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4.1 Introduction

Diagnostic nuclear medicine procedures imply the administration of activity levels
that do not lead to the appearance of radiation deterministic effects. Effects to be
expected, if at all, are stochastic effects of ionizing radiation. The assessment of
adverse health effects from exposure of ionizing radiation in the dose range com-
monly encountered in clinical (and pediatric) diagnostic nuclear medicine is based
on epidemiological and biological data. Most of the data on the effects on human
health after exposure to ionizing radiation comes from the Life Span Study of the
survivors of the bombings of Hiroshima and Nagasaki, as reported by the Radiation
Effects Research Foundation [18, 22-24]. In addition, there are few data on the
stochastic radiation risk after treatment of thyroid diseases with radioiodine [10, 21,
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26, 31]. However, there is no clear evidence that there is an increase in cancer risk
associated with I-131 therapy [31]. No such data are available concerning the poten-
tial cancer risk of diagnostic nuclear medicine.

For a risk assessment of medical diagnostic procedures involving ionizing radia-
tion, the concept of the effective dose has been widely adapted. The risk associated
with the effective dose is based on assumptions such as the concept of considering
the risk to the general public or to workers. This does not reflect the situation for
patients in nuclear medicine. Another aspect is the strong age and sex dependency
of the radiation risk, which is not included in the effective dose. Therefore, the
effective dose should not be used for risk-benefit assessments in patients; instead,
the relevant quantity is the equivalent dose or the absorbed dose to irradiated organs.
However, for comparing different medical procedures, effective dose is a useful
quantity [17].

In addition, for obtaining reliable epidemiological data on low doses of ionizing
radiation, it is mandatory to study very large sample sizes, as the required sample
size increases approximately as the inverse square of the dose [3]. The size of the
study cohort is important in order to distinguish the effect of the ionizing radiation
statistically from the baseline cancer incidence rate. For example, if a sample size
of 50,000 people would be needed to detect a significant cancer risk of 100 mGy,
then one would need a study group of 5 million people for an absorbed dose of
10 mGy [3].

For the atomic bomb cohort in Japan (follow-up of 86,572 survivors with differ-
ent age and different radiation exposure), the detection limit for radiation-induced
cancer lies in between 50 and 100 mSv. However, for tumors with a very low base-
line cancer risk, as thyroid cancer or childhood leukemia, the detection limit could
be as low as 20 mSv [4].

For nuclear medicine, therefore, there are only epidemiologic studies on the
diagnostic use of I-131, for which the thyroid absorbed dose is in the range of 1 Gy
[7] corresponding to an equivalent dose of 1 Sv. Today, the use of I-131 is restricted
to pre-therapeutic diagnostics, which is often followed by radioiodine therapies
with activities exceeding the diagnostic activities at least tenfold. If patients are
treated with I-131, the deterministic effects of radiation are predominant and, there-
fore, are not considered in this report.

The organ absorbed doses for other radiopharmaceuticals used in diagnostic
nuclear medicine are much smaller than 1 Gy and therefore are considered to be
below the detection limit for epidemiologic studies.

The aim of this chapter is to provide information, an overview, on epidemiologi-
cal data available for nuclear medicine procedures and on the associated risk for
children and adolescents.

4.2 Risk Definitions
4.2.1 LNT Model:Linear No-Threshold Model

Based on a comprehensive literature review, most national and international com-
mittees such as UNSCEAR, BEIR VII, and ICRP assume [6, 17, 29] that the
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radiation cancer risk is proportional to the radiation dose with no threshold below
which there is no cancer risk. The risk-dose response was mainly derived from the
Japanese atomic bomb survivors, because all age groups and groups of persons with
totally different radiation exposure were affected. This model fits very well for all
solid cancers but, for example, for leukemia, a linear-quadratic model is assumed
[19]. However, it is still discussed, controversially, whether there is a threshold or
not [4, 19, 27].

For extrapolating the risk from high dose (dose-rate) exposure to low doses
(dose-rates), a dose and dose-rate effectiveness factor (DDREF) of 2 was introduced
in the ICRP 60 report [16]. The linear risk estimates derived from the Japanese
atomic bomb survivors are reduced by this factor, based on the assumption of lower
biological effectiveness of radiation exposure at low doses and low dose rates com-
pared to exposures at high doses and high dose rates [17]. ICRP 103 and the
UNSCEAR report 2006 [29] still use the factor 2, whereas BEIR VII [6] recom-
mends the use of a factor 1.5. For comparing different risk assumptions, it is impor-
tant to know which factor was used.

Another problem occurs, when transforming the risk of a particular exposed
population to another, with different genetic and lifestyle characteristics. There are
no simple solutions for this problem [6, 29]. There are approaches based on relative
risk (risks resulting from radiation exposure are proportional to baseline risks) and
absolute risk transport (in which it is assumed that radiation risks do not depend on
baseline risk). The BEIR VII committee recommends a weighted estimate of both
risk transport modalities. A weight of 0.7 is used for relative risk transport and 0.3
for absolute risk transport, respectively [6].

According to the models provided by the BEIR VII Phase 2 report, those exposed
at an earlier age are in general at higher risk for cancer induction from ionizing
radiation than adults. For example, a 1-year-old child and a 10-year-old child may
have an approximately threefold and twofold higher risk, respectively, of cancer
induction than a 40-year-old adult, respectively, for the same level of exposure. In
addition, a young girl has a 30-40 % higher risk of cancer induction than a young
boy with the same level of exposure, mostly due to the risk from breast cancer [9].

4.2.2 The Use of Effective Dose in Epidemiology

The term effective dose is, according to ICRP 103 [17], a protection quantity which
provides a dose value that is related to the probability of health detriment to an adult
reference person due to stochastic effects from exposure to low doses of ionizing
radiation [16, 17, 20]. It is therefore a problematic quantity for the use in children. In
particular, the effective dose reflects the risk of the nonuniform dose distribution in
terms of a uniform or whole-body exposure. This is important for medical applica-
tions, as most medical exposures consist of nonuniform partial body irradiations.

For comparing different diagnostic procedures, or similar procedures in different
hospitals and countries, the effective dose can be very useful. Furthermore, it is a
good quantity to compare the use of different technologies for the same medical
examination. But one has to keep in mind that this only holds for patient populations
with the same age and sex distribution [17].
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For this reason, the quantity effective dose should not be used for epidemiologic
studies and for sex-specific or rather individual dose and risk assessment [14, 17].

4.3 Dataon Radiation Risk in Nuclear Medicine
4.3.1 Thyroid Cancer Caused by Diagnostic Exposure of I-131

In a Swedish cohort, the excess cancer risk of diagnostic I-131 applications between
1952 and 1969 was investigated in different studies [7, 12, 15]. The patient follow-
up started with the first administration of I-131 or on 1 January 1958 (since then,
data have been available from the Swedish cancer registry) for the patients who
received the examination before 1958 and was conducted until the end of 1984 [15],
1990 [12], and 1998 [7]. The studies of Holm et al. [15] and Hall et al. [12] on this
cohort excluded the first 5 years after exposure for all patients. In order to further
extend the time span and to include early cancer induction, Dickman et al. [7]
included patients as early as 2 years after exposure and extended the follow-up to
1998 and furthermore included patients with previous external radiation therapy
(XRT) to the head and neck.

The data of 36,792 mostly adult patients were included in the study; only 7 % of
the patients were younger than 20 years at the time of the first administration of
I-131. The patients were divided into two groups [7]: patients who reported previ-
ous external radiation therapy to the head and neck and patients who did not. These
groups were further divided into two subgroups:

* Patients who referred for suspicion of a thyroid tumor
» Patients who referred for other reasons

Details on the patient population included in the study and mean total adminis-
tered activities, 24-h uptake, and absorbed doses for the individual subgroups can be
found in Table 4.1.

The authors did not find any evidence of an excess cancer risk for patients who
were referred for a reason other than suspicion of a thyroid tumor and did not report
external radiation therapy [7]. However, for the patient group suspicious for thyroid
tumor, an excess risk was found.

For the group with previous external radiation therapy, both subgroups showed
an excess cancer risk, which was higher for the group with suspicious thyroid tumor.

Nevertheless, both factors — suspicion for thyroid cancer and external radiation
therapy of the head and neck — were confounding factors.

The authors did not find a dose-response relationship or variation in risk with
age, but it has to be mentioned that the cohort included only 7 % patients under the
age of 20, so this is only a vague conclusion.

It is known [1, 13] that children are much more sensitive to radiation exposure
than adults. Compared to the adult thyroid gland, the thyroid gland of children pro-
liferates more rapidly and it is therefore believed that the fast growth of the
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Table 4.1 Characteristics of patients exposed to I-131 classified according to prior exposure to
external radiation therapy (XRT) to the head and neck and reason for referral [7]

Number of
patients at risk
Observed
number of
thyroid cancers
Percentage
male

Mean age at
first exposure
(range, years)
Patients

<20 years

of age at
exposure (%)

Mean
follow-up
period
(range, years)
Mean
number of
administered
doses (range)

Mean total
administered
activity (MBq)
Mean 24 h
thyroid

uptake (%)
Mean total
absorbed
1-131 dose to
thyroid (Gy)

No prior exposure to XRT

Reason for referral

Suspicion
of thyroid
tumor

11,015

69

14

44 (0-74)

27 (2-47)

1.3 (1-10)

2.5

39

1.37

Other
24,010

36

23

43 (0-74)

27 (2-47)

1.3 (1-9)

1.6

38

0.94

All
35,025

105

20

43 (0-74)

27 (2-47)

1.3 (1-10)

1.9

39

1.07

Prior exposure to XRT

Reason for referral

Suspicion
of thyroid
tumor

608

12

18

53 (16-74)

20 (2-44)

3.5

36

1.75

Other
1159

12

25

51(8-74)

20 (2-47)

3.1

36

1.74

All
1767

24

22

52 (8-74)

20 (2-47)

3.2

36

1.74

radiation-injured cells is the reason for the apparent effects in children. Furthermore,
children have more years of cancer risk, because of their longer life expectancy.

A German multicenter retrospective cohort study investigating diagnostic admin-
istration of I-131 in children, with a median thyroid dose of 1 Gy, has not found any
significantly increased risk of thyroid cancer in children [11]. A detailed character-
ization of the absorbed doses with age and initial diagnoses can be found in
Table 4.2. However, in this study, the number of patients studied (789 exposed sub-
jects and 1118 nonexposed subjects) and the follow-up time were limited and
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Table 4.2 Median thyroid absorbed dose for different initial diagnoses and age [10]
Median thyroid dose, Gy

Initial diagnosis n="789 (interquartile range)
Missing values 10 1.6 (0.8-1.9)
Uncertain diagnosis 13 1.5 (1.0-2.2)
Hyperthyroidism 34 1.5 (0.9-2.6)
Hypothyroidism 61 0.3 (0.2-0.7)
Goiter 385 1.1 (0.7-1.6)
Nodular goiter 77 1.0 (0.7-1.7)
Todine metabolism disorder 10 1.8 (1.0-3.5)
No evidence of disease 199 0.8 (0.5-1.4)
Age at first administration
0-5 years 62 0.6 (0.2-1.7)
6-10 years 85 0.8 (0.5-1.4)
11-15 years 366 1.2 (0.6-1.7)
16-17 years 276 1.0 (0.6-1.4)
All 789 1.0 (0.5-1.6)

furthermore, only a very small number of children under the age of 5 were part of
the study. For this age group, the highest thyroid cancer rate was found in the most
heavily contaminated areas after the Chernobyl accident [11].

According to these studies, there is no evidence that diagnostic exposure of I-131
causes excessive thyroid cancer cases [7, 11, 12, 15, 31].

4.3.2 Thyroid Cancer Caused by Radiation Exposure
of the Japanese Atomic Bomb and the Chernobyl Accident

Cardis et al. [5] emphasized in their article about “Risk of thyroid cancer after expo-
sure to I-131 in childhood” that the iodine deficiency and the iodine supplementa-
tion appear to be important and independent modifiers of the thyroid cancer risk
after exposure of I-131 in childhood [5]. The authors carried out a case-control
study of thyroid cancer in children younger than 15 years in 1986 and who lived in
Belarus and the Russian Federation, taking account of environmental and host fac-
tors. They found that the relative risk of thyroid cancer in exposed children in iodine
deficiency areas is three times higher than elsewhere and that an iodine supplemen-
tal diet (taken after exposure and even months after) reduced the relative risk by a
factor of three.

Richardson [25] analyzed the cancer incidences among the atomic bomb survi-
vors of Hiroshima and Nagasaki who were 20 years and older at the time of the
bombing. He used Poisson regression methods for data analyzing and deriving asso-
ciations between thyroid absorbed dose and thyroid cancer incidence by sex, age at
exposure, and time-since-exposure [25].

In most reviews [2, 28], people conclude that there is only little evidence of
radiation-induced thyroid cancer in adult atomic bomb survivors. Richardson
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concludes in his article that there is evidence of an increased thyroid cancer rate
among female A-bomb survivors as compared to male survivors. Nevertheless,
these studies of atomic bomb survivors do not provide information on internal
intake of radioactive iodine [2].

4.3.3 Radiation Risk in Children

According to a recent review by Fahey et al [8] a recent reevaluation of data from
the Life Span Study of the survivors of the bombings of Hiroshima and Nagasaki
indicated an increased risk of cancers of the stomach, lung, liver, colon, breast,
gallbladder, esophagus, bladder, and ovary. No increased risk was found for cancers
of the rectum, pancreas, uterus, prostate gland, and kidney. A total of 86,600 sub-
jects were followed up for solid tumors from 1950 to 2003, and it was estimated that
there were 527 excess deaths in that population [8].

A review of the data from the Life Span Study indicates a clear relationship
between induction of solid cancer and absorbed dose at levels of more than 0.5 Gy
[8]. However, as has been shown before, the limitations of epidemiological
approaches make a risk estimate at the dose range associated with clinical nuclear
medicine (i.e., 0.01-0.1 Gy) difficult. Differences in biokinetics, dose rate, or the
fractionation of dose between the subjects considered in the epidemiological studies
and nuclear medicine patients can also affect the accuracy of the estimation.

In 2013, the United Nations Scientific Committee on the Effects of Atomic
Radiation (UNSCEAR) issued a report titled “Sources, Effects and Risks of Ionizing
Radiation” (Volume II, Annex B) on the effects of radiation exposure in children
[30]. The report included a review of data for 23 types of tumors in regard to the
evidence as to whether there was an association with ionizing radiation and whether
there was an effect based on the age of exposure (i.e., whether younger patients
were at higher or lower risk with the same level of exposure). According to the
review article by Fahey et al. [8], the report indicated that a quarter of the types of
tumors (including leukemia as well as thyroid, skin, breast, and brain) clearly dem-
onstrated higher radiation sensitivity in younger subjects. In 15 % of the types of
tumors (including bladder), children had the same level of radiosensitivity as adults.
For another 10 % of the types of tumors (most notably lung), the risk in younger
subjects was lower than that in adults. In the other 50 % of types of tumors, the
association was either too weak to draw a conclusion regarding the relationship
between risk and age (e.g., for esophagus) or no evidence that there was a relation-
ship between radiation and tumor induction at any age (Hodgkin’s lymphoma, pros-
tate, rectum, or uterus). For two types of tumors (leukemia and lung), associations
of risk with age were notably different between the BEIR VII Phase 2 report and the
2013 UNSCEAR report. There was little variation in risk at different ages in the
BEIR VII Phase 2 report, whereas there was a markedly higher risk for younger
patients in the 2013 UNSCEAR report. Conversely, the BEIR VII Phase 2 report
indicated a higher risk and the 2013 UNSCEAR report reported a slightly lower risk
of lung cancer in children [6, 9, 30].
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Conclusions

* For comparing different diagnostic procedures or similar procedures in differ-
ent hospitals and countries, the effective dose can be very useful. Furthermore,
this quantity is suited for a comparison of the use of different technologies for
the same medical examination. One has to keep in mind, however, that this
only holds for patient populations with the same age and sex distribution. For
this reason, the quantity effective dose should not be used for epidemiologic
studies and for sex-specific or individual risk assessment and is, therefore, a
problematic quantity for the use in radiation risk estimates in children.

* As very large sample sizes are needed to statistically distinguish radiation-
induced cancers from the baseline cancer incidence rate at very low absorbed
doses, there exist only epidemiologic studies on the diagnostic use of I-131,
for which the thyroid absorbed dose is in the range of 1 Gy. Especially for
children and adolescents, only few data on I-131 with limited patient numbers
can be found. Therefore, it is not possible to make a reliable risk assumption
for children and adolescents.

According to these epidemiologic studies, there is no evidence that diagnostic
exposure of I-131 causes excessive thyroid cancer cases.

* For other radiopharmaceuticals used in diagnostic nuclear medicine, the
absorbed doses to the organs are too small and are therefore below the detec-
tion limit for epidemiologic studies. In this case, theoretical assumptions have
to be taken into account. The data for low doses are primarily based on the
long-term follow-up of the atomic bomb cohort and are linear extrapolations
from high-dose exposure (linear no-threshold model).

* Asseen from the epidemiological data, children may be considered in general
to be at higher risk for adverse health effects from ionizing radiation than
adults. Across many types of tumors, children may be two to three times more
sensitive than adults. However, this is not true for all types of tumors; some
may demonstrate higher radiosensitivity, some less radiosensitivity, and some
similar radiosensitivity to that of adults. More data are necessary to provide
reliable, tumor-specific risk estimates.
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