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Abstract Radioiodine is a safe and well-established
therapeutic modality for the ablation of thyroid remnants
and the treatment of locoregional and distant metastases
from differentiated thyroid carcinoma. However, a careful
hazard assessment is mandatory in order to establish the
risk—benefit ratio, especially in low-risk patients. Induction
of second primary malignancies is one of the most serious
possible untoward effects of radioiodine treatment. The
limited incidence both of this effect and of thyroid cancer
and the paucity of available dosimetric data make it diffi-
cult to perform high-quality studies that could provide
evidence-based indications. A number of bias and con-
founding factors can blur data and must be considered,
evaluating studies, addressing this topic. Data from the
main surveys confirm that radioiodine can induce second
primary tumors, with a probability comparable to that of
external radiotherapy and lower than that of chemotherapy.
Even though radioiodine treatment of thyroid cancer car-
ries a low relative risk, the process of therapy justification
must be carefully conducted and every measure that can
reduce patient exposure must be taken, especially in chil-
dren, adolescents and young adults.
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Introduction

Differentiated thyroid carcinoma (DTC) is the most com-
mon endocrine malignancy, whose incidence is, in several
countries, reported to have risen over recent decades [1, 2].
In the United States, its incidence nearly tripled from 1973
through 2002 (from 2.7 to 7.7 cases per 100,000) and a
similar increasing trend has been reported in Europe [2].
These data correspond to more than 2,100 and 48,000 cases
each year in the UK and USA, respectively [3].

The protocol for the treatment of patients with thyroid
carcinoma involves surgical removal of the thyroid and, in
most cases, radioiodine treatment (RIT) to ablate thyroid
remnants or treat residual tumor. Further therapies can be
prescribed, using fixed or dosimetry-based activities of
1311, to treat locoregional or distant functioning metastases
[4].

Whilst all current guidelines recommend the use of RIT
in high-risk patients, its use for remnant ablation in low-
risk patients is still a debated question, on account of
uncertainty over its benefits [5, 6]. A randomized
non-inferiority phase II/IIl multicenter trial to determine
whether 5-year disease-free survival is any worse in patients
not undergoing compared with those undergoing ablation
has recently been planned in the UK (NCT01398085) [3].

Despite this uncertainty, RIT is being used more and
more across all tumor sizes and in different situations,
including favorable low-risk cancers in young patients with
a long life expectancy, who risk being over-treated. In this
subgroup of patients, the possible small reduction of
recurrence obtained through RIT must be weighed up
against the long-term risks [7]. While, in most cases, the
early deterministic effects of radiation exposure are of
scarce clinical relevance, carcinogenesis is, nevertheless, a
possible and very concerning long-term complication.
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Given the discrepant results reported, the risk of second
primary malignancies (SPMs) and leukemia remains a
controversial topic that needs to be better understood [8].
This review looks at the issue of the possible induction
of SPMs after RIT in patients with DTC. In the first sec-
tion, we summarize the risks of RIT, particularly with
regard to the stochastic or probabilistic effects. In the fol-
lowing sections, we review the molecular mechanisms of
carcinogenesis induced by ionizing radiation, the carcino-
genic risk in RIT of DTC, and finally the available epi-
demiological studies on SPMs in patients with DTC,
treated or not treated with radioiodine. A glossary of the
most important terms used in epidemiological studies on
radiation-induced tumors is also provided (“Appendix”).

The risks of '*'I therapy in patients with differentiated
thyroid cancer

Since radioiodine has no pharmacological effects, the
hazards of RIT are all related to the exposure to ionizing
radiation. The untoward effects of RIT can be categorized
in different ways: by the timing of their occurrence after
therapy (early or immediate, intermediate and late), by
their occurrence in a “typical patient” versus a patient with
high-risk factors for complications, and on the basis of the
nature of the radiobiological effects, which can be classi-
fied as deterministic or stochastic [9] (Table 1).
Deterministic effects, which are related to cell killing,
usually occur early, and a substantial dose of radiation is

Table 1 Characteristics of deterministic and stochastic effects

Deterministic effects

Stochastic effects

o Severity of the effect increases
with the absorbed dose

e Probability of occurrence
increases with dose

e Non-linear dose response

e Practical threshold dose

e Usually occur after high-dose
acute exposure

e Mechanisms: killing of large
groups of cells in the tissue
involved. Different effects,
tissues and individuals have
various threshold doses.

e Most arise within days or weeks,
but some can show up over
longer periods (years).

e Example: sialadenitis after '3'1

therapy

e Severity of the effect is
independent of absorbed dose

e Probability of occurrence
increases with dose

e Linear, linear-quadratic and
possibly non-linear dose
response

e No threshold dose

e Can also occur after low doses

e Mechanisms: changes in genes

e Latency period of years

e Example: radiation-induced
cancer
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required in order to produce them. In most cases, deter-
ministic effects do not occur below a threshold level of
absorbed radiation dose because their appearance requires
depletion of certain cells in the body to below a critical
number in a given organ or tissue. Above threshold, the
severity of the effect increases as a function of dose.
Specific health effects are typically associated with specific
threshold dose levels, although they may also depend, to a
limited extent, on the exposed individual. In RIT of DTC
many factors affect the frequency and severity of deter-
ministic side effects, including single and total cumulative
prescribed 131 activities, the time between therapies,
measures implemented or not implemented to prevent the
various side effects, and the presence of risk factors for side
effects [9].

The main deterministic effects of RIT in patients with
DTC tend to involve the salivary glands (taste disturbances,
swelling, sialadenitis, xerostomia, salivary duct obstruc-
tion), eyes and nasolacrimal glands (xerophthalmia,
epiphora, conjunctivitis), genital system (hypospermia and
azoospermia in males and temporary amenorrhea or oli-
gomenorrhea in females), lungs (very rare acute radiation
pneumonitis and fibrosis) and bone marrow (neutropenia,
low platelet count and anemia). Most of these effects are
early and transient, but some may become permanent;
some do not appear until months or years after treatment,
such as bone marrow depression, radiation pulmonary
fibrosis, early onset of menopause and chronic dry eye [9].

Unlike deterministic effects, stochastic effects do not
have a threshold, occur in an arbitrary or probabilistic
manner, have a severity that does not depend on dose, and
occur months or years after high-level and possibly also
after low-level radiation exposure. Carcinogenesis and
heritable effects are considered the only stochastic events
due to ionizing radiation. Induction of SPMs (solid tumors
and leukemia) is considered to be the main stochastic effect
of RIT in patients with DTC, the somatic effects of radi-
ation exposure being much more probable (total somatic
risk 9.5-15/100 Gy) with respect to the genetic heritable
effects (total heritable genetic risk 0.30-0.47/100 Gy for
the first generation; 0.12-0.32 for the second generation)
[10, 11].

Most international organizations involved in the
assessment of radiation risk have postulated, on the basis of
experimental and theoretical evidence and mainly for
radioprotection purposes, that no threshold exists for sto-
chastic effects, and also that minimal exposure to radiation
may induce cancer [12]. Studies in radiation biology show
that “a single radiation track (resulting in the lowest
exposure possible) traversing the nucleus of an appropriate
target cell has a low but finite probability of damaging the
cell’s DNA” [12]. This damage may be difficult for the cell
to repair, or it may be repaired incorrectly. The BEIR VII
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Fig. 1 Linear no-threshold (LNT) model used to estimate the
radiation-induced cancer risk. LSS life span study

committee concludes that current scientific evidence is
consistent with the hypothesis that there is a linear dose—
response relationship between exposure to ionizing radia-
tion and the development of radiation-induced solid
cancers in humans [13], (Fig. 1). However, although the
committee deems it unlikely that a threshold exists for the
induction of cancers, it notes that the occurrence of radi-
ation-induced cancers at low doses will be small [14-16].

Molecular mechanisms of carcinogenesis induced
by ionizing radiation

Radiation tumorigenesis is a complex multistage process
involving intimate links between dose-related induction of
DNA damage in cells, the appearance of gene or chro-
mosomal mutations through DNA damage misrepair, and
the development of cancer [13].

Error-prone repair of chemically complex DNA double-
strand damage is the predominant mechanism of radiation-
induced gene or chromosomal injury involved in the
carcinogenesis process, and the consequent mutations are
predominantly loss-of-function DNA deletions, some of
which are represented as segmental loss of chromosomal
material (i.e. multigene deletions). Changes induced in
genes by ionizing radiation can also produce gene muta-
tions or DNA rearrangements, which can result in a gain of
function, as in the case of conversion of proto-oncogenes to
oncogenes [13].

Six biological capabilities acquired during the multistep
development of human tumors are considered to be the
“hallmarks of cancer” and they constitute an organizing
principle for rationalizing the complexities of neoplastic
disease [17]. They are the capability: (i) to sustain prolif-
erative signaling, (ii) to evade growth suppressors, (iii) to
resist cell death, (iv) to enable replicative immortality,

(v) to induce angiogenesis, and (vi) to activate invasion and
metastasis [17].

Radiation-induced tumors develop in a tumor-specific
multistage manner that parallels that of tumors arising
spontaneously. The full process may last for years before
resulting in clinical disease, thus cancers attributable to
radiation do not become evident until years after exposure
[13]. Mutations can be related not only to radiation, but
also to a wide range of environmental mutagens, or they
can occur spontaneously. Because of the long latency
between exposure and cancer development and the multi-
stage nature of tumorigenesis, it is difficult to identify
specific alterations induced by ionizing radiation.

Ionizing radiation produces several kinds of damage in
DNA, including single-strand breaks (SSBs) and double-
strand breaks (DSBs) in DNA chains, DNA-DNA covalent
cross-links, DNA—protein covalent cross-links, and a large
variety of oxidative changes in the nucleotide base. The
most critical defects include DSBs, which can lead to
efficient cell killing or, through erroneous DNA repair, can
be a source of stochastic damage, including an increased
risk of malignant transformation. The general picture
emerging from biophysical studies is that the misrepair of
radiation-induced DNA DSBs that leads to chromosome
aberrations and mutagenesis is probably associated with
the dominant post-irradiation function of non-homologous
end joining (NHEJ) repair processes [13].

Although chromosomal translocations can lead to
oncogene activation, the main radiation-induced carcino-
genic processes seem to involve a wide variety of stable
chromosomal aberrations, including deletions and reci-
procal translocations, rather than the point mutations pre-
dominating in spontaneous mutations. Gene and/or
chromosomal rearrangements and loss of heterozygosity
are thus considered the most likely radiation-induced
events that contribute to cancer development [18].

Several factors may affect the dose—response relation-
ship and have relevance for radiation-induced cancer.
These include variations in radiosensitivity during the cell
cycle, the induction of an adaptive response to an initial
exposure, a bystander effect that causes an irradiated cell to
have an effect on a nearby unirradiated cell, and novel
forms of cellular damage response, collectively termed
induced genomic instability [19].

The phenomenon of genomic instability has been
defined as the manifestation of genetic damage (chromo-
somal rearrangements, chromosomal bridge formation,
chromatid breaks and gaps, and micronuclei) in the prog-
eny of somatic cells that survive irradiation [19]. Delayed
lethality (i.e. reduction in cell cloning efficiency several
generations after irradiation) and gene mutations that arise
de novo several generations after irradiation are thought to
be another manifestation of genomic instability. If such
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induced instability is involved in radiation carcinogenesis,
this would imply that the initial carcinogenic event may not
be a rare mutation occurring in a specific gene or set of
genes. Rather, radiation may induce a process of instability
in many cells in a population, enhancing the rate at which
the multiple gene mutations necessary for the development
of cancer may arise in a given cell lineage. Furthermore,
radiation could act at any stage in the development of
cancer by facilitating the accumulation of the remaining
genetic events required to produce a fully malignant tumor.

In spite of major advances in understanding of the role
of genetic susceptibility to radiation-induced cancer, the
degree to which genetic factors may increase cancer risk
remains uncertain. An important conclusion is that many
cancer-prone human genetic disorders are likely to show an
elevated risk of radiation-induced cancer, probably with a
high degree of organ specificity. Evidence has been
obtained that major deficiencies in DNA damage response
and tumor-suppressor-type genes can serve to elevate
cancer risk and the major practical issue associated with
these findings is judged to be the risk of radiotherapy-
related cancer. Besides, major interindividual differences
in radiation response seem to be due to common poly-
morphisms of DNA damage response genes associated
with organ-wide radiation cancer risk [13].

Carcinogenic risk in radioiodine therapy
of differentiated thyroid cancer

Absorbed doses to organs after administration of 1 GBq of
3! in euthyroid status to DTC patients range from a
minimum of 29 mGy for the brain and about 80 mGy for
the lungs to around 100 mGy for the liver, spleen, kidneys
and blood, and around 200 mGy for the salivary glands
[20]. Such doses approach levels for which there is direct
epidemiological evidence of increased cancer, as confirmed
by the Biological Effects of Ionizing Radiation (BEIR) VII
publication on the health risks from exposure to low levels
of ionizing radiation [13].

It thus seems highly probable that RIT of DTC can have
a carcinogenic effect, although it is difficult to prove this
assumption with experimental data and to estimate the
actual risk. Even though ionizing radiation has probably
been the most intensively studied carcinogen over the last
sixty years and a significant amount of knowledge has been
gathered, transferring data on carcinogenic risk derived
from studies on people exposed to sources and radiation
types other than B is not easy, given that cancer risk
varies significantly for different types of radiation exposure
[13].

As a matter of fact, the United Nations Scientific
Committee on the Effects of Atomic Radiation
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(UNSCEAR) evaluates separately studies on external low-
LET radiation by high- and low-dose-rate exposures,
internal low-LET irradiation by '*'I, and internal high-LET
radiation by radon and other exposures [21]. For example,
cancer risk per unit dose for external low-LET exposures at
high-dose rates tends to be higher than that at low-dose
rates. Internal exposures are usually protracted and specific
to certain organs and often give rise to heterogeneous
radiation within organs, in contrast to most external
instantaneous whole-body exposures. Finally, the relative
biological effectiveness (RBE) of high-LET radiation with
respect to low-LET radiation is a complex parameter that
depends on the radiation type and energy, the dose and
dose rate, and the endpoint under study [22].

Another caveat is that projection of cancer risk between
two populations with differing underlying susceptibilities
to cancer should be performed carefully. As with the pro-
jection of cancer risk over time, two models are used to
transfer cancer risk across populations: in the multiplica-
tive transfer of risks model, the ratio of the radiation-
induced excess cancer rates to the underlying cancer rates
is assumed to be identical in the two populations, while in
the additive transfer of risks model, the radiation-induced
excess cancer rates in the two populations are assumed to
be identical. Depending on the cases, relative or absolute
transfers of risk between populations allow a better fit of
epidemiological data [22].

To prove that a certain radiation exposure is unques-
tionably carcinogenic, it should be shown by epidemio-
logical studies that the probability of the effect increases
with increasing radiation doses. From a practical point of
view, merely assessing the carcinogenicity of RIT could be
a futile exercise, whereas it would be much more useful to
quantify the risk for the various levels of exposure reached
in clinical management of DTC patients.

In patients with DTC treated with 131I, the radiation
absorbed dose (expressed in Gy) may differ significantly
depending not only on the cumulative administered activity
(measured in GBq), but also on the uptake by various tis-
sues of the body and on retention times in various tissues
[4, 7]. The consequent carcinogenic effect may vary,
depending on cumulative administered activity, number of
administrations of radioiodine, and time between each
single administration. Individual internal dosimetry in RIT
of DTC is a complex procedure which is performed only in
selected cases and may be flawed by elevated intrinsic
methodological errors [7].

Because of the relative rarity of DTC, the low risk, and
the relatively low-dose levels used, epidemiological studies
on the carcinogenic risk of '*'I therapy have to evaluate
many thousands of subjects, gathered over long periods of
time. Furthermore, most of the parameters that would need
to be used to estimate radiation doses retrospectively are
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not provided by data extracted from cancer registries or
from clinical files. Therefore, most studies on this topic
only report whether or not the subject received radioiodine,
and just a few investigations report cumulative adminis-
tered activity, as the one parameter indirectly linked to
radiation dose.

Beyond classical dosimetry, biological and physical
methods could be used to estimate radiation dose [22, 23].
Although several biological samples can be considered
representative of individual exposure, dose assessment is
usually performed on peripheral lymphocytes. This cell
population represents a suitable biological model for
investigating radiation-induced effects, since it circulates
in the body and remains quiescent in the G O stage of the
cell cycle for a relatively long time. Chromosomal aber-
rations induced by ionizing radiation can be classified as
stable or unstable anomalies. Stable anomalies, being
consistent with cell survival, can persist for many years and
include reciprocal, non-reciprocal, and interstitial translo-
cations. Unstable anomalies, inducing mitotic cell death,
decrease over time and include dicentrics, centric rings,
and acentric aberrations. The estimate of individual expo-
sure is obtained by comparing the dose—effect relationships
for aberrations measured by scoring with the dose—
response relationships for aberrations observed in in vitro
models [13].

Because of the fast disappearance of lymphocytes car-
rying unstable aberrations, biological dosimetry can pres-
ent major limitations for long retrospective studies. For
example, the method based on measurement of the phos-
phorylated form of the histone H2 variant H2AX
(y-H2AX) formed over large chromatin domains sur-
rounding DSBs as a result of exposure to ionizing radia-
tion, despite being sensitive to doses of a few milligrays
and linearly related to dose across a broad dose range,
shows severe limitations, associated mainly with the rapid
loss of the y-H2AX signal following irradiation; as a result,
this method is suitable only for radiation exposure not older
than two days.

Several years after exposure, scoring of stable aberra-
tions might appear a more appropriate approach, even
though it involves more laborious and expensive tech-
niques. Some examples of biological and physical methods
are classical cytogenetics for translocations, the glycoph-
orin A mutational assay of red blood cells, the fluorescent
in situ hybridization (FISH) technique for analysis of stable
chromosomal translocations, and electron spin resonance
(ESR), also known as electron paramagnetic resonance
(EPR), of tooth enamel. Unfortunately, these methods are
both complex and expensive, and cannot therefore be
applied to thousands of people, while some biological
measures can be affected by other factors, such as age and
smoking.

In patients undergoing RIT for DTC, biological
dosimetry methods have been used to estimate radiation
exposure and genome damage both in adults [24] and in
children and adolescents [25]. Lassmann et al. [24], in a
series of twenty-six patients submitted to RIT for DTC,
evaluated protracted, continuous, internal whole-body
irradiation from radioiodine, using y-H2AX and the p53-
binding protein 1 (53BP1) as markers of DSBs resulting
from exposure. The authors concluded that the y-H2AX
and 53BP1 tests appear to be well suited for the detection
of radiation exposure after radionuclide incorporation,
even in low-dose and low-dose-rate scenarios. However,
because of the high interpatient variability in ionizing
radiation-induced foci enumerated by the y-H2AX and
53BP1 tests, a reliable dose-response relationship
between the absorbed dose-rate and number of induced
foci was established only within individual patients rather
than across a group of patients. This observation seems to
limit the utility of these tests to the setting of patient-
specific dosimetry.

Federico et al. [25] investigated whether administration
of radioiodine may induce early genome damage in
peripheral T lymphocytes in adolescents with DTC. The
authors studied 11 youngsters treated with '*'I to ablate
thyroid remnants; they used micronucleus assay and eval-
uated the expression of some genes involved in the DNA
repair or apoptosis pathways. They demonstrated that
peripheral cells in DTC children and adolescents who
received a mean administered activity of 3.50 £ 0.37 GBq
of "*'I did not show chromosomal damage within 48 h of
RIT administration. This may be due to prompt activation
of the cell machinery that maintains the integrity of the
genome to prevent harmful DSBs from progressing to
chromosome mutations, either by repairing the lesions or
by eliminating the most seriously damaged cells via
apoptosis.

Epidemiological studies on second primary
malignancies in patients with differentiated
thyroid cancer

It is known that individuals with cancer are at increased
risk of subsequent tumors. Because individuals diagnosed
with cancer are now living longer and also because of the
aging of the population, the number of people who will
develop multiple malignancies is expected to increase.
Mariotto et al. [26] estimated that 756,467 people in the
United States were affected by cancer more than once
between 1975 and 2001, and these cases represent almost
8 % of the current cancer survivor population. Risk may
be due to several factors, including genetic predisposition,
environmental exposure, exposure to carcinogenic cancer

@ Springer



210

Clin Transl Imaging (2013) 1:205-216

therapies (i.e., iatrogenic risks associated with chemo-
therapy, radiotherapy and/or hormonal therapy), lifestyle
factors, such as smoking, and, perhaps most importantly,
aging [26]. Patients with DTC show five-and ten-year
relative survival rates both close to 95 %, and have a high
likelihood of being diagnosed with a second primary
cancer in their lifetime.

The most exhaustive publication on the risk of SPMs
in thyroid cancer survivors is a systematic review and
meta-analysis by Subramanian et al. published in Thyroid
in 2007 [27]. The authors examined thirteen full-text
papers and reported pooled data from six studies of
70,844 thyroid cancer survivors. In these studies, popu-
lation-based or cancer registry-based data were used as a
comparator for expected incidence rates of primary can-
cer. The results of the systematic review and meta-anal-
ysis showed an increased incidence of SPMs in thyroid
survivors with a standardized incidence ratio (SIR) of
1.20 (95 % CI 1.17-1.24), but there were insufficient data
for pooling of SPM mortality data [27]. A positive sig-
nificant association between thyroid cancer and risk of
SPMs was found for the following tumors: salivary
glands, stomach, colon/colorectal, breast, prostate, kidney,
brain/central nervous system, soft sarcoma, non-Hodg-
kin’s lymphoma, multiple myeloma, leukemia, bone/
joints, and adrenal. A significant reduced risk of lung and
cervical cancers was observed.

Ronckers et al. [28] reported similar results; they
found an 11 % increased risk of SPMs among 29,456
survivors of thyroid cancer (O/E = 1.11, O = 2,214,
EAR = 8 per 10,000 person-years) with a cumulative
incidence of developing any second cancer following
thyroid cancer, adjusted for the competing risk of death
from other causes, of 159 % at 25 years (95 %
CI = 15.0-16.8 %).

Subramanian et al. [27] and Ronckers et al. [28]
evaluated the risk of SPMs in thyroid cancer survivors but
did not explore the relationship between risk and thyroid
cancer treatment. Although ''T has been suggested to
play a possible role, many other competing factors may
induce an SPM in patients with thyroid cancer, such as
common etiological factors, lifestyle choices, or intense
medical surveillance [28]. There is increasing evidence to
support the hypothesis that DTC is a polygenic disease
[29] and both familial presentation of DTC [30] and
familial syndromes associated with DTC and other
tumors, such as Cowden syndrome [31] and familial
adenomatous polyposis [32], have been described. More-
over, the reported bidirectional association (i.e., increased
risk of SPMs in patients with DTC and risk of thyroid
cancer developing after many other types of primary
cancer) raises the possibility of shared genetic or envi-
ronmental risk factors [33].
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Epidemiological studies on second primary
malignancies in patients with differentiated thyroid
cancer treated with radioiodine

Data on the prevalence of SPMs in patients receiving RIT
for DTC are limited [34]. A systematic review of the lit-
erature performed by Sawka and al. [35] selected only two
papers among 172 relevant studies that specifically com-
pared the risk of SPMs in individuals with DTC treated or
not treated with radioiodine. To be included in Sawka’s
review, studies had to present certain quality characteris-
tics: for example, they had to present relative risk (RR),
odds ratio or hazard ratio (with respective 95 % confidence
intervals, CIs) data; they had to have a certain study design
(cohort studies, cross-sectional studies, cancer registries,
administrative datasets, or meta-analyses), and they had to
include at least 50 patients.

The first selected study was conducted by pooling the
DTC patients of three major European cohorts, treated at
each center in the period 1934-1995 [36]. The character-
istics and main results of the study are reported in Table 2.

In this study, the relationship between increasing
cumulative activity of administered '*'I and risk of SPMs
was also investigated. The authors estimated an excess
relative risk (ERR) of 3.5 % (95 % CI: 0.9-6.9 %) per
GBq of 1317 and an excess absolute risk (EAR) of 14.4 solid
cancers per GBq of administered '*'T and per 100,000
person-years of follow-up (PYR). The ERR for solid
tumors did not vary greatly with time after exposure to '*'I.
Among the 3,211 patients followed up for at least 10 years
after thyroid cancer treatment, the ERR of SPMs more than
10 years after the last '*'I treatment was 6 % (95 % CI:
1-12 %) per GBq of administered '*'I. This study, the only
one to investigate, in-depth, the role of radioiodine and to
consider cumulative radioiodine activity as a time-depen-
dent covariate, showed that RIT can cause a 10-20 %
increase in SPMs and that each GBq of "*'T increased the
risk of a second solid cancer by an average of 3.5 % and of
leukemia by 39 %.

The risk was expressed as a linear function of the
cumulative activity; due to the lack of the required power,
the shape of the dose—response curve could not be inves-
tigated. Considering single types of tumor, the study
showed an increased risk of salivary gland, digestive tract
and soft-tissue tumors and bone sarcomas linked to
increasing doses of radioiodine. The first two of these sites
are linked to radioiodine uptake or transit, while the latter
could be exposed to high activities of radioiodine in
patients treated for DTC with bone metastases. For other
sites (breast, kidney and melanoma), no convincing data of
increased risk due to RIT were collected; similar inci-
dences were found in exposed versus non-exposed patients,
or no dose-response relationship was demonstrated.
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Table 2 Characteristics, SIRs
and RRs of the two main
epidemiological studies on
SPMs in patients with
differentiated thyroid carcinoma
submitted to radioiodine therapy

* pts. with available data on RIT
and minimal latency of SPM of
36 months

European clinical cohorts

North American registry cohorts

First author, year
Number of patients
Pts treated with RIT
Pts lost to follow-up
Age

Follow-up

DTC-SPM interval
SPM observed
Minimal latency of SPM
Overall increased risk (CI)
Cancer site

Bone and soft tissue
Endocrine glands
Kidney

Skin (melanoma)
Central nervous system
Oral cavity

Urinary tract

Male genital organs
Digestive tract
Female breast
Prostate

Hodgkin lymphoma
Leukemia

Myeloma

Salivary glands

All sites

Cancer site

Salivary glands

Bone and soft tissue
Female genital organs
Uterus

Leukemia

Overall

Rubino [36]
6,841

4,225 (62 %)
20.00 %

44 years (mean)
13 years (mean)
15 years (mean)
576

2 years

27 % (15-40)
SIR (95 % CI) of DTC patients
5.9 (3.6-9.0)
3.1 (1.6-5.3)
2.6 (1.7-3.8)
2.5 (1.6-3.7)
2.5 (1.5-3.8)
2.0 (1.0-3.4)
1.8 (1.3-2.4)
1.6 (1.0-2.4)
1.3 (1.0-1.5)
1.3 (1.0-1.5)

1.3 (1.2-1.4)

RR (**'T vs. no B
7.5 (1.2-143)

4.0 (1.5-12.4)

22 (1.3-3.9)

2.3 (1.2-4.7)

2.5 (1.0-7.4)

1.2 (1.0-1.4)

Brown [37]
30,278 (9,661%)
10,257 (33.9 %)
n.a.

42 years (median)
8.6 years (median)
8.1 years (median)
2,338

2 months

9 % (5-14)

SIR (95 % CI) of DTC patients

2.4 (1.97-2.89)

1.58 (1.13-2.14)

1.22 (1.12-1.32)
1.34 (1.19-1.51)
1.75 (1.0-2.85)
1.41 (1.1-1.79)
1.63 (1.16-2.22)
2.72 (1.48-4.56)

1.23 (1.04-1.45)

No interaction was shown between external radiother-
apy and RIT, but this could be due to the small number of
patients treated with both modalities. It must also be
underlined that the study was not able to clarify whether
the risk is increased for a single administration of 3.7 GBq
of ®1, or only for high cumulative activities. This is an
important point, which needs to be clarified, because the
effectiveness-risk ratio is particularly narrow in ablative
treatments, where single low activities are administered.
Conversely, in patients with distant metastases, usually
treated with high cumulative activities of '*'I (there are no
alternative treatments with fewer hazards for these patients,
whose life span is shorter), a link to an increased risk is
more clearly shown.

Nevertheless, it should be borne in mind that adminis-
tration of repeated treatments resulting in high cumulative
activities increases the risk of SPMs. Thus, repeated
administrations of radioiodine should be carefully evalu-
ated, especially in the absence of evidence of the efficacy
of the treatment, such as reduction in the size of metastatic
tissue, falling serum thyroglobulin levels, and improve-
ment of symptoms or signs related to metastatic disease.

Other limitations of this study were the relatively high
number of cases lost to follow-up (20 %), even though this
limitation affected the exposed and non-exposed patients
equally, and the scarce data in children and adolescents,
known to be particularly susceptible to radiation carcino-
genic effects. Finally, even though this is the only
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published study to investigate the relationship between
cumulative activity of radioiodine and risk of SPMs, it
must be remembered that administered activity is only one
of the factors influencing biological effects and that radi-
ation dose (not estimable in this study) would have been a
better parameter to clarify the cause—effect relationship.

The second high-quality study selected in the systematic
review of the literature performed by Sawka et al. [35] was
conducted on a population of DTC patients drawn from 14
population-based registries of the Surveillance, Epidemi-
ology, and End Results (SEER) program of the National
Cancer Institute [37]. The characteristics and main results
of this study are also reported in Table 2.

Comparing the risk of developing an SPM in patients
treated (in the period 1973-2002) with radioiodine and/or
external radiotherapy versus patients not treated, an overall
RR of 1.16 (95 % CIs 1.05-1.27) was found. The com-
parison between patients treated only with radioiodine
versus those not treated was possible only for the period
1988-2002. In these patients, a statistically indistinguish-
able RR [1.08 (95 % CIs 0.93-1.24)] was found. However,
considering a latency of 36 months as opposed to
2 months, the observed/expected ratio was found to be 1.23
(95 % CIs 1.04—1.45) in the exposed versus 1.04 (95 % Cls
0.9-1.2) in the non-exposed patients.

The strengths of this study, based on data drawn from
cancer registries, were the high number of patients evalu-
ated, the observed and expected numbers of second cancers
derived from the same population, and the exclusion of
possible selection or referral bias through the use of data
derived directly from population-based registries. The main
drawback was the lack of information about cumulative
administered activity of "*'I and number of administra-
tions, which precluded evaluation of the dose—effect
relationship.

A recent cohort study [38], based on the SEER database,
evaluated 14,589 low-risk DTC patients submitted to RIT
(out of a total population of 37,176). The SIR of SPMs at
any site was found to be 1.18 (95 % CI 1.10-1.25) for
patients receiving RIT and 1.02 (95 % CI 0.98-1.06) for
those who were not treated with RIT. The paper high-
lighted an increasing use of RIT in DTC patients, despite
an increasing proportion of low-risk DTC, and a rising
trend of SIR over time, paralleling the increasing use of
RIT. Unfortunately, these observations could not be foun-
ded on data directly linked to the role of RIT in carcino-
genic risk, given the lack of fundamental data in this
respect, namely data on the administered activity of '*'I,
RRs and dose-response relationship.

Another study [39], also based on the SEER database,
reported an RR attributable to RIT of 1.12 (95 % CI
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1.01-1.25); this was obtained by evaluating 27,775 DTC
patients surviving at least 5 years after first diagnosis,
10,904 of whom (39 %) were treated with ">'I.

Conclusions

How should these data affect clinical practice?

First of all, available experimental studies, albeit of
limited statistical power and quality, conclude that RIT of
DTC can induce SPMs; this may be considered a predict-
able conclusion, both on theoretical grounds, and in view
of data gathered in different settings, such as that of atomic
bomb survivors [13, 35, 36].

Second, this risk is rather lower or comparable than that
seen with other cancer treatment modalities, such as
chemotherapy and external beam radiotherapy, which are
also associated with the induction of SPMs [40]. An
overall RR of induced leukemia of around 3—4 or more
has been reported for chemotherapeutic drugs used to treat
Hodgkin and non-Hodgkin lymphomas. External beam
radiotherapy can also induce SPMs, even though the risk
of leukemia is considerably smaller after radiation than
after chemotherapy.

Third, it is probable that radioiodine increases the risk of
leukemia and it is possible that it induces SPMs in some
organs where radioiodine accumulates or transits, such as
the salivary glands and gastrointestinal tract [36, 37].
Hydration of patients, use of sialagogues and laxative
agents, and treatment in euthyroid state after administration
of thTSH (Thyrogen®) are methods that can decrease
exposure of such organs [4].

Fourth, it is not known whether the risk is increased only
for high cumulative administered activities of radioiodine
or also for single administrations of lower activities, nor
has the actual risk in children and adolescents been esti-
mated [41].

In conclusion, RIT of DTC can be defined a safe ther-
apy, but the process of justification of treatment must be
performed particularly meticulously in those cases in
which the benefit of the treatment will be small or doubtful.
Optimization of treatment can help to reduce exposure of
non-target tissues. In this area, individualized dosimetry
might make it possible to obtain, with a single adminis-
tration, outcomes similar to or better than those obtained
with multiple administrations of fixed activities of radio-
iodine, thereby decreasing both cumulative activities and
actual radiation doses to critical organs [42, 43].
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Human and Animal Studies This article does not contain any studies
with human or animal subjects performed by the any of the authors.

Appendix: Glossary of terms used in radiation
epidemiology

Risk

Chance of injury, loss, or detriment. A measure of the
deleterious effects that may be expected as the result of an
action or inaction.

Epidemiology

Study of the distribution and determinants of disease
prevalence in man through which epidemiologists seek to
describe the populations at risk, discover the causes of
diseases, and quantify both the risk of disease and its
relationship with known or suspected causal factors.

Radiation epidemiology

Epidemiological study in which the exposure to radiation is
the factor of primary interest and in which epidemiologists
seek to relate the risk of disease to different levels and pat-
terns of radiation exposure. If the rates of a disease are
essentially the same in the exposed and unexposed groups,
there is said to be no association between radiation exposure
and disease. If the disease rate is higher among those exposed
to radiation, there is a positive association. If the disease rate
is higher among the unexposed group, there is a negative
association between radiation exposure and disease.

Experimental study

When the levels of at least one explanatory factor are under
the control of the investigator, the study is said to be exper-
imental. An example is a clinical trial designed to assess the
utility of some treatment (e.g., radioiodine treatment).

Observational study

When the levels of all explanatory factors are determined by
observation only, the study is observational (e.g., study of
atomic bomb survivors). Most studies relevant to the evalua-
tion of radiation risks in human populations are observational.

Cohort-based/cohort study

A study comparing disease rates among exposed and
unexposed persons, in which exposure is not determined by

design, is termed a “cohort”, “cohort-based” or “follow-
up” study. A cohort-based study may be performed either
prospectively or retrospectively.

Case—control study

A study comparing exposure among persons with a disease
of interest and persons without the disease of interest is
called a case—control study.

Bias

Bias can be defined as any process at any stage of inference
that tends to produce results or conclusions that differ
systematically from the truth. Because epidemiological
studies are observational rather than experimental in nat-
ure, bias or confounding factors may produce spurious
results (e.g., one potential source of bias is the failure to
obtain follow-up data for the entire population in a cohort
study). Three potential forms of bias are selection bias
(e.g., when enrollment into a study is dependent on both
radiation exposure and disease status), information bias
(e.g., when information on disease or on radiation exposure
is obtained differentially from exposed or from diseased
persons), and confounding bias (e.g., when a third factor
exists that is related to both radiation exposure and disease
effects, such as other treatments, smoking, diet, chemicals,
and hereditary factors). Confounding factors may increase
radiation carcinogenic risk in an additive or a multiplica-
tive model.

Standardized incidence ratio

A standardized incidence ratio (SIR) analysis is commonly
used to determine whether the occurrence of cancer in a
relatively small population is higher or lower than expec-
ted. It estimates the occurrence of cancer in the cohort
relative to what might be expected if the cohort population
had the same cancer incidence as the normal reference
population. The SIR is obtained by dividing the observed
number of cases of cancer by the “expected” number of
cases (i.e., the number of cases that would occur in the
cohort population if the cancer rate in the normal reference
population occurred in that cohort population).

Confidence interval

A confidence interval (CI) estimates the interval of an
unknown parameter, such as a risk. A 95 % confidence
interval, for example, is constructed using a procedure that
is theoretically successful in capturing the parameter of
interest in 95 % of its applications. Specifically, a 95 % CI
is the range of estimated SIR values that has a 95 %
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probability of including the true SIR for the population.
Confidence limits are the end points of a confidence
interval. If the 95 % CI does not include the unity, then the
study population is significantly different from the com-
parison or “normal” population. If the CI is narrow, it is
likely that the calculated SIR is close to the true SIR for the
population; conversely, a wide interval implies that the true
SIR could be much lower than or much higher than the
calculated SIR.

Absolute risk and excess absolute risk

Absolute risk (AR) is the rate of disease in a population. In
radiation epidemiology, the AR model assumes that the
risk caused by the exposure, proportional to the dose, is
independent of the baseline risk and that a specific number
of excess cancers will occur as a result of exposure to
ionizing radiation (e.g., 75 per 100,000 exposed persons
per year).

The excess absolute risk (EAR), also termed “attribut-
able risk” or “risk difference”, is the difference between
two absolute risks. It is calculated as the rate of disease in
an exposed population minus the rate of disease in an
unexposed population [e.g., (75 per 100,000 exposed per-
sons per year)—(25 per 100,000 non-exposed persons per
year) = 50 per 100,000 per year]|. Because the risk from
the exposure is simply added to the baseline risk, the EAR
model is commonly referred to as the additive model.

Relative risk and excess relative risk

In radiation epidemiology, the relative risk (RR) assumes
that if a dose of radiation is administered to a population,
the possible number of excess cancers will increase as the
natural incidence of cancer increases with advancing age in
the non-irradiated population. It is relative in the sense that
it predicts a percentage increase in incidence rather than a
specific number of cases. It is calculated as the ratio of the
rate of disease in a group exposed to ionizing radiation
divided by the rate in a group not exposed (e.g., 100 can-
cers per 100,000 exposed population per year/20 cancers
per 100,000 non-exposed population per year = RR 5.0).
A RR of 1 means there is no increased risk in the exposed
compared with the non-exposed group, while a RR higher
than 1 means that the risk is increased in the exposed
group, and a RR lower than 1 indicates that the exposed
group has a lower risk than the non-exposed group.

The excess relative risk (ERR) is the rate of disease in
an exposed population divided by the rate of disease in an
unexposed population minus 1.0 (e.g., RR 5.0-1.0 = ERR
4.0) and it is well known that for all cancer subtypes it
diminishes with increasing age at exposure. In this model,
the risk from the exposure is a product of both the baseline
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risk and the dose. For this reason, this model is often
referred to as the multiplicative model.

Statistical power

Statistical power is the ability of a study to demonstrate an
association or causal relationship between two variables,
assuming that an association exists. For example, an 80 %
statistical power in a clinical trial dealing with a certain
modality of treatment means that the study has an 80 %
chance of demonstrating that the treatment has a statisti-
cally significant effect. If the statistical power of a study is
low, the study results will be questionable and it is possible
that the study was too small to detect any differences. By
convention, 80 % 1is an acceptable level of statistical
power.

Person-years of follow-up

Person-years of follow-up (PYR) is a measure that takes
into account both the number of people in the study and the
amount of time each person spends in the study. For
example, a study that followed 1,000 people for 1 year
would contain 1,000 person-years of data. A study that
followed 100 people for 10 years would also contain 1,000
person-years of data, with the trade-off being that, in the
second case, fewer people were studied, but each one for a
longer period of time.
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