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Abstract

Purpose There is currently no consensus on which protective strategy is most effective to prevent I-131 uptake in the thyroid
during medical interventions in children. We aimed to collect the best available evidence to determine which pharmacological
intervention is most effective in protecting the thyroid gland from damage by radioactive iodine (RAI).

Methods Literature searches were performed using PubMed, Embase, OLDMEDLINE, and the Cochrane Central Register
of Controlled Trials. Only original studies were included (1950-2022). Studies comparing pharmacological prevention of
the thyroid against RAI uptake or occurrence of hypothyroidism, thyroid nodule or thyroid cancer were included. Included
studies were graded according to the Grading of Recommendations Assessment, Development and Evaluation considera-
tions. Pharmacological interventions were compared for effectiveness on reduction of thyroidal intake or relevant clinical
thyroidal outcomes.

Results Forty studies were included. Quality of included studies was low and many different outcome variables were used,
making meta-analysis impossible. In 81% of studies, the pharmacological intervention could not prevent RAI uptake or
thyroid damage. The administration of potassium iodide (KI) 1 h before exposure to RAI seemed most effective to reduce
thyroidal uptake, however, hypothyroidism was reported in up to 64% as well as several cases of thyroid carcinoma. The
combination of KI, thyroxine and thiamazole reduced RAI uptake and occurrence of hypothyroidism; yet, after follow-up
of 9 years, still 50% of patients developed hypothyroidism. KI with potassium perchlorate showed hypothyroidism to occur
in up to 12% of patients after short follow-up time.

Conclusions The lack of well-designed studies impairs making strong recommendations on the optimal way to prevent
thyroid damage when using radioactive coupled ligands for medical interventions. To improve the protection of the thyroid
against radiation damage by I-131, well-designed randomized clinical trials with sufficient follow-up time, comparing new
protective strategies’ effects on valid and well-defined thyroid outcomes are needed.
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Abbreviations 1-127 Iodine-127

RAI Radioactive iodine Nal Sodium iodide

KI Potassium iodide SSKI Saturated solution of potassium iodide

TSH Thyroid stimulating hormone KIO; Potassium iodate

T, Thyroxine tp Effective half-life

KCIO,  Potassium perchlorate CBZ Carbimazole

I-131 Iodine-131

MIBG Meta-iodobenzylguanidine

NIS Sodium-iodide symporter Introduction

CR Clinical relevance

1-123 Iodine-123 Radioactive iodine (RAI) liganded compounds, using

GRADE Grading of Recommendations Assessment, beta-radiation emitting iodine-131 (I-131) are used in the
Development and Evaluation treatment of childhood cancers, specifically neuroblastoma

T, Triiodothyronine where iodine-131-metaiodobenzylguanidine (['*'T]MIBG)
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Fig. 1 Schematic figure for the iodine pathway in the thyroid fol-
licle and the possible sites of radiation prevention. After stimulation
of TSH (produced by the hypothalamus and pituitary gland), iodide
is actively taken up by the sodium-iodide transporter (NIS). Subse-
quently, I” is transported via the apical membrane into the follicular
lumen, where it is enzymatically (thyroid peroxidase, TPO) oxidized
and subsequently bound to thyroglobulin (Tg). After stimulation by
TSH, Tg is endocytosed, hydrolyzed and mono- and diiodotyrosine
(MIT and DIT) are deiodinated and T, and T; are secreted into the
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circulation. When the intra-thyroidal concentration of iodide is high,
NIS activity is reduced. When I-131 is administered, 1-127 as thy-
roid protection dilutes the I-131 concentration (#1), reduces the vas-
cularization of the thyroid, and inhibits the organification of iodide.
Perchlorate (C10,7) salts inhibit the (radio)iodide uptake by the NIS
(#2). Thiamazole (TMZ) inhibits the iodide organification (#3) and
decreases the forming of free radicals. Thyroid hormone (T, and T;)
decreases (radio)iodide uptake by NIS by decreasing TSH plasma
concentration (#4)
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can be part of the treatment [1]. During such treatment,
free I-131 entering the circulation can damage the thyroid
gland. This may result in thyroid dysfunction (described in
up to 64% of children) or structural abnormalities, either
benign or malignant, which may have lifelong conse-
quences for the developing child [2, 3]. Of note, I-123 is
also used for medical diagnostics but does not damage the
thyroid gland because I-123 has different physical char-
acteristics and the amount of activity used for diagnostic
purposes is much lower [4, 5].

Protection of the thyroid gland against exposure to I-131
focuses on diluting the circulating RAI (#1), reducing thy-
roidal uptake of RAI (#2), decreasing binding of RAI to thy-
roglobulin within the thyroid follicular cell (#3) or increas-
ing discharge of RAI from the thyroid (#4), or a combination
of one or more of these strategies (Fig. 1).

To date, the most commonly used protection of the thy-
roid gland from damage by RAI is by administration of
potassium iodide (KI) [6]. KI as thyroid protection has inter-
nationally been acknowledged as most effective in blocking
the thyroid from uptake of RAI, for instance, during nuclear
accidents [7]. Despite these recommendations, hypothyroid-
ism following administration of KI as thyroid protection was
described. For this reason, other pharmacological interven-
tions have been studied to reduce thyroid injury, such as
potassium perchlorate (KC1O,), thiamazole, thyroxine (T,)
or combinations of aforementioned [8].

There are clear rationales for these interventions. KI pre-
vents exposure of the thyroid gland to RAI by hindering
uptake into the thyroid gland via the sodium-iodide sym-
porter (NIS). This is firstly done by dilution (Fig. 1, #1) and
thus decreasing the amount of circulating RAI In addition
to dilution, iodine excess will also result in down-regulation
of the NIS by the Wolff-Chaikoff effect (Fig. 1, #2) [9]. A
different way of blocking the NIS, is the administration of
perchlorate salts.

In case RAI has accumulated in the thyroid gland, preven-
tion of further radiation damage may be accomplished by
shortening the time that RAI is captured within the thyroid
cell; in other words, by accelerating the efflux of RAI. Anti-
thyroid drugs will block the subsequent organification and
thus limit binding of RAI to thyroglobulin in the follicular
cell and thus stimulate elimination of iodine. Thyroid stimu-
lating hormone (TSH) stimulates the iodine turnover with
utilization of thyroglobulin and thereby increases the secre-
tion of thyroid hormone and efflux of iodine. A drawback of
administrating TSH aiming to increase the efflux of RAI, is
the fact that TSH also stimulates uptake of iodine into the
thyroid gland by the NIS (Fig. 1).

Despite the availability of several interventions that may
reduce radiation injury to the thyroid gland during medical
interventions using RAI in children, each with a clear ration-
ale, there is currently no consensus on which protective

strategy is the most effective to prevent uptake of RAI caus-
ing subsequent thyroid damage in children or adults given
RAI for medical purposes. Protection of the thyroid gland in
children may be even of greater importance than in adults as
the thyroid gland in children has been shown to be more vul-
nerable to the effects of radiation and they have a longer life
span [10]. This is especially relevant when considering the
carcinogenic effect of RAI, taking into account that latency
time to develop thyroid cancer after radiation exposure can
be up to 10 years [11].

To appraise the available evidence on pharmacological
preventive interventions and to identify knowledge gaps in
this field, we undertook a systematic review of the published
literature since 1950 on protective strategies that reduce
radiation-induced thyroid damage from RAI in humans,
with special interest in the evidence that has been produced
in children. The primary objective of this systematic review
was to determine which pharmacological preventive inter-
vention is most effective in protecting the thyroid gland from
damage when treated with I-131 containing radiopharma-
ceuticals. We aimed to answer the following questions:

1. Which pharmacological preventive interventions have
been reported to reduce thyroid damage from I-131 in
humans?

2. Which biomarkers and clinical outcomes have been used
to evaluate the effects of these interventions?

3. Which of these interventions reduce uptake of RAI
in the thyroid, prevalence of thyroid dysfunction, the
occurrence of nodules or thyroid cancer after exposure
to [-131?

4. What is the quality of the evidence for pharmacological
preventive interventions in children?

Methods
Search strategies and information sources

This review comprises data of two literature searches
(Online Resource Table 1a and 1b), one performed in 2004
and an updated search performed in 2020. During the first
search that was performed in 2004, the following electroni-
cal databases were searched: PubMed (1966-2004, week
20), Embase (1980-2004, week 22), OLDMEDLINE,
Cochrane Central Register of Controlled Trials. Addition-
ally, relevant studies that were referred to in review articles
or other articles that were not found by this search strat-
egy were included until 1 September 2004. From the search
in OLDMEDLINE, studies were selected by title since no
abstracts were available (Online Resource Table 1a).

The second search was an update of the first search and
was performed in PubMed, including all relevant papers
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published between 2004, week 21 and 2020, week 39. Addi-
tionally, relevant studies that were referred to in review arti-
cles or other studies that were not found by this search were
included (Online Resource Table 1b).

Eligibility criteria

Inclusion criteria were original studies, written or translated
in the English language. Studies had to report outcome of
thyroidal uptake or occurrence of hypothyroidism, thyroid
nodule or thyroid cancer as late effect after exposure to RAI
after providing a pharmacological intervention. Participants
of all ages and genders treated with RAI for medical pur-
poses other than thyroid disease were included.

Interventions using sex steroids or prolactin were
excluded as these ways of pharmacological interventions
were not considered to be suitable for thyroid protection in
children. Studies on the effects of RAI given to treat thyroid
nodules or cancer, Graves’ disease, with less than five per-
sons, in vitro, that described radiation effects only on other
organs than the thyroid (e.g., salivary gland), review articles
and studies published before 1950 were excluded.

Selection process

All included studies were critically appraised by two or
three reviewers (HvS and TV (initial literature search) and
by HvS, CdK, BdL (second literature search)). During this
appraisal, first the research question and methods of the stud-
ies were discussed. Subsequently, consensus was reached
on the clinical relevance (CR), i.e., whether a protective
intervention could be relevant and has the potential to be
implemented in current pediatric clinical practice. A score
was given ranging from one to ten denoting ‘totally irrel-
evant’ and ‘highly relevant’, respectively. Criteria for high
CR were studies in children versus adults, strength of data
(i.e., number of patients, length of follow-up) and feasibil-
ity of the intervention (i.e., whether practical, free of side
effects and/or at low financial costs).

Data extraction

From each included study, the following data set was
extracted (HvS and BdL): Article: first author name, year of
publication; study: characteristics of the subjects or patients,
type of study; type of RAI given (gamma radiation emit-
ting iodine-123 (I-123) as diagnostic agent or beta-radiation
emitting I-131 as therapeutic agent) total activity and frac-
tions; Prevention strategy: nature and duration of the thy-
roid protection strategy given, time to follow-up; Thyroid
outcome: thyroid outcome measures and follow-up; results:
summary of the relevant results, side effects induced by the
pharmacological interventions; authors’ conclusions.
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Table 1 Thyroid outcomes used in the included studies after exposure
to RAI

Outcomes #

Thyroid function 52
TSH 17
T, 12
T, 9
Free T, 5
Free T, 2
Thyroglobulin 2
TRH test 1
T 1
Thyroid function, not further defined 3
Concentration iodine 17
Urine [I] 8
Protein bound iodine 5
Serum [I] 3
Feces [1] 1
Antibodies 9
Anti-TPO 5
Anti-Tg 4
Other 36
Thyroid uptake of RAI 24
Total body counts
Ultrasound thyroid
Absorbed dose in other organs than thyroid
Adrenal scintigraphy
Clinical examination thyroid
Height
Questionnaires
Not defined
Total

—_ e e = = = ) D

o
—
-

TSH, thyroid stimulating hormone, 7, levothyroxine, T3, triiodothy-
ronine, TRH, thyrotropin-releasing hormone, rT;, reverse T;, TPO,
thyroperoxidase, 7g, thyroglobulin, RA/, radioactive iodine

Effect measures

Effect measures used in the individual studies were sum-
marized in Tables 1 and 2.

Synthesis methods

Meta-analysis could not be undertaken due to the hetero-
geneity of the interventions, outcome measures and study
designs. Therefore, summaries of findings tables on out-
comes and interventions were developed. These tables
comprise summaries of the different outcome measure cat-
egories, interventions used per type of RAI and the effective-
ness of the pharmacological interventions against uptake of
RALI Subsequently, the results of the studies were discussed
within the author group and conclusions were drawn.
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Certainty and bias assessment

Thirty-three studies were graded by two reviewers (HvS and
TV performed the grading of evidence in 2004, which was
reevaluated in 2020 by three reviewers (HvS, CdK, BdL).
Seven studies were graded and evaluated by three reviewers
(HvS, CdK, BdL). All studies were graded according the
five Grading of Recommendations Assessment, Develop-
ment and Evaluation (GRADE) considerations (study limi-
tations, consistency of effect, imprecision, indirectness, and
publication bias). The certainty of evidence were assessed as
high, moderate, low or very low [12]. Disagreements about
grading were resolved through discussion.

Results
Study selection

The initial search conducted in 2004 using PubMed,
Embase, OLDMEDLINE and Cochrane, yielded a total of
1693 records. Of these, 33 studies met the inclusion cri-
teria. In the updated search in 2021, another 226 studies
were found using PubMed and five studies were found
through other resources (Online Resource Tables la and
1b), of which seven in total could be included. In total,
forty studies were included for data extraction and critical
appraisal (Fig. 2). Online Resource Table 3 shows the char-
acteristics of the included studies. Of these forty studies,
n=11 (27.5%) reported on children (age < 18 years), n=11
(27.5%) reported on adults (age > 18 years), n=6 (15.0%)
reported on children and adults and n=12 (30.0%) did not
report any age.

Risk of bias

Risk of bias assessment was done by grading according the
five GRADE considerations (Online Resource Table 3). As
shown in Table 1, many different thyroid outcomes were
used. In studies using I-123, effectiveness of thyroid protec-
tion was measured as percentage of uptake or elimination of
RALI, instead of thyroid function during follow-up due to the
fact that I-123 does not affect thyroid function. Due to the
many heterogenous outcomes used in these studies, results
are presented using descriptive analysis.

Results of individual studies

As shown in Table 1, twenty-four different parameters were
used to evaluate the effectivity of the pharmacological
intervention(s) against thyroidal uptake or damage of RAI in
the thyroid gland. In many studies, more than one outcome
was reported. Yet, in 10% of studies the thyroid outcome

@ Springer

was not well-defined: in one study, thyroid function bio-
markers were not defined at all, and in three the intent was
stated ‘to evaluate thyroid function’ without further detail.
Plasma concentration of TSH was most frequently reported
as thyroid function test (42.5%), followed by plasma concen-
trations of T, (30.0%) and triiodothyronine (T5; in 22.5%).
The effectiveness of the interventions on uptake of I-131 and
I-123 are stated in Tables 2 and 3, respectively.

In the below, we review the findings on the interventions’
effectiveness by protective mechanism.

Protection against uptake of RAl in the thyroid by dilution
(#1) and decreasing uptake of I-131 by NIS (#2)

Stable iodine The most frequent used intervention strategy
was the administration of stable (not radioactive) iodine-127
(I-127) (in 53.8% of included studies, Online Resource
Table 2), which was administered in a variety of prepara-
tions: orally as solid KI or sodium iodide (Nal), Lugol’s
solution (a solution of potassium iodide with iodine in
water), saturated solution of KI (SSKI) and as dermal tinc-
ture (2% solution (2 g per 100 ml)). In several studies, the
exact administered dose could not be retrieved. Moreover,
in two studies, Lugol’s solution and SSKI were considered
the same; however, Lugol’s solution contains about 8.4 mg
iodine and SSKI about 38 mg iodine per drop [13, 14].
The administered doses of stable iodine varied from 0.1 to
2000 mg/day (Online Resource Table 3).

In 81.3% of studies in which KI was used for thyroid
protection, the intervention strategy proved to be insuf-
ficient, expressed as visible uptake of RAI in the thyroid
despite KI administration or the development of hypothy-
roidism (TSH elevation). In one study performed in adults,
it was observed that despite the administration of 100 mg
KI, uptake of RAI in the thyroid gland was visible in 74%
of subjects, [15]. In children, given 100 mg KI (divided in
3 doses/day), the thyroid gland was reported to be visible
in 21.5% [3]. Overall, in 35.3% of the studies and in up
to 64% of patients in which KI was given as thyroid pro-
tection during a medical intervention with RAI coupled
to a compound, the development of hypothyroidism was
reported.

The dose and timing of KI administration differed
widely between the studies. At higher doses of KI, the effi-
cacy in reduction of uptake seemed to diminish, although
reduction of RAI uptake was found until doses of 200 mg
in adults. In one study, uptake of RAI was reduced to 0.0%
after 247 mg KI orally [16], but in all other studies iodine
excess led to a maximum reduction of uptake of 95-97%.

Blocking of RAI uptake in the thyroid occurred within
30 min after the administration of 100-200 mg KI. After
the oral administration of 30 mg KI, inhibition of uptake
was reported after 2 h. The most optimal reduction in RAI
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Fig.2 Flow diagram show-
ing study selection. The initial

First search (1950-2004)

Updated search (2004-2020)

Records from Records from

search conducted in 2004 using oMo s
PubMed, Embase, OLDMED- 723 i

Records from
OLDMEDLINE

Records from Additional
Cochrane PubMed records

n=24 n=226 n=5

Records from

n=19

LINE and Cochrane, yielded a ¢ ¢

v v v v

total of 1693 records. Of these,
33 studies met the inclusion
criteria. In the updated search

Records identified through database searching
n=1,693

Records after duplicates removed
n =227

in 2021, another 226 studies
were found using PubMed and

\4

five studies were found through
other resources of which in
total seven could be included.

Records screened
n=1,693

Records screened
n =227

In total, forty studies were
included for data extraction and
critical appraisal

Records excluded

A4

n=1,880

Full text articles included
n=40

Table 3 Effectiveness of

Y . Intervention
pharmacological interventions

References Thyroidal uptake

against uptake of [-123 I-127 (stable iodine)

T, + thiamazole + KI
KIO;4

KCIO,

Iohexol + KIO;

Sternthal [56] 10 mg: 12.5% uptake

>30 mg: 1.5% uptake

Low iodine supply: 80%
Adequate iodine supply: 44-50%

Weber [57]

Friedman [58] Significant difference in uptake
between late and early image

4.2% (7 images) showed uptake

No uptake: 91.9% (159 images)

Low-level uptake: 6.9% (12 images)

Moderate uptake: 1.2% (2 images)

No uptake: 45.3% (24 images)

Low level uptake: 26.4% (14 images)

Moderate uptake: 22.6% (12 images)

High-level uptake: 5.7% (3 images)

No uptake: 80% (4 images)

Low-level uptake: 20% (1 image)

Clement [6]
Thurlow [20]

Thurlow [20]

Thurlow [20]

T4, thyroxine, K1, potassium iodide, KIO;, potassium iodate, KCIO,, potassium perchlorate

uptake was achieved by the administration of KI 1 h before
exposure to RAI. The protective ability of KI diminished
rapidly when given after exposure to RAI; when KI was
administered 3 h after exposure, the uptake was reduced
with 50.0% [17]. When continuously exposed to RAI,
repeated administration of KI was shown to be necessary
for an optimal blockade of uptake of RAI by the thyroid
gland [16-18]. The administration of iodized compounds,
originally used for radiologic examinations, decreased
RAT uptake to less than 10.0% [19].

Stable iodine not given as KI or Lugol were only exam-
ined in one single study. Potassium iodate (KIO;) dem-
onstrated a significant lower absorbed dose of RAI in the

thyroid when compared to KC1O, (median absorbed dose
2.18, 1.96 and 1.98 mGy versus 10.7 mGy, respectively)
[20]. Amiodarone, containing 75 mg iodine per 200 mg
tablet, was shown to induce hypo- and hyperthyroidism.
Uptake of RAI was decreased in the euthyroid and hyper-
thyroid patients but preserved in hypothyroid patients with
an elevated TSH. This is presumably caused by a failure of
the escape mechanism of the inhibitory effects of iodide
(persistent Wolff-Chaikoft effect) [21]. The administra-
tion of Priodax (an iodine-containing preparation) with or
without TSH administration, showed a reduction of more
than 90.0% in RAI uptake in the thyroid gland [22].
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Side effects of stable iodine were reported, mainly
hyperthyroidism in the elderly (up to 35.0%) and transient
TSH elevation and vomiting in the young [23].

KI combined with potassium perchlorate (KCIO,) The
combination of KClO, (dose ranging from 400 to 600 mg/
day and 8 mg/kg) and KI (dose ranging from 120 mg/day,
6 mg/kg and 3dd 2 drops) was administered in five studies
[24-28]. In these cohorts, hypothyroidism was found in
0-12.0% of the patients. In one study, 800 mg of KCIO,
alone was administered which showed a reduction of RAI
uptake in the thyroid gland, although radioactivity in the
thyroid was still seen (5.7 mGy/MBq administered ['*'I]
MIBG and 0.3-0.76 mGy/MBq when coupled to ['*'I]
iodocholesterol [29]).

T; in combination with Lugol’s solution The administra-
tion of T; with Lugol’s solution did not prove to be effec-
tive. One study showed the development of hypothyroid-
ism in 62.7% of subjects and thyroidal uptake in more than
60.0% of subjects [24]. Another study showed that the
combination of T; with Lugol’s solution was less effective
than the administration of KC1O, alone [22].

Protection of the thyroid from I-131 damage by decreasing
binding of RAI to thyroglobulin (#3)

Thiamazole in combination with Kl and T, In one study in
which [*'TIMIBG (median dose 9975 Mbq) was adminis-
tered to children with neuroblastoma, thiamazole (0.5 mg/
kg/day for 4 weeks) was combined with KI (3 dd 30 mg for
2 weeks) and T, (100 mcg/m2 for 4 weeks). A reduction of
uptake in the thyroid was seen when compared to a historic
control group given only KI (thyroid visible in 2.0% vs. in
28%, respectively). Prolonged follow-up after 9 years of 24
children given this combined (thiamazole, KI and T,) pro-
tection, however, showed thyroid disorders in 50.0% (n=12)
of patients, of which nine developed thyroid dysfunction,
five thyroid nodules and one thyroid carcinoma [6].

Protection of the thyroid by increasing the elimination
of RAI ( #4)

TSH in combination with KI and other pharmacological
interventions The administration of TSH in addition to
KI, after exposure to RAI diminished the effective half-life
(t,/,) of RAI in the thyroid gland with 60% compared to KI
alone (2.5+0.7 days and 6.5 +0.6 days, respectively) [31].
Lividas et al. experimented with various combinations of
pharmacological interventions (KI, carbimazole (CBZ),
KClO, and TSH) and found that the combination of TSH,
CBZ and KCIO, was most effective to reduce RAI uptake
(reduction of ¢, from 76.0 to 7.8 days, p<0.005), when

@ Springer

given 7 days after exposure to RAI [32]. The administration
of TSH as monotherapy, which was applied in two studies,
also reduced ¢/, (from 94 to 16 days) [31, 32].

Other pharmacological interventions The administration of
diuretics had no effect on uptake of RAI in the thyroid gland
or on its elimination [33].

Discussion

With improved survival rates in childhood cancers [34], it
is becoming increasingly important to prevent damage to
healthy organs during cancer treatment. For children, the
hormones produced by the thyroid gland are essential for a
normal mental, motor and pubertal development and growth
into adolescence and adulthood [35]. Prevention of damage
to endocrine organs such as the thyroid must, however, not
only focus on protecting its function (required to maintain
optimal circulating concentrations of hormones) but must
also aim to prevent the development of secondary malignan-
cies, such as differentiated thyroid cancer. Thyroid damage
in childhood cancer survivors may be caused by multiple
factors such as external cervical irradiation, anti-neoplastic
drugs or immunotherapy. In children with neuroblastoma,
a high prevalence of hypothyroidism, thyroid nodules and
several cases of thyroid cancer have been reported after the
use of [*'TIMIBG [6, 36].

Although the damaging effects of exposure to I-131 on
the thyroid gland are very well known, among others due to
the follow-up studies after the Chernobyl nuclear disaster,
the current state of evidence for thyroid protection strategies
during exposure to RAI in the medical setting in childhood
is concerning [37, 38]. To know how to protect the thyroid
gland of young children against radiation damage is of spe-
cial importance, as the younger thyroid has been shown to
be more vulnerable to radiation damage [10]. We reviewed
and summarized all existing studies since the 1950’s and
found a low number of studies, in which only a few patients
were studied using many different intervention strategies,
and more than twenty different outcome measures. The
wide variety of preventive measures and endpoints makes it
complicated to draw definite conclusions. In addition, bio-
chemical endpoints have been used in many studies, whereby
patient relevant outcomes such as fear for (secondary) thy-
roid cancer, fatigue or quality of life have not been studied.
We found it neither possible nor sensible to try and statisti-
cally combine numerical results into overall estimates of
the interventions’ effectiveness. However, several important
lessons can be learned from our review, and several implica-
tions for practice and for research can be identified.

All current reported protective interventions are aimed at
reducing uptake of RAI in the thyroid gland (by dilution or
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decreasing uptake by NIS) or at increasing its elimination
(such as by decreasing the binding of RAI to thyroglobulin).
It must be considered, however, that radiation exposure to
thyroid follicle cells may also occur by RAI passing through
the blood vessels through and around the thyroid gland. Con-
sidering the great vulnerability of the thyroid gland, this
exposure may potentially cause radiation damage to the thy-
roid which cannot be overcome by reducing its uptake into
the thyroidal follicle cells but may be influenced by decreas-
ing its vascularization (which can be done for instance by
decreasing the concentration of circulating TSH).

Diluting RAl in the circulation and reducing NIS
uptake by stable iodine (#1 and #2)

As described in the results, various preparations of stable
iodine were used caused by the fact that high doses of stable
iodide may be found in various solutions, such as Nal or
Lugol’s solution (KI, SSKI).

Summarizing the results of our review, a maximum reduc-
tion of RAI uptake in the thyroid of 97.5% may be achieved
if the optimal timing (preferably 1 h before exposure) and
optimal dosage (up to 200 mg in adults) are given. Because
the risk of developing a radiation-induced thyroid malig-
nancy is increased already at low radiation doses, reduc-
tion of RAI uptake must be aimed up to 100% [39, 40]. As
was shown, KI as thyroid protection in children given ['3']
MIBG resulted in a high percentage of children with hypo-
thyroidism (ranging from 12.0 to 85.7%) and three cases of
differentiated thyroid cancer [2, 3]. With these reports, KI
alone (using 100 mg/day) cannot be considered sufficient
in children in the clinical setting and additional protective
interventions must be outweighed. For children almost no
side effects were reported after the administration of iodide
excess. Perhaps increasing the dose of KI to the adult dose of
200 mg may improve thyroid blockade, however, studies on
efficacy or side effects of using KI doses higher than 100 mg
are lacking in children.

The effectiveness of administrating KI after exposure to
RAI was shown to decrease rapidly in time. For this reason,
it seems of no benefit to start the administration of KI (or
other forms of stable iodine) 24 h after exposure to RAI in
the medical setting. In such cases (e.g., when KI was for-
gotten) it may be considered to administer the combination
of TSH, CBZ and KCI1O, [30]. In situations where there is
continuous exposure to RAI, it may be considered to con-
tinue its use.

Reducing NIS uptake by perchlorate (#2)
Blocking the uptake of RAI through the NIS can be done by

stable iodine but also by administration of perchlorate salts.
Three studies reported high effectivity against thyroidal

uptake in combination with stable iodine resulting in a lower
percentage of patients with hypothyroidism as late effect [25,
27, 41]. Perchlorate was shown to be more effective than
when compared to the administration of T; in combination
with stable iodine [29]. However, it must be pointed out
that the follow-up time of the perchlorate studies was short.
Long term follow-up studies are lacking in children given
perchlorate protection of the thyroid gland. Considering the
positive short-term results that have been reported, the use of
perchlorate as effective protective measure should be further
investigated. None of the studies reported side effects after
treatment with perchlorate. However, side effects as agranu-
locytosis, aplastic anemia and leukopenia have been reported
after administration of perchlorate in adults [42, 43].

Reducing NIS uptake by thyroid hormones (#2)

The addition of T, to pharmacological thyroid protection
procedures may serve three purposes. Firstly, by decreasing
the plasma concentration of TSH which will subsequently
lower the thyroid’s cell metabolism and vascularization,
which theoretically reduces its radio-susceptibility. Sec-
ondly, decreasing the plasma concentration of TSH will
lower the uptake of (radio)iodine by NIS, and thirdly the
administration of thyroid hormone ensures euthyroidism
during the administration of, for example, thiamazole. Two
studies have reported upon the use of T, in combination
with thiamazole and KI. This pharmacological combina-
tion resulted in a decreased RAI uptake (5.3% compared
to 21.5%) as well as a diminished occurrence of permanent
hypothyroidism compared to children that were only given
KI for thyroid protection (60.0% compared to 78.6%). The
fact that still 17.4% of all patients in one study developed
hypothyroidism, expressed as permanent thyrotropin eleva-
tion and additionally some uptake in the thyroid gland could
be detected, necessitates the exploration of alternative or
additional actions [6]. Also one patient with thyroid carci-
noma was reported after the use of this combined thyroid
protection [2].

Considering the studies included in this review, the evi-
dence suggests that the addition of T, (and thiamazole)
improve the thyroid protection when compared to the admin-
istration of KI alone.

Eliminating RAI from the thyroid gland by TSH
and anti-thyroid drugs (#3 and #4)

Combined administration of TSH and anti-thyroid drugs
(i.e., CBZ) may increase the efflux of RAI. However, an
increase in plasma concentration of TSH will also increase
the uptake of RAI by NIS, indicating that these compounds
should only be administered hours after exposure, when the
greater fraction of RAI is already removed by the kidneys.
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In the medical situation, these interventions might be con-
sidered when RAI uptake is detected in the thyroid gland at
first scanning. The addition of anti-thyroid drugs that block
organification to thyroid protection with KI and T, was
shown to improve thyroid protection. In this situation T, is
administered to prevent a rise of plasma concentrations of
TSH and to ensure euthyroidism [8].

Outcomes

Heterogeneity in outcome measures and interventions made
it difficult to draw definite conclusions and to make sug-
gestions on the most effective way of protecting the thy-
roid gland against damage from RAI as used in the medical
setting. The included studies were too heterogeneous with
regards to patients, indications and age groups, as well as
regarding intervention and outcome measures used.
Children have a different thyroid cell metabolism than
adults, including different TSH and free T, reference values,
different iodine metabolism with reaction to the Wolff-Chai-
koff mechanism (higher % that escapes for this mechanism)
and different cell biology (e.g., radiation vulnerability). In
addition, children have a longer life span, increasing the need
for thyroid protection especially with regard to the devel-
opment of thyroid cancer after RAI exposure. Therefore,
children may need different pharmacological interventions
when compared to adults to protect their thyroid from RAI
uptake and other effectiveness outcomes need to be defined.
To overcome ongoing research waste caused by this wide
heterogeneity of outcomes, we recommend a core outcome
set be developed for studies in this field including consensus-
definitions for the presence of thyroid dysfunction, nodules,
thyroid cancer and more standardized follow-up time.

Primary study limitations

Most included studies had major limitations in the design,
conduct and reporting. Many of the included studies had
small sample sizes, and age of patients was often not
reported. To not report the patient’s age may be considered
an important limitation because thyroid cell metabolism,
uptake of iodide by NIS, Wolff—-Chaikoff effect as well as
vulnerability of the thyroid cells for RAI differ with age.
Various studies did not primarily focus on the effects of
the pharmacological intervention on the thyroid function,
which resulted in missing information on dosage and dos-
age schemes.

Strengths and weaknesses of this review

Strengths of our review include the completeness of the lit-
erature search and the grading of the literature by an expert
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multidisciplinary team including a pediatric endocrinolo-
gist with expertise in thyroid cell metabolism, a pediatric
oncologist with expertise on MIBG and neuroblastoma, a
nuclear physicist with expertise on the RAI metabolism and
half-life and MIBG treatment, a pediatrician-methodologist
with expertise in systematic literature reviews and a hospital
pharmacist. The limited data sources and associated risk of
publication bias (e.g., no abstracts and restriction to English
literature) may be considered a weakness of this review.

Implications for practice, policy, and future research

While administration of high doses of stable iodide still
seems to be “best practice”, for thyroid protection in case
of nuclear emergency, stable iodide alone appears to be
insufficient when used for children in the medical setting
[44]. Adding perchlorate or thiamazole to T, may reduce the
uptake or increase elimination of RAI in the thyroid gland
and protect the thyroid’s integrity, although even after add-
ing these drugs still hypothyroidism and thyroid cancer were
reported.

To improve health outcomes of children exposed to RAI
for medical purposes we propose a multicenter randomized
clinical trial comparing different protective strategies includ-
ing the combination of KI and KCIO, and the combination
KI, T,, and thiamazole in comparison to the administration
of stable iodide alone. In such a controlled trial, the observ-
ers and patients should be blinded to the pharmacological
intervention, using standardized outcomes such as yearly
TSH, free T,, thyroid ultrasound for presence of thyroid
nodules or cancer, percentage of RAI uptake in the thyroid
gland, and have a minimal follow-up time of 5 years to eval-
uate late adverse effects on growth, development, and well-
being. In addition, for current medical practice, it may be
useful to image the patient after therapy administration for
dosimetric purposes and to forecast any thyroid side effects.

Conclusion

The evidence on pharmacological protection of the thyroid
gland against RAI in the medical setting in childhood is
poor. Recommendations for best clinical practice cannot be
based on the current evidence. Well-designed randomized
clinical trials with sufficient follow-up time, comparing new
protective strategies’ effects on valid and well-defined thy-
roid outcomes are needed. A comparative effectiveness trial
evaluating the three current used strategies is recommended.
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