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ABSTRACT

Background: Radiation therapy, the most common form of cancer treatment, can
result in late complications, such as secondary breast and thyroid cancers.

Objective: This study aimed to evaluate the risk of secondary cancers using two
radiobiological models of Excess Absolute Risk (EAR) and Excess Relative Risk
(ERR) in patients with brain cancer undergoing radiotherapy for improved survival
rates of cancer patients.

Material and Methods: In this expository cross-sectional study, 45 patients
under the age of 40 years underwent Whole Brain Radiotherapy (WBRT) using a com-
pact accelerator in Shahid Ramezanzadeh Hospital, Yazd, Iran. Out-of-field organ dose
measurement was performed using a Thermoluminescent Dosimeter (TLD) to deter-
mine the dose to thyroid and breast tissues. The risk of secondary cancers in these
organs was calculated 3, 5, 10, 15, and 20 years after radiation therapy.

Results: The mean values of thyroid cancer risk in men and women were
0.418+0.509 and 0.274+0.306, respectively. ERR values of breast cancer in 3-, 5-, 10-,
15-, and 20-year women undergoing radiation therapy were 1.084+2.938, 0.594+1.407,
0.248+0.497,0.138+0.248, and 0.091+0.148, respectively. EAR values of breast cancer
in 3-, 5-, 10-, 15-, and 20-year women following radiation therapy were 0.064+0.060,
0.077+0.071, 0.119+0.100, 0.178+0.248, and 0.259+0.178, respectively.

Conclusion: After irradiation, the risk of secondary cancer is affected by factors,
such as the patient’s age and gender. The secondary thyroid cancer is higher than that
of other organs, such as the breast, in the patients undergoing WBRT.
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Introduction
econdary-cancer risk of radiation is considered a late impact
of primary cancer radiotherapy [1-3] since radiation treatment
can be also a carcinogens [4, 5]. Childhood cancer treatment
has recently improved, leading to the survival of nearly 75 percent of
childhood cancer patients in the United States of America (USA) [6].
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Survivors of pediatric malignancies, who re-
ceived radiation therapy to the head, are at ex-
panded risk of subsequent primary thyroid and
subsequent breast cancer due to dose scatter
from radiation therapy into the patient’s head
to field organs [7].

The chance of auxiliary cancer in illuminated
tissue can be estimated using absorbed dosim-
etry results [8]. Out-of-field photon risks are
associated with organs distal to the target vol-
ume. The Committee on the Biological Effects
of Ionizing Radiation (BEIR) VII developed a
risk model to estimate the risk as a function of
exposure, age, sex, and organs based on infor-
mation from Japanese nuclear bomb survivors
[9]. Excess Relative Risk (ERR) and Excess
Absolute Risk (EAR) are expressed as a value
relative to background risk and the difference
in absolute risk between exposed and control
populations, respectively [10, 11].

Out-of-field doses are measured in tissue
equivalent humanoid phantoms using open
square fields at a gantry angle of 0°, which
cannot simulate the real conditions of head
and neck radiotherapy [12] due to the grad-
ing of the scattered radiation dosage to field
organs, such as the thyroid and breast due to
head illumination. The current study aimed to
assess the risk of creating auxiliary cancers
in male and female leukemia and brain tumor
patients, aged 1 to 40 years. Accordingly, the
dose was measured out-of-field by placing a
Thermoluminescence Dosimeter (TLD) in the
tissue.

Material and Methods

This expository cross-sectional study in-
cluded 45 patients, aged 1 to 40 years referred
to Ramazanzade Clinic (Yazd-Iran). These pa-
tients were exposed to a 6-MV photon from
a COMPACT straight quickening agent (Ele-
kta Quickening agent, compact demonstrate,
made in China beneath UK permit) in three
groups, including under 16 years with an av-
erage fractionated dose of 1.8 Gy for a total
treatment dose of 18 Gy, 16-30 years, and over

30 years of age by a total dose of 30 Gy in 10
fractions. The second primary cancers were
classified as breast and thyroid cancers. A
total of 60 lithium fluoride TLDs (TLD-200)
were utilized for organ dose measurements
utilizing LiF, Mg, Cu, and P (GR-200) with a
1.8-millimeter diameter and a 9.3-millimeter
thickness [13]. Readouts were recorded over
the 5~15-second interim from 135°C to 240°C.
GR-200 TL locator set to a warming rate of
6~20 °C/sec. The TLD was calibrated using a
6-MV photon pillar with the same basic ad-
justment components. Dosimeter sensitivity
was compared with the mean sensitivity of
the population through the ECC factor. In the
second step, TLDs were divided into 7 groups
(with 3 TLDs in the badge), exposed for 1, 2,
4, 8, 16, 32, and 64 cGy, respectively, and one
group as a control. The crystals were placed
at the surface thyroid and breast. Doses were
estimated based on Equation 1, as follows:
Dose=(TL).ECC..C, (Eq.1)
where TL is the number of readings read by
the device (nC), CF shows the calibration co-
efficient of the reader, and the ECC indicates
the correction factor for each TLD crystal [14].

Secondary cancer risk estimation

Different models were utilized to measure
the hazard of auxiliary cancers in radiotherapy
[15]. Tumor dosage for headlight is 18 and 30
Gy in children and adults, respectively. Organ
doses per division were duplicated by particu-
lar chance components to measure risk in each
section [16]. The National Institutes Commit-
tee (NIC) on BEIR VII has provided sex, age,
and organ-specific risk components to sur-
vey the EAR and ERR of radiation-induced
cancer.

ERR (D.s.c.a) = D. Bs.exp(¥e*). (%T (Eq.2)

EAR (D.s.e.a) =D. Bs.exp(¥e*). ["jﬂ (Eq.3)
60

where D is the dose in Sv. Bs, vy, and 1 are

organ-specific parameters, which are based on

patients’ gender. a and e are the attained age
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(years) and exposure age (years). e* is 30 e
[9]. The panel recommended ERR and EAR

models for site-specific cancer incidence, and
Table 1 showed mortality.

Table 1: Committee’s preferred Excess Relative Risk (ERR) and Excess Absolute Risk (EAR) models
for estimating site-specific solid cancer incidence and mortality

ERR models EAR models
Cancer site
B B: ¥ n By B: ¥ n
Breast - 0.051 0 -2 - 9.4 -0.51 3.5
Thyroid 0.53 1.05 -0.083 0 - - - -

B, By v, and m are particular parameters for distinctive organs for each sex

EAR: Excess Absolute Risk, ERR: Excess Relative Risk

ERR and EAR per 104 PY-Sv for exposure at age 30+ and attained age 60

Results

Radiation-induced extra-field organ doses
were calculated for 45 patients, who under-
went Whole Brain Radiotherapy (WBRT) for
children and adults. Tables 2 and 3 show the
risk of thyroid and breast secondary cancer for
3,5, 10, 15, and 20 years after treatment. The
patients under the age of 16 years, received
a total of 18 Gy in 10 fractions, and the pa-
tients over the age of 16 years were divided
into two groups, including 16-30 years and
30-40 years, who received 30 Gy in 10 frac-
tions and divided into two groups according
to the coefficient (e*) in calculating the risk
of cancer. Thyroid measurements were sig-
nificantly different by sex in each age group
(P-value>0.001). This rate for females was 1.5
times higher than for males due to the sensi-
tivity of the thyroid, showing female children
are more at risk of radiation. According to
Tables 2 and 3, the mean risk of secondary
thyroid cancer after treatment was calculated
0.418 and 0.274 for females and males, re-
spectively (P-values<0.05 were considered
significant).

Figure 1 reveals the mean dose received
by the thyroid gland based on gender in the
age group of adults and children. The high-
est number of readings (nc) and entrance
dose level (cGy) was observed for females.
Figure 2 compares the mean breast dose

received by children aged under 16 years,
females 16-30 years, and females over 30
years. Female children aged under 16 years of
age received a higher dose. According to the
higher dose received, the risk of secondary
breast cancer is higher at young ages.

Figure 3 compares thyroid ERR in females
and males based on patient age after irradia-
tion. Table 2 shows women are at the highest
risk of secondary thyroid cancer, due to the
greater susceptibility of this organ in women.
Figure 4 shows the ERR for breast, and the
ERR decreased by increasing age after radia-
tion exposure.

Figure 5 shows increasing EAR by incre-
mental age after radiation. The received dose
of thyroid is significantly different in females
and males, and the mean received dose in the
breast of females aged under 30 years and over
30 years (P-values<0.001).

Discussion

In the current study, the estimation of the risk
of secondary cancer in two organs is an impor-
tant result. In addition, this study provides the
first-ever estimation of cancer risk using the
BEIR VII model and extracts two types of risk
metrics, ERR and EAR, for two distinct age
groups: children and adults. In 2017, Ahmadi
et al. [17] reported the mean absorbed dose
of thyroid due to WBRT in women and men
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Table 2: Risk of thyroid and breast cancer for females

ERR ERR ERR ERR ERR EAR EAR EAR EAR EAR
ERR 3 5 10 15 20 3 5 10 15 20
Number Age of years years Yyears years years Vyears years years years years
thyroid of of of of of of of of of of

breast breast breast breast breast breast breast breast breast breast

1 1 1.849 13.823  6.143 1.827 0.863 0501  0.0003 0.0011 00113 00441  0.1143

2 4 1.505 5.523 3.341 1.601 0.835 0511 0.0013 0.0055 0.0304  0.887  0.2009

3 4 1.339 4.116 2490 1.028 0.558 0.350  0.0010  0.0041  0.0227  0.0661  0.1497

4 6 1.276 2.664 1.784 0.843 0.489 0.319  0.0044 0.0088 0.0353  0.0928  0.1967

5 7 1.103 0.840 0.583 0.290 0.173 0115  0.0025 0.0047 0.0163  0.0408  0.0835
MEAN 44 1.414 5.393 2.868 1.118 0.584 0359  0.002  0.004 0.023 0.066 0.149
STD $2.3 0282 #5021 2091 0613 #0282 +0.161 +0.001 +0.002 +0.009  +0.024  +0.051
6 23 0.169 0.084 0.073 0.052 0.039 0.030  0.0149 0.0196  0.0349  0.0575  0.0886

7 28 0.092 0.063 0.056 0.042 0.033 0.026  0.0084 0.0106 0.0175  0.020  0.0395

8 28 0.097 0.059 0.052 0.039 0.030 0.024  0.0071 0.0098 0.0163  0.0251  0.0366

9 29 0.092 0.043 0.038 0.028 0.022 0.018  0.0029 0.0038  0.0063  0.0097  0.0142
MEAN 27 0.113 0.062 0.054 0.040 0.031 0.025  0.008 0.011 0.018 0.029 0.044
STD +2.34 0.032 $0.014 +0.012 +0.008  +0.006 +0.004 +0.004 +0.005 +0.010  +0.017  £0.027
10 32 0.233 0.054 0.048 0.037 0.030 0.024  0.0516 0.0629  0.0978  0.1454  0.2073
11 32 0.215 0.060 0.053 0.041 0.033 0.027  0.0570 0.0694  0.1079  0.1604  0.2288
12 33 0.219 0.065 0.059 0.046 0.037 0.030  0.0731 0.0885 0.1363  0.2003  0.2835
13 33 0.215 0.056 0.050 0.039 0.031 0.025 0.0624 0.0755  0.1163  0.1709  0.2420
14 33 0.256 0.055 0.049 0.038 0.031 0.025 0.0614 0.0743  0.1144  0.1681  0.2380
15 34 0.216 0.032 0.028 0.022 0.018 0.015  0.0416  0.0500 0.0763  0.1114  0.1564
16 34 0.199 0.062 0.056 0.044 0.035 0.029  0.0807 0.0970  0.1479  0.2160  0.3034
17 34 0.194 0.085 0.077 0.060 0.048 0.040  0.1108  0.1331  0.2030  0.2964  0.4163
18 34 0.194 0.088 0.080 0.062 0.050 0.041 0.1150  0.1381  0.2107  0.3076  0.4320
19 34 0.171 0.066 0.059 0.046 0.037 0.031  0.0858 0.1031  0.1572  0.2295  0.3224
20 35 0.185 0.033 0.030 0.023 0.019 0.016  0.0503 0.0600 0.0909  0.1315  0.1835
21 36 0.184 0.043 0.039 0.031 0.025 0.020  0.0742 0.0884 0.1324  0.1902  0.2639
22 38 0.194 0.044 0.040 0.032 0.026 0.022 01008 0.1192  0.1751  0.2480  0.3404
23 38 0.144 0.055 0.050 0.040 0.033 0.027 01260 0.1490 02190  0.3101  0.4256
24 38 0.165 0.060 0.055 0.044 0.036 0.030  0.1380  0.1632  0.2398  0.3395  0.4660
25 38 0.194 0.063 0.057 0.046 0.038 0.031 01446 01710 02513  0.3559  0.4884
26 40 0.172 0.054 0.050 0.040 0.033 0.028 02574 03021 04371 06101  0.8278
MEAN 35.05 0.197 0.057 0.052 0.041 0.033 0.028 0.095 0.114 0.171 0.246 0.342
STD +2.46 +0.027  £0.015 +0.013 £0.010 +0.008 £0.007 +0.052 +0.061 +0.087  +0.120  +0.161

EAR: Excess Absolute Risk, ERR: Excess Relative Risk, STD: Standard Deviation
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Table 3: Risk of thyroid cancer for males

Number Age ERR of thyroid

1 8 0.932

2 10 0.821

3 10 0.794

4 12 0.654

5 15 0.450

6 16 0.364

7 16 0.340
MEAN 12.42 0.622
STD +3.25 10.238
8 32 0.100

9 37 0.099
10 37 0.088
1" 37 0.079
12 38 0.107
13 38 0.060
14 39 0.080
15 39 0.052
16 39 0.052
17 39 0.050
18 39 0.047
19 40 0.041
MEAN 37.83 0.071
STD +2.08 10.023

ERR: Excess Relative Risk, STD: Standard Deviation

Dose of thyroid for male and

female

as 1.976+0.611 cGy and 2.213+1.041 cGy,
respectively, in Isfahan, Iran, which is almost
ten times more than Yazd city.

In Inskip (2001)’ study on the risk of thy-
roid cancer after radiation therapy in children,
thyroid cancer is two to three times more com-
mon in females than in males [18]. Oglivy-
Stuart et al. showed that 29.6% of patients de-
veloped secondary thyroid cancer between 2.6
and 5.1 years after WBRT [19]. Increasing age
after WBRT leads to a decrease in the risk of
secondary cancer in patients.

The women’s risk of thyroid cancer is 5.5
times higher than that of men [7], and the risk
of breast cancer was observed in women af-
ter WBRT, in which measurements were taken
in phantoms corresponding to humans aged
5 and 10 years. In a study by Zabihzadeh et
al. (2015) on phantom, the secondary thyroid
risk for secondary thyroid cancer was 1.87 in
women and 1.72 in men [20]. In this study,
thyroid risk was 1.52 times higher in women
than in men because factor B, defined as the
sex factor BF in Equations 2 and 3, was 1.05
for females and 0.53 for males. This higher
coefficient of thyroid radiosensitivity can be
due to higher radiation sensitivity of the thy-
roid in females than in men. Kourinou’s study,
conducted on brain tumors, leukemia, and cer-
vical Hodgkin tumors in 5- and 10-year-old
phantoms, estimated extra-field doses to the

\‘i‘

7

male

Figure 1: Out-of-field dose of thyroid for males (diagonal column) and females (solid column)
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Figure 2: Out-of-field dose of breast for females aged under 16 years (diagonal column),
between 16 to 30 years (solid column), and over 30 years (dotted column)
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Figure 3: Excess Relative Risk (ERR) patterns in radiation induced risks of thyroid for males
(dashed line) and females (solid line)
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Figure 4: Excess Relative Risk (ERR) of breast for 3, 5, 10, 15, and 20 years after treatment
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Figure 5: Excess Absolute Risk (EAR): Excess Absolute Risk of the breast for 3, 5, 10, 15, and 20

years after treatment

thyroid, lungs, breast, and several other or-
gans. Further, organs closest to the treatment
field presented the highest risk due to their
proximity to the treatment field. According to
this study, no comparable studies were in the
area of measuring secondary breast cancer risk
in WBRT.

Conclusion

In the present study, TLDs were employed
to assess the dose received by the thyroid and
breast in 45 patients treated with a compact
accelerator. The dose reaching these organs is
a result of scattered radiation generated within
the patient’s body, radiation leakage from the
device head, and scattered radiation produced
by the machine’s collimator. The extent of
stray radiation and leakage from the device
head and collimator depends on the specific
treatment device and collimator design. Ac-
cording to the results, the absorbed dose of
secondary radiation in the thyroid and breast
remains below the permissible thresholds for
these organs during WBRT. Despite the same
concept of ERR and EAR, there is a difference
between values and interpretations of the as-
sociated parameters. ERR decreases with age
following irradiation, while EAR increases
significantly in both genders, and EAR in-
creases with age at the time of treatment,
whereas ERR decreases. Therefore, increas-
ing the distance between the organs and the

treatment radiation field led to a decrease in
the level of scattered radiation.

Authors’ Contribution

MH. Zare conceived the original idea. Sh.
Rahbar Yazdi and MH. Zare carried out the
experiment. Sh. Rahbar Yazdi wrote the man-
uscript and fabricated the sample. Sh. Rahbar
Yazdi supervised the project, designed the
model and the computational framework and
analyzed the data. All the authors read, modi-
fied, and approved the final version of the
manuscript.

Ethical Approval

The national ethics committee confirmed
the study with the ethical code of “IR.SSU.
MEDICINE.REC.1400.315”. We did not per-
form any intervention in normal diagnostic or
therapeutic procedures, and we just used the
exposure parameters and images of the patients
in this study. Therefore, gathering the con-
sent forms was waived due to the prospective

nature of this study.

Funding
This work was supported by Shahid Sa-
doughi University of Medical Sciences and

Health Services, under grant No. 14282.

Conflict of Interest

J Biomed Phys Eng 2023; 13(5)

None
/ 409



Shiva Rahbar Yazdi, et al

References

1. Dracham CB, Shankar A, Madan R. Radiation in-
duced secondary malignancies: a review article.
Radiat Oncol J. 2018;36(2):85-94. doi: 10.3857/
r0j.2018.00290. PubMed PMID: 29983028. PubMed
PMCID: PMC6074073.

2. Yahyapour R, Salajegheh A, Safari A, Amini P, Reza-
eyan A, Amraee A, Najafi M. Radiation-induced
Non-targeted Effect and Carcinogenesis; Impli-
cations in Clinical Radiotherapy. J Biomed Phys
Eng. 2018;8(4):435-46. PubMed PMID: 30568933.
PubMed PMCID: PMC6280111.

3. Shuryak |, Hahnfeldt P, Hlatky L, Sachs RK, Brenner
DJ. A new view of radiation-induced cancer: inte-
grating short- and long-term processes. Part Il: sec-
ond cancer risk estimation. Radliat Environ Biophys.
2009;48(3):275-86. doi:  10.1007/s00411-009-
0231-2. PubMed PMID: 19499238. PubMed PMCID:
PMC2714894.

4. Chuang SC, Hashibe M, Yu GP, Le AD, Cao W,
Hurwitz EL, et al. Radiotherapy for primary thyroid
cancer as a risk factor for second primary cancers.
Cancer Lett. 2006;238(1):42-52. doi: 10.1016/j.can-
let.2005.06.015. PubMed PMID: 16039041.

5. Hashibe M, Ritz B, Le AD, Li G, Sankaranaray-
anan R, Zhang ZF. Radiotherapy for oral cancer
as a risk factor for second primary cancers. Can-
cer Lett. 2005;220(2):185-95. doi: 10.1016/j.can-
let.2004.10.023. PubMed PMID: 15766594.

6. Perry AD, lida H, Patton LL, Wilder RS. Knowledge,
Perceived Ability and Practice Behaviors Regard-
ing Oral Health among Pediatric Hematology and
Oncology Nurses. J Dent Hyg. 2015;89(4):219-28.
PubMed PMID: 26304946.

7. Kourinou KM, Mazonakis M, Lyraraki E, Stratakis
J, Damilakis J. Scattered dose to radiosensitive or-
gans and associated risk for cancer development
from head and neck radiotherapy in pediatric pa-
tients. Phys Med. 2013;29(6):650-5. doi: 10.1016/j.
ejmp.2012.08.001. PubMed PMID: 22921884.

8. Schneider U, Agosteo S, Pedroni E, Besserer
J. Secondary neutron dose during proton ther-
apy using spot scanning. /nt J Radiat Oncol Biol
Phys. 2002;53(1):244-51. doi: 10.1016/s0360-
3016(01)02826-7. PubMed PMID: 12007965.

9. Gouncil NR. Health risks from exposure to low levels
of ionizing radiation: BEIR VII phase 2. Washingtine,
DC: National Academics Press; 2006.

10. Little MP, Wakeford R. How is the risk of radiation-
induced cancer influenced by background risk fac-
tors? Invited commentary on “a method for deter-
mining weights for excess relative risk and excess
absolute risk when applied in the calculation of
lifetime risk of cancer from radiation exposure” by

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Walsh and Schneider (2012). Radiat Environ Bio-
phys. 2013;52(1):147-50. doi: 10.1007/s00411-
012-0442-9. PubMed PMID: 23180111.

Abolaban F, Djouider F. Lifetime Attributable Risk
Estimates of Secondary Cancer after External Radio-
therapy among Colorectal Cancer Survivors in Saudi
Arabia [Internet]. Research Square [Preprint]. 2021
[cited 2021 Jun 8]: 18 p. Available from: https://
www.researchsquare.com/article/rs-574208/v1.

Zhang Y, Yan S, Cui Z, Wang Y, Li Z, Yin Y, Li B,
Quan H, Zhu J. Out-of-field dose assessment for a
1.5 T MR-Linac with optically stimulated lumines-
cence dosimeters. Med Phys. 2021;48(7):4027-37.
doi: 10.1002/mp.14839. PubMed PMID: 33714229.
PubMed PMCID: PMC8360091.

Hauri P. Out-of-field dose in photon radiotherapy:
models and measurements [dissertation]. Z urich:
University of Zurich; 2017.

Andersen AP. Postoperative irradiation of glioblas-
tomas. Results in a randomized series. Acta Radiol
Oncol Radiat Phys Biol. 1978;17(6):475-84. doi:
10.3109/02841867809128178. PubMed  PMID:
216238.

Dasu A, Toma-Dasu I, Olofsson J, Karlsson M.
The use of risk estimation models for the in-
duction of secondary cancers following radio-
therapy. Acta Oncol. 2005;44(4):339-47. doi:
10.1080/02841860510029833. PubMed  PMID:
16120542.

Kry SF, Salehpour M, Followill DS, Stovall M,
Kuban DA, White RA, Rosen II. The calculated risk
of fatal secondary malignancies from intensity-
modulated radiation therapy. /nt J Radiat Oncol
Biol Phys. 2005;62(4):1195-203. doi: 10.1016/.
ijrobp.2005.03.053. PubMed PMID: 15990025.

Ahmadi M, Tavakoli MB, Amouheidari A, Alirezaei
Z. Investigation of absorbed dose and estimation
the risk of secondary thyroid cancer in whole brain
radiotherapy. Journal of Isfahan Medical School.
2017;34(413):1590-4.

Inskip PD. Thyroid cancer after radiotherapy for child-
hood cancer. Med Pediatr Oncol. 2001;36(5):568-73.
doi: 10.1002/mpo.1132. PubMed PMID: 11340614.

Ogilvy-Stuart AL, Shalet SM. Growth and puberty
after growth hormone treatment after irradiation
for brain tumours. Arch Dis Child. 1995;73(2):141-
6. doi: 10.1136/adc.73.2.141. PubMed PMID:
7574858. PubMed PMCID: PMC1511189.

Zabihzadeh M, Shakarami Z, Birgani M, Shahba-
zian S, Beh-rooz MA. Calculation of organs doses
and secondary cancer risk during mantle field ra-
diotherapy for Hodgkin’s lymphoma. Biosci Biotech
Res Asia. 2015;12(spl.edn.1):71-7. doi: 10.13005/
bbra/1607.

410 \

J Biomed Phys Eng 2023; 13(5)



