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Abstract

Background: The prediction of normal tissue complications in treatment planning plays a critical role in radiation therapy of
cancer.
Objectives: The aim of the current study was to evaluate mathematical models and clinical-dosimetric variables for prediction of
radiation-induced hypothyroidism (RHT) in patients with head-and-neck cancer (HNC) and breast cancer (BC).
Methods: Clinical and dose-volume data from 62 patients treated with three-dimensional conformal radiation therapy were
prospectively analyzed in terms of HNCs and BC. Thyroid function assessment was monitored by the level of thyroid hormones
from patients’ serum samples. Cox semi-parametric regression models were used to predict the risk of RHT. Model performance
and model ranking were evaluated in accordance with the area under the receiver operating characteristic curve (AUC) and Akaike’s
information criterion (AIC), respectively.
Results: Out of 62 patients, 17 persons developed RHT at a median follow-up of 11.4 months after radiation therapy. Thyroid volumes
above the cut-off points of 14.2 cc and 11.4 cc showed a decrease in RHT risk for patients with HNC and BC, respectively. Moreover,
the thyroid mean dose above the cut-off points of 53 and 27 Gy increased the risk of RHT for patients with HNC and BC, respectively.
Simple and Multiple Cox regression analyses of the complete dataset revealed that thyroid volume and thyroid mean dose were the
strongest predictors of RHT. According to AUC, Boomsma’s model, and the generalized equivalent-uniform-dose (EUD) model in the
HNC dataset outperformed the BC dataset.
Conclusions: The probability of RHT rises with an increase in the mean dose to the thyroid gland; however, it decreases with in-
creasing thyroid gland volume. Regarding the AUC analysis, gEUD model showed an acceptable predictive performance; however,
the logistic Boomsma’s model was somehow more effective in predicting RHT on the HNC dataset. Cella’s model revealed a relatively
acceptable prediction of RHT on the BC dataset.

Keywords: Radiation-induced Hypothyroidism, NTCP Model, Radiation Therapy, gEUD Model, Boomsma’s Model

1. Background

Thyroid gland, as an organ at risk, can be located in-
side the therapeutic beam due to its proximity to the plan-
ning tumor volume (PTV) in radiation therapy of supr-
aclavicular lymph nodes for breast cancer (BC), neck re-
gion for head-and-neck cancer (HNC) and Hodgkin’s lym-
phoma (HL). Consequently, radiation-induced hypothy-
roidism (RHT), a frequent side-effect of radiation therapy,
occurs after the therapeutic irradiation of the mentioned

neoplasms (1-3). The prevalence of subclinical hypothy-
roidism is 8% in females and 3% in males, and the preva-
lence of clinical hypothyroidism varies from 1% to 2%; how-
ever, the incidence of hypothyroidism varies from 20% to
50% after radiation therapy for HNC and HL (4-6). Never-
theless, the incidence of this disease after the irradiation
of the supraclavicular region in patients with BC has still
remained unclear. RHT occurs at a median interval of 1.4
- 1.8 years; however, it has been reported to range from 3
months to 20 years with a peak incidence of one to three

Copyright © 2020, Reports of Radiotherapy and Oncology. This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCommercial
4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/) which permits copy and redistribute the material just in noncommercial usages, provided the
original work is properly cited.

http://dx.doi.org/10.5812/rro.102343
https://crossmark.crossref.org/dialog/?doi=10.5812/rro.102343&domain=pdf


Namdar AM et al.

years after radiation therapy (2, 5, 7, 8). The main risk fac-
tors associated with RHT include age, gender, the addition
of chemotherapy (6, 9), neck surgery, radiation dose, frac-
tionation regimen, pretreatment thyroid volume, the irra-
diated volume of thyroid, and follow-up periods (10). Al-
though previous studies have proposed a dose-dependent
risk for thyroid gland dysfunction, the dose-response rela-
tionship is not clearly defined (5, 11). The studies have sug-
gested a range of 30 - 45 Gy as the dose constraint for the
thyroid gland; however, a narrow range of threshold dose
has been a hotbed of debate.

The estimation of normal tissue complication proba-
bility (NTCP) has become an important factor to rank rival
treatment plans and quantify mechanisms affecting the
response of normal tissues and organs in radiation ther-
apy (12, 13). Considering the fact that the radiation therapy
mainly aims to eradicate the tumor by minimizing adja-
cent normal tissue complications, it is crucial to estimate
normal tissue response to radiation more accurately dur-
ing treatment planning. In this regard, NTCP models have
been developed based on either radiobiological or clinical-
dosimetric parameters to estimate normal tissue compli-
cations in recent decades. It is particularly crucial to use
these models where a maximum therapeutic ratio is ex-
pected to accomplish (14). Thus, it would be possible to im-
prove cancer patients’ quality of life after radiation ther-
apy by minimizing iatrogenic disorders such as RHT.

Few studies estimated optimum parameter values of
some radiobiological NTCP models in patients treated for
HNCs and HL using follow-up data of patients’ serum sam-
ples (4, 15). Furthermore, several multivariable logistic
NTCP models have been proposed with regard to clinical
and dosimetric parameters to predict RHT (16-18).

2. Objectives

This study aimed to determine the hazard of hypothy-
roidism among patients treated for HNC and BC. Clinical
and dosimetric factors, as well as dose-response models,
were examined for associations with RHT. The diagnostic
performance of the models was assessed and then com-
pared.

3. Methods

3.1. Study Design and Participants

A prospective cohort of 66 patients with head-and-
neck (n = 34) and breast (n = 32) cancers were selected
using a consecutive sampling technique. Radiation ther-
apy was performed from June 2018 to September 2019 at

the Department of Radiation Oncology. The patients were
treated with 6 MV photon beams using the 3D conformal
technique. The procedures were performed in accordance
with the ethical standards of the responsible committee
on human experimentation (Tabriz University of Medical
Sciences; Ethics Code: TBZMED-1026515-1395). The inclu-
sion criteria were met in patients who obtained normal
results on thyroid blood tests (thyroid-stimulating hor-
mone (TSH), triiodothyronine (T3), thyroxine (T4), free tri-
iodothyronine (FT3), and free thyroxine (FT4)) before the
initiation of radiation therapy. Moreover, the authors in-
cluded the patients with nasopharyngeal cancer, whose
pituitary gland (DVH based) was < 40 Gy. This dose was
selected according to previous studies, as > 40 - 45 Gy,
which may induce central hypothyroidism. Exclusion cri-
teria were as follows: (1) existence of primary tumors of the
thyroid gland; (2) pre-existence of thyroid gland disorders;
and (3) a history of partial thyroid surgery. Out of the 66
patients, three patients with HNC and one patient with BC
were excluded due to missing thyroid hormone measure-
ments during the follow-up period.

3.2. Treatment Planning and Contouring Thyroid Gland

All treatment planning procedures were performed us-
ing the treatment planning system of TiGRT (LinaTech, Sun-
nyvale, California) (19, 20). CT scan images with a slice
thickness of 5 mm were obtained from all the patients, and
dose calculations were performed with a voxel size of 2×
2× 2 mm3. To certify the accuracy of the dose calculations,
quality control tests of the TiGRT system were carried out
according to the International Atomic Energy Agency TEC-
DOC 1583 report. In all the patients, the whole thyroid or a
part of it was within the radiation field. The thyroid gland
(consisting of the right lobe, isthmus, and left lobe) of each
patient was contoured on the CT scan images in the TiGRT
system. Then a cumulative dose-volume histogram (cDVH)
of the thyroid gland was derived from the individual dose
plans of the patients. The patients with head and neck can-
cers were treated with a fraction dose of 2 Gy up to total
doses of 66-70 Gy in 5 consecutive days per week. The pa-
tients with breast cancer were treated either with a frac-
tion dose of 2 Gy up to a total dose of 50 Gy or a fraction
dose of 2.66 Gy up to a total dose of 42.56 Gy in 5 consecu-
tive days per week.

3.3. Thyroid Function Assessment and Endpoint Definition

The Follow-up program included the prospective eval-
uation of thyroid gland function before the onset of radi-
ation therapy and after the end of the curative radiation
therapy performed every other three months, lasting for
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one year. Patients with hypothyroidism symptoms were
excluded from the follow-up phase and were treated with
levothyroxine. It was complicated to confirm the clinical
diagnosis of hypothyroidism during the follow-up phase
since there was no reliablie finding to distinguish whether
certain symptoms of hypothyroidism could be attributed
to the disease itself or the cancer treatment. Accordingly,
subclinical and clinical hypothyroidism definitions were
combined to create a single endpoint variable as hypothy-
roidism as such the patients with raised levels (> 5µIU/mL)
were classified as having hypothyroidism with or without
considering reduced FT4 levels (< 0.8 ng/dL) during the
one-year follow-up phase (8, 21).

3.4. NTCP Models and Dose Considerations

The complication probability of the thyroid gland (in-
cluding clinical and subclinical hypothyroidism) for each
patient in the HNC dataset was calculated based on four ra-
diobiological models using BIOPLAN version 1.3.3 (22) and
MATLAB (The Mathworks Inc., Natick, USA) software pack-
ages. The applied models were empirical (i.e., LKB, mean
dose, and gEUD), including an organ architecture model
(i.e., relative seriality) and a logistic multivariate model
based on clinical-dosimetric parameters (i.e., Boomsma’s
model). Moreover, the complication probability of the thy-
roid gland for each patient in the BC dataset was calcu-
lated using a logistic multivariate model based on clinical-
dosimetric parameters (i.e., Cella’s model). The values
of the parameters in the radiobiological models were ex-
tracted from the literature (5). In the case of the thyroid
gland, theα/β ratio was considered to be 3 Gy (4). The NTCP
models used in this study were as follows:

3.4.1. The Lyman-Burman-Kutcher (LKB) Model

The traditional Lyman model was designed to describe
the complication probabilities for uniformly-irradiated
whole or partial organ volumes (23). For non-uniform ir-
radiation, several DVH-reduction algorithms were devel-
oped to convert a heterogeneous dose distribution into a
homogenous partial or whole organ irradiation, resulting
in the same NTCP. Among these algorithms, the effective
volume method proposed by Kutcher and Burman is the
most commonly used to complement the Lyman model.
The combined formula is referred to as the Lyman-Kutcher-
Burman (LKB) model. Model parameters are D50, n, and m.
The LKB model is based on the probit formula and uses the
power-law relationship defined by Mohan et al. (24), as pre-
sented in Equations 1-3.
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where, Deff is the effective dose that will lead to the
same NTCP as the actual non-uniform dose distribution if
it is given uniformly to the entire volume, D50 is the uni-
form dose given to the entire organ resulting in 50% com-
plication risk, m describes the slope of the sigmoid curve,
n defines the volume effect, and Vi is the fractional organ
volume receiving a dose bin of Di.

3.4.2. Generalized Equivalent Uniform Dose (gEUD) Model ()

This model is a logistic regression model coupled with
the generalized-EUD reduction method presented in Equa-
tion 4.

(4)NTCP =
1

1 +
(

D50
EUD

)k
where, k describes the slope of the response curve at

D50 and is calculated as k= 4γ50, i.e., γ50 denotes the slope
of dose-response curves at 50% probability of damage.

3.4.3. The Mean Dose (MD) Model

This model is derived from the LKB model when the vol-
ume effect parameter (n) is equal to one; thus, DVH is re-
duced to the mean dose (Dmean) (23) as presented in Equa-
tions 5-7.
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3.4.4. The Relative Seriality (RS) Model

This model, known as the Källman model (26), is based
on Poisson statistics and accounts for the architecture of
the organ using relative seriality, s. The complication prob-
ability is presented in Equation 8. Model parameters are
D50, γ, and s.

(8)NTCP =

{
1−

M∏
i=1

(
1− Pj, i (Di)sj

)∆V j,i
}

1/sj
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where P(D) is the Poisson dose-response relationship,
D50 is the uniform dose leading to a 50% probability of
damage, and γ describes the slope of the response curve
at D50.

3.4.5. Boomsma’s Model

This NTCP model was first developed in a prospective
cohort study conducted by Boomsma et al. for the HNC
dataset for RHT complication probability. This model is a
logistic regression model based on two input variables, in-
cluding Vthyroid and Dmean, as well as corresponding regres-
sion coefficients (16) as presented in Equations 9

(9)NTCP =
1

1 + e−g(x)

g (x) = 0.011 + (0.062 ∗ Dmean) + (− 0.19 ∗ Vthyroid)

(10)

3.4.6. Cella’s Model

This NTCP model is a logistic regression model based
on three input variables, including gender, the absolute
thyroid volume exceeding 30 Gy, and Vthyroid as well as cor-
responding regression coefficients. This model was devel-
oped for RHT complication probability and confirmed the
external validation of the HL and BC datasets (17), as pre-
sented in Equations 11

(11)NTCP =
1

1 + e−g(x)

(12)
g (x) = 1.94

+ (0.265 ∗ V30 (cc)) (2.21 ∗ gender) (0.268 ∗ Vthyroid)

Furthermore, to consider the impact of non-uniform
irradiation of the normal tissues, EUD (27) was used for
dose distributions in empirical models, as presented in
Equation 13:

(13)EUD =

(
1

N

N∑
i=1

Dia
)1/a

where, N is the total number of voxels, Di is the dose in
the ith voxel, and ‘a’ is a tissue-specific parameter describ-
ing the volume effect. Conceptually, EUD is identical to Deff
presented in Equation 1.

3.5. Statistical Analysis

Both descriptive and analytical methods were applied
for each dataset separately. Kaplan-Meier survival graphs
were produced to present time-to-event survival curves
with regard to hypothyroidism as the endpoint and to
compare the survival grouped by cancer type. Survival
curves are presented on a scale ranging from zero to one;
however, for a better interpretation of survival, survival
curves are reported in terms of percentage. Multiple semi-
parametric Cox regression model was used to investigate
and detect potential predictors of hypothyroidism hazard
by incorporating each radiobiological model, clinical fac-
tors, and dose-volume parameters. The correlations be-
tween the variables were calculated, and collinearity be-
tween variables was considered when r > 0.8 (Spearman
coefficient matrix correlation). The proportional hazard
assumption was checked and confirmed. Hazard ratios,
along with their 95% Cis, were reported. In simple Cox re-
gression analysis, a preliminary P < 0.2 was considered to
be statistically significant; however, P < 0.05 was consid-
ered to be statistically significant for making decisions in
multiple Cox regression analyses. The models were ranked
and confirmed using Akaike’s information criterion (AIC),
receiver operating characteristic (ROC) curve, and area un-
der the ROC curve (AUC) analysis. The Youden index was
used to identify the cut-off point with the optimized sen-
sitivity and specificity of the variables associated with hy-
pothyroidism in multiple Cox regression analyses.

4. Results

4.1. Patient Characteristics

The study sample consisted of 62 patients (with a me-
dian of 53 years and a range of 31 - 85 years). Seventeen pa-
tients developed RHT at a median follow-up of 11.4 months
(range 3.1 - 12.9). Of these 17 patients, 12 patients (38.7%) be-
longed to the HNC group, and five patients (16.1%) belonged
to the BC group. Table 1 shows the demographic, clinical,
and treatment characteristics of patients.

4.2. The Kaplan-Meier Curves

The hazard of developing RHT after one year, which
was defined as the time-to-event analysis for the complete
dataset, was 27.4%, as depicted in Figure 1A. Moreover, the
hazard of developing RHT after one year was categorized
by cancer type (Figure 1B).
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Table 1. Demographic, Clinical, and Treatment Characteristics of Patients

Characteristics No. of HNC Patients (%) No. of BC Patients (%)

Gender

Female 11 (64.52) 31

Male 20 (35.48)

Age (y)

Mean 55.45 51.61

Median 58 50

Range 31 - 85 37 - 72

Cancer site

Nasopharynx 6 (19.35)

Oral cavity 5 (16.13)

Hypopharynx 7 (22.58)

Larynx 6 (19.36)

Other 7 (22.61)

Right breast 17 (36.96)

Left breast 14 (30.43)

Chemotherapy

Concomitant chemo- radiation 20 (64.52) 9 (29.03)

No concomitant chemo-radiation 11 (35.48) 22 (70.97)

Neck surgery

Yes 10 (16.13)

No 52 (83.87)

Breast surgery

Lumpectomy 5 (16.3)

Mastectomy 26 (83.87)

Mean dose of thyroid gland (Gy)

Minimum dose 34.90 1.42

Maximum dose 67.05 53.69

Mean dose 55.17 22.06

Volume of thyroid gland (cc), mean ± SD 15.80 ± 5.12 19.07 ± 13.03

4.3. Simple Cox Regression Analysis

Among the clinical variables, only cancer type was asso-
ciated with RHT in the complete dataset. A hazard ratio of
0.323 showed that the hazard of developing RHT in the BC
dataset was low, compared to the HNC dataset (Table 2). In
addition, the gender variable in the HNC dataset revealed
that the hazard of RHT was 2.255 times greater in females
than in males.

In the simple Cox regression analysis on the complete
dataset, the dosimetric variables, including Vthyroid, Dmean,
Dmin, Dmax, V10, V20, V30, V40, and V50 were significantly asso-
ciated with RHT (Table 2).

In the simple Cox regression analysis on the HNC
dataset, six dosimetric variables, including Vthyroid, Dmean,
Dmax, V60, V70, EUD, and two of the dose-response models
(namely gEUD and Boomsma) were independently signifi-
cant predictors. According to the hazard ratios, Boomsma

and gEUD models were 1.051 and 1.037 times more likely to
predict RHT for the NHC dataset, respectively (Table 2).

In the simple Cox regression analysis on BC dataset,
five dosimetric variables, including Vthyroid, Dmean, Dmin, V30

(cc), V50, as well as Cella’s model, could independently pre-
dict RHT. According to the hazard ratio, Cella’s model was
1.209 times more likely to predict RHT for the BC dataset
(Table 2).

4.4. Multiple Cox Regression Analysis

The variables with a significant relationship with RHT
in the simple Cox regression analysis (P value < 0.2) were
selected for multiple analyses. On multiple cox regression
analysis for the whole studied population and the HNC
dataset, variables from simple cox were employed. Also,
the optimal model included two variables of Dmean and
Vthyroid (Table 3). Moreover, the pretreatment Vthyroid and
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Figure 1. (A) Kaplan-Meier curve of radiation-induced hypothyroidism in 62 BC and HNC patients after completion of treatment. The cumulative incidence was 27.4% after
one year; (B) Kaplan-Meier curve of radiation-induced hypothyroidism categorized by cancer type

gEUD model remained highly statistically significant for
the HNC dataset. However, for this dataset, V70 was the
strongest predictor in the presence of LKB, MD, and RS
models (Table 3).

4.5. Models’ Ranking and Comparison

Akaike’s information criterion (AIC) was used to rank
the models as such the models with smaller AIC values
were considered to provide a better estimation. Regarding
AIC, Boomsam’s model showed the smallest value, and the
gEUD model offered the next smallest value of this index
in the HNC dataset (Table 4). The models were then com-
pared using the AUCs of the ROC curves (Figures 2 and 3).
In the HNC dataset, the comparison of the ROC curves re-
vealed no significant difference in the prediction power of
the NTCP models (Table 5).

On ROC analysis of the dosimetric variables in the HNC
dataset, the cut-off points evaluating the pretreatment thy-
roid volume in the HNC and BC datasets were 14.21 cc and
11.42 cc, respectively. The cut-off points evaluating the thy-
roid mean dose in HNC and BC datasets were 53.33 Gy and
27.26 Gy, respectively. Among all the dosimetric variables
associated with hypothyroidism in simple Cox regression

analysis, AUC was highest for the Dmean (AUC = 0.728; CI:
0.530 - 0.926) in the HNC dataset and Vthyroid (AUC = 0.877;
CI: 0.633 - 1.000) in the BC dataset. Moreover, the threshold
identified for V30cc was 52.6% in the BC dataset.

5. Discussion

The present study aimed to investigate the incidence
rate, predictive variables, and effectiveness of mathemat-
ical models to predict RHT in patients treated by external
radiation therapy for HNC and BC.

Previous studies have reported a wide range of inci-
dence for RHT in various cohorts of patients with HNCs and
HL (5, 7, 10, 11, 18, 21, 28-35); however, most papers reported
the incidence of RHT following radiation therapy of HNC to
vary from 20% to 50%. Similarly, the incidence rate of 38.7%
found on the HNC dataset in the current study fell within
this range. On the other hand, some studies have analyzed
the dosimetric variables for thyroid dysfunction after ra-
diation therapy of BC, according to which the incidence
of RHT varies from 6% to 21%. In the present study, half of
the patient population consisted of patients with BC, for
whom the incidence rate of 16.1% was estimated. It should
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Table 2. Simple Cox Regression Analysis Regarding Potential Factors and Hypothyroidism Risk

Variable
Complete Dataset HNC Dataset BC Dataset

P Value HR (95% CI) P Value HR (95% CI) P Value HR (95% CI)

Gender 0.903 1.061 (0.407 - 2.763) 0.16 2.256 (0.725 - 7.019)

Age 0.991 0.669 (0.952 - 1.032) 0.841 0.996 (0.956 - 1.039) 0.204 0.933 (0.838 - 1.038)

Chemotherapy 0.812 0.894 (0.354 - 2.253) 0.485 0.662 (0.208 - 2.105) 0.809 0.760 (0.082 - 7.041)

Cancer type 0.034 0.323 (0.113 - 0.918)

Neck surgery 0.646 0.729 (0.189 - 2.809)

Vthyroid 0.001 0.823 (0.731 - 0.927) 0.035 0.867 (0.759 - 0.990) 0.012 0.704 (0.537 - 0.925)

Dmean 0.001 1.046 (1.019 - 1.074) 0.021 1.069 (1.010 - 1.132) 0.081 1.127 (0.341 - 0.947)

Dmin 0.021 1.024 (1.003 - 1.045) 0.545 1.010 (0.978 - 1.044) 0.07 2.066 (0.941 - 4.534)

Dmax 0.001 1.068 (1.029 - 1.109) 0.03 1.057 (1.005 - 1.112) 0.557 1.095 (0.810 - 1.480)

V10 0.013 1.027 (1.006 - 1.048) 0.454 1.035 (0.946 - 1.133)

V20 0.012 1.024 (1.005 - 1.044) 0.428 1.043 (0.939 - 1.157) 0.392 1.043 (0.947 - 1.149)

V30 0.012 1.016 (1.023 - 1.041) 0.416 1.028 (0.962 - 1.098) 0.284 1.053 (0.958 - 1.158)

V30 (cc) 0.036 0.523 (0.285 - 0.957)

V40 0.013 1.021 (1.004 - 1.037) 0.453 1.014 (0.978 - 1.052) 0.203 1.061 (0.968 - 1.163)

V50 0.003 1.019 (1.006 - 1.032) 0.172 1.013 (0.994 - 1.032) 0.073 1.061 (0.995 - 1.132)

V60 0.021 1.018 (1.003 - 1.033)

V70 0.003 1.028 (1.009 - 1.046)

EUD 0.006 1.067 (1.018 - 1.118)

LKB 0.187 1.020 (0.990 - 1.050)

gEUD 0.035 1.037 (1.002 - 1.072)

MD 0.176 1.021 (0.991 - 1.052)

RS 0.159 1.026 (0.990 - 1.062)

Boomsma 0.008 1.051 (1.013 - 1.090)

Cella 0.004 1.209 (1.063 - 1.376)

Abbreviations: CI, confidence interval; Dmax , thyroid maximum dose; Dmean , thyroid mean dose; Dmin , thyroid minimum dose; EUD, equivalent uniform dose; HR, hazard
ratio; Vthyroid , thyroid volume; VX , thyroid volume receiving > X Gy.

be noted that unclear incidences of RHT are reported in the
literature for patients with BC. However, the present study
showed that the incidence rates of RHT were lower for BC
than HNC (3, 36, 37), as presented in Figure 1B. Furthermore,
the RHT appearance depends on time, and the latency pe-
riod of RHT could occur as long as 20 years (6, 38, 39). Addi-
tionally, the incidence rate might be underestimated due
to inadequate follow-up periods, the decreased number of
patients in the follow-up phase, and the small sample size;
hence, long-term surveys are recommended to achieve a
more reliable and accurate incidence rates.

Various clinical factors, such as age, gender,
chemotherapy, and neck surgery are significantly as-
sociated with the development of hypothyroidism. In the
present study, there was an association between gender
and development of RHT, which was in accordance with
the results of a previous study conducted on the patients
with HL (16). However, Multiple Cox regression analyses of
gender revealed no significant association with RHT.

The current analysis of this prospective study also re-
vealed that Vthyroid was a strong significant factor of RHT
in both datasets. Some authors reported a decrease in the
risk of RHT with an increase in Vthyroid (16, 21, 40). Boomsma
et al., Cella et al., and Ronjom et al. identified thyroid vol-
ume and a certain percentage of thyroid volume or thyroid
mean dose as the most predictive factors using a logistic
NTCP model (16-18, 41). However, no specific relationship
between Vthyroid and RHT was clearly defined. Boomsma
et al. and Diaz et al. noticed that an increase in Vthyroid

corresponded to a decrease in NTCP with almost 5%/cc and
7%/cc of thyroid volume, respectively. In the present study,
a value of 14.2 cc for Vthyroid in the HNC dataset was deter-
mined as a cut-off point, indicating that the RHT incidence
was high for Vthyroid < 14.2 cc, This finding is in agreement
with those of Zhai et al., who found a 5-fold greater risk of
RHT in patients with Vthyroid < 16 cc treated for nasopha-
ryngeal cancer (40). Similarly, the incidence rate of RHT
was high among patients in the BC dataset with Vthyroid <
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Table 3. Multiple Cox Regression Analysis of NTCP Models Regarding Potential Factors and the Risk of Hypothyroidism

Variables
Complete Dataset HNC Dataset BC Dataset

P Value HR (95% CI) P Value HR (95% CI) P Value HR (95% CI)

Model 1

Vthyroid 0.002 0.830 (0.739 - 0.932) 0.037 0.870 (0.763 - 0.992) 0.033 0.672 (0.466 - 0.969)

Dmean 0.002 1.045 (1.017 - 1.074) 0.027 1.066 (1.007 - 1.128) 0.672 0.949 (0.745 - 1.209)

Model 2

gEUD 0.044 1.034 (1.001 - 1.069)

Vthyroid 0.041 0.871 (0.763 - 0.994)

Cella 0.016 1.309 (1.052 - 1.628)

Dmean 0.318 0.852 (0.622 - 1.166)

Model 3

LKB 0.654 0.993 (0.963 - 1.024)

V70 0.011 1.031 (1.007 - 1.056)

Cella 0667 1.096 (0.722 - 1.664)

Vthyroid 0.656 0.837 (0.383 - 1.831)

Model 4

MD 0.685 0.994 (0.964 - 1.024)

V70 0.012 1.031 (1.007 - 1.055)

Cella 0.025 1.202 (1.023 - 1.413)

V50 0.904 1.006 (0.905 - 1.119)

Model 5

RS 0.734 0.994 (0.961 - 1.028)

V70 0.014 1.030 (1.006 - 1.055)

Abbreviations: CI, confidence interval; Dmax , thyroid maximum dose; Dmean , thyroid mean dose; Dmin , thyroid minimum dose; EUD, equivalent uniform dose; HR, hazard
ratio; Vthyroid , thyroid volume; VX , thyroid volume receiving > X Gy.

Figure 2. ROC curves for models on head-and-neck cancer dataset

11.4 cc. Multiple Cox analysis also suggested that Dmean was
another significant predictor of RHT in both cancers. In

this study, the cut-off point revealed that Dmean > 53 Gy and
Dmean > 27 Gy would be the threshold values to predict the

8 Rep Radiother Oncol. 2020; 7(1):e102343.
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Table 4. Model Ranking Based on AIC for HNC Dataset

Models Used for HNC Dataset AIC

Boomsma et al. 62.513

gEUD 66.597

Relative seriality 70.246

Mean dose 70.572

LKB 70.699

Abbreviation: AIC, Akaike’s information criterion

1 - Specificity 
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Figure 3. ROC curves for Cella’s model on breast cancer dataset

risk of RHT in HNC and BC datasets, respectively. Similarly,
in a study by Kanyilmaz et al., Dmean > 21Gy was a thresh-
old value for the development of RHT (42). In this study,
the relationship between V30 and RHT agrees well with the
findings of Akyurek et al. (36). Likewise, V30 reported by
Cella et al. and Pinnix et al. was the single independent pre-
dictor associated with RHT in patients treated for HL with
intensity-modulated radiation therapy (31, 43). In a study
by Johansen et al., patients with BC and small thyroid vol-
umes are at risk of developing RHT since fewer tissues with
irradiation doses < 30 Gy are accessible for the sufficient
production of thyroxin. However, no statistically signifi-
cant intergroup variations were detected between V20 and
V50 in their study. Kim et al. reported that the thyroid V45

value could predict the development of RHT, and a V45 of
50% could be considered as a threshold value in treatment
planning. In contrast, Diaz et al. announced that Dmin,
Dmean, Dmax, and V10 to V70 were not associated with RHT. In
addition, Alterio et al. indicated that Dmean, Dmin, Dmax, V10,
V30, and V50 were not associated with RHT. In this study, it
was noticed that two final models (namely model 1, includ-
ing Vthyroid and Dmean and model 2 gEUD with Vthyroid listed
in Table 3) suggested a relationship with RHT when applied

on the HNC dataset.
Moreover, the findings showed that, according to the

AIC index, Boomsma’s model and gEUD model were ranked
as the best models when applied to the HNC dataset. It
would provide more benefits to focus on these models for
further investigations and their application in the clinic.

The radiobiological and logistic NTCP models applied
to the study dataset are shown in Figure 3. Accord-
ing to the AUC analysis and confidence interval, Cella’s
model was performed on the BC dataset. The robust-
ness of Cella’s model was previously confirmed by Cella
et al., who developed this model to predict RHT in HL
survivors (AUC = 0.804, 95% CI 0.594 - 1.000). Further-
more, Boomsma’s model and gEUD model had high perfor-
mances (AUCBoomsma = 0.844, 95% CI 0.696 - 0.993; AUCgEUD

= 0.741, 95% CI 0.550 - 0.932) on HNC dataset (Table 4). This
result is completely incompatible with the AUC value of
0.850 (95% CI 0.78 - 0.92) reported by Boomsma et al., who
developed a model to predict RHT in HNC survivors on
their HNC dataset (16).

According to the AUC values, confidence intervals, and
pairwise P values obtained for each model, other models
remained robust to predict RHT. These results might em-
phasize the necessity of using these two models for the
prediction of RHT in the HNC survivors of the present re-
search. In another study, the authors announced slight ef-
fectiveness of Cella’s model, compared to LKB and RS mod-
els applied on the LH dataset (15). Further investigations
are required to validate whether radiobiological models
or logistic models offer the perfect effectiveness. Finally, it
should be stressed here that a reliable NTCP model can pro-
vide the required data to choose the optimum plan among
the rival treatment plans for a given patient.

5.1. Conclusions

According to the present research findings, 27.4% of
the participants (n = 62) developed hypothyroidism after
HNC and BC irradiation. The risk of RHT in HNC and BC
is strongly associated with thyroid irradiated volumes as
well as thyroid mean dose. To achieve plan optimization
goals, it is recommended to keep Dmean < 53 Gy for HNC
and Dmean < 27 Gy for BC to reduce the risk of developing
hypothyroidism remarkably. Due to the hypothyroidism
risk, regular thyroid function could be helpful after radia-
tion therapy for all patients who receive radiation for HNC
and BC, especially for the irradiation of the supraclavicular
region. According to the AIC and AUC values, Boomsma’s
model and gEUD model offered higher prediction power
for hypothyroidism after the irradiation of head-and-neck
regions. In addition, Cella’s three-variable model revealed

Rep Radiother Oncol. 2020; 7(1):e102343. 9
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Table 5. Area Under the Receiver Operating Characteristic Curve (AUC) and 95% Confidence Intervals for Models Used in This Study on Head-and-Neck Cancer and Breast Cancer
Datasets

Variable Cutpoint AUC CI P Value

HNC dataset

LKB model 0.680 0.470 - 0.890 0.110lg , 0.731lm , 0.479lr , 0.063lb

gEUD model 0.741 0.550 - 0.932 0.188gm , 0.184gr , 0.204gb

MD model 0.678 0.466 - 0.889 1.000mr , 0.060mb

RS model 0.678 0.467 - 0.888 0.060rb

Boomsma’s model 0.844 0.696 - 0.993

Dmean (Gy) 53.33 0.728 0.530 - 0.926

Vthyroid (cc) 14.21 0.702 0.505, 0.898

V70 (%) 36.79 0.724

BC dataset

Cella’s model 0.804 0.594 - 1.000

Dmean (Gy) 27.26 0.715 0.386 - 1.000

Vthyroid (cc) 11.42 0.877 0.633 - 1.000

V30 (%) 52.56 0.861 0.727 - 0.996

Abbreviations: AUC, area under ROC curve; CI, confidence interval; gb, pairwise comparison of gEUD model respect to Boomsma’s model; gm, pairwise comparison of
gEUD model respect to MD model; gr, lb, pairwise comparison of LKB model respect to Boomsma’s model; lg, pairwise comparison of LKB model respect to gEUD model;
lm, pairwise comparison of LKB model respect to MD model; lr, pairwise comparison of LKB model respect to RS model; pairwise comparison of gEUD model respect to
RS model; mb, pairwise comparison of MD model respect to Boomsma’s model; mr, pairwise comparison of MD model respect to RS model; rb, pairwise comparison of
RS model respect to Boomsma’s model.

a relatively acceptable prediction of RHT following the ra-
diation therapy of the supraclavicular region in patients
with breast cancer. It is recommended to consider these
two models to calculate NTCP for the thyroid gland during
the treatment planning process.
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