. In 
many of the included studies, the procedure on determin-
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ing or estimating thyroid weight was not fully explained. 
It is well known that in healthy children, thyroid size in-
creases with age [43, 44], and that in pediatric GD patients, 
the thyroid is frequently symmetrically enlarged. In our 
opinion, when dosing RAI per gram of thyroid tissue, thy-
roid ultrasound by an operator experienced in thyroid ul-
trasound is the most reliable way to determine thyroid size 
in pediatric GD patients and should be performed prior to 
RAI treatment to calculate the desired RAI activity. A ma-
jor limitation of our study is that we were unable to per-
form a meta-analysis on the efficacy of RAI treatment in 
pediatric GD patients as treatment goals changed over 
time, dosing regimens differed between and changed 
within studies, and original data were lacking. Endpoints 
for efficacy were not consistently defined across the in-
cluded studies. As a result, it is difficult to compare effi-
cacy between studies. Only 5 retrospective studies report-
ed efficacy data on ablative RAI dose of which only 2 stud-
ies evaluated the efficacy of different RAI doses [25, 28]. 
Future prospective studies evaluating different RAI treat-
ment strategies (fixed activity, calculated activity based on 
estimated thyroid weight, or activity based on full dosim-
etry) are needed to determine the best evidence-based RAI 
strategy for the treatment of pediatric GD. From the 5 
studies in which RAI treatment specifically aimed at hy-
pothyroidism [14, 25, 27, 28, 36], only the study by Azizi 
and Amouzegar [36] reported on long-term side effects of 
RAI treatment. In this study, the follow-up duration after 
RAI treatment was not fully specified, but was probably 
between 1 and 3 years. In the other 4 studies, the follow-up 
duration was not specified or reported to be <5 years, and 
authors did not mention long-term side effects. Although 
this does not mean that their presence or absence was not 
assessed, this may point to reporting bias.

In conclusion, based on the results of this review, RAI 
treatment is a safe definitive treatment option in pediatric 
GD. Both short- and long-term side effects of RAI treat-
ment are very rare. However, new studies focusing on the 

long-term risk of RAI-induced malignancies are needed 
to evaluate risks associated with current treatment guide-
lines. Also, new well-designed prospective studies are es-
sential to come to a well-founded RAI dosing strategy in 
pediatric GD patients. Yet, based on the few retrospective 
studies on this subject, RAI treatment seems to be effec-
tive in achieving hypothyroidism in the majority of treat-
ed patients when 11–15 MBq (approximately 300–400 
μCi) iodine-131 per gram of thyroid tissue is adminis-
tered.
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