Zhai et al. Radiation Oncology (2022) 17:57

https:/doi.org/10.1186/513014-022-02028-2 Radiation Oncol ogy

RESEARCH Open Access

) .. ) )]
Predictors of radiation-induced e

hypothyroidism in nasopharyngeal carcinoma
survivors after intensity-modulated
radiotherapy

Ruiping Zhai', Yingchen Lyu', Mengshan Ni', Fangfang Kong', Chengrun Du', Chaosu Hu'? and
Hongmei Ying'?

Abstract

Background: The aim of the study is to identify clinical and dosimetric factors that could predict the risk of hypothy-
roidism in nasopharyngeal carcinoma (NPC) patients following intensity-modulated radiotherapy (IMRT).

Methods: A total of 404 non-metastatic NPC patients were included in our study. All patients were treated with IMRT.
The thyroid function were performed for all patients before and after radiation at regular intervals. The time onset for
developing hypothyroidism was defined as the time interval between the completion of RT and the first recorded
abnormal thyroid hormone test. The cumulative incidence rates of hypothyroidism were estimated using Kaplan—
Meier method. Univariate and multivariate Cox regression analyses were performed to detect the most promising
factors that were associated with hypothyroidism.

Results: Median follow up was 60.6 months. The 3-, 5- and 7- year cumulative incidence rate of hypothyroidism
was 39.4%, 49.19% and 54.7%, respectively. The median time to primary hypothyroidism and central hypothyroidism
were 15.4 months (range 2.9-83.8 months) and 29.9 months (range 19.8-93.6 months), respectively. Univariate and
multivariate analyses revealed that younger age, female gender and small thyroid volume were the most important
factors in predicting the risk of hypothyroidism. Dtmean (mean dose of thyroid), V30-V50 (percentage of thyroid
volume receiving a certain dose level) and V545-VS60 (the absolute volumes of thyroid spared from various dose lev-
els) remained statistically significant in multivariate analyses. Cutoff points of 45 Gy (Dtmean), 80% (Vt40) and 5 cm’
(VS45Gy) were identified to classify patients as high-risk or low-risk group.

Conclusion: Thyroid Vt40 highly predicted the risk of hypothyroidism after IMRT for NPC patients. We recommended
plan optimization objectives to reduce thyroid Vt40 to 80%.

Trial registration: Retrospectively registered.
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Background
The outcome of nasopharyngeal carcinoma (NPC)
patients has improved dramatically over the decades by
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face long-term sequelae which negatively affect their
quality of life [1]. Hypothyroidism (HT), as one of the
most common late toxicities, has been reported to occur
in 40%-50% of patients who were treated with neck irra-
diation [2—4]. The most common symptoms of hypothy-
roidism are generally mild and tolerable, so they are often
overlooked. However, if left untreated, hypothyroidism
can induce cardiac and cognitive dysfunction and depres-
sion in the long run [5].

Primary hypothyroidism may develop as a result of
radiation damage to the thyroid gland. Although the
sequelae of primary hypothyroidism following radia-
tion has been well documented, the published literature
mainly focus on Hodgkin lymphoma (HL) and head and
neck cancers (HNSCC) [4, 6—8]. However, NPC is dis-
tinct from HL and HNSCC in terms of radiation dose
and treatment strategies. Generally, patients with HL are
often prescribed with lower RT doses while patients with
HNSCC are treated with surgical intervention and inten-
sive radiotherapy. Thus, the heterogeneity in patients
selection limits the generalizability of these studies to
NPC patients. There is a need to scrutinize the rate and
risk factors of radiation-induced hypothyroidism among
NPC survivors.

Many related studies have suggested a dose-dependent
risk of radiation-induced hypothyroidism, but the thresh-
olds of dose-volume constraints to the thyroid gland var-
ied. According to the published data, 30 Gy was identified
to be predictive of hypothyroidism risk in HL patients,
while for patients with HNSCC, the thresholds were set
between 40 and 50 Gy [3, 6, 9]. Recently, several normal
tissue complication probability (NTCP) models of thy-
roid based on non-NPC patients were developed which
might offer us some dose-constraints for a clinically
acceptable risk [10-12]. However, these models seems
not applicable for NPC patients due to consideration of
the possibility of central hypothyroidism among NPC
patients [13, 14]. Luo et al. found a decreasing perfor-
mance in their study when NPC patients were included
in the external cohort [13]. Fan et al. further confirmed
that the risk of hypothyroidism in NPC patients is more
than twice that of the HNC cohort (without thyroidec-
tomy) [14].

Compared with primary hypothyroidism, central hypo-
thyroidism is considered less common for patients with
NPC [4, 8, 13, 15]. However, due to adjacent anatomical
location of pituitary gland, which is situated superior
to the nasopharynx, radiation-induced pituitary injury
should not be neglected. Previous studies showed con-
siderable variations in incidence rates of central hypo-
thyroidism following cranial irradiation. The published
incidence rates ranged from 3 to 30% among patients
with NPC and nonpituitary tumors [8, 15, 16]. Evidence
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suggested that the incidence of central hypothyroidism
is significantly related to the total radiation dose but the
dose-volume effect was less clear [4]. A number of stud-
ies suggested a threshold dose of 50 Gy for pituitary-
hypothalamus hypothyroidism [4]. It is reported that the
incidence rates were 3—6% when the radiation doses were
lower than 50 Gy, and they were up to 14.9%-30% when
the doses were as high as 50-70 Gy [17]. Also, the risk
of central hypothyroidism has been reported to be asso-
ciated with duration of follow-up after radiotherapy and
methodological differences of endocrine evaluation [17].
Regarding central hypothyroidism among NPC patients,
existing researches are retrospective, cross-sectional and
lack accurate dosimetric parameters. Thus, prospective
studies with homogeneous population, larger sample
sizes and longer follow-up are needed.

Therefore, the purpose of this study was to investigate
the long-term rate and risk factors for developing pri-
mary or central hypothyroidism in NPC patients after
IMRT. Furthermore, we attempted to determine some
useful dose constraints for plan optimization.

Methods

Patient selection

The study was an update of our previous research [18].
Details of the interim analysis has been published. Briefly,
the eligibility criteria were patients newly diagnosed with
biopsy-confirmed World Health Organization type 2 or
3 NPC; with an Eastern Cooperative Oncology Group
performance status of 0 to 1; with no distant metastasis
and normal thyroid function. Patients who had previous
pituitary/thyroid disorders or related treatment includ-
ing thyroid surgery, irradiation to the head and neck/
pituitary area were not included. The trial was approved
by the institutional review board of our hospital and all
patients provided written informed consent for inclusion
in the study.

Treatment planning

Patients with stage T1-T2 NOMO disease were treated
with the radical RT alone. Concurrent single agent
chemotherapy in combination with radiotherapy was
given to those with stage T1-T2 N1MO disease. Patients
with stage III-IVB disease were treated with comprehen-
sive treatment plan, including radiation and cisplatin-
based chemotherapy in a concurrent and/or sequential
sequence.

The radiation treatment plan of the trial has been
described in details previously [18]. Patients were immo-
bilized in the supine treatment position with a ther-
moplastic device that covered head and neck area and
the shoulders. Contrast-enhanced planning computed
tomography (CT) scans with a 5-mm slide thickness were
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obtained for every patient. Image fusion using diagnostic
MRI and RT planning CT images were performed for all
patients to accurately delineate tumor and organs at risk
(OAR).

The gross tumor volume (GTV) included the primary
tumor of nasopharynx (GTV-P) and the pathologic
lymph nodes (GTV-LN). The clinical target volume at
high risk (CTV1) included GTV-P with a 5 mm margin,
the whole nasopharynx, the parapharyngeal spaces, the
base of skull, the pterygoid plates, the anterior half or two
thirds of the clivus (the whole clivus was covered if the
clivus was involved), lower half of sphenoid sinuses (the
whole was involved for T3-T4 lesions), petrous tips, the
posterior of the nasal cavities, the maxillary sinuses and
lymphatic regions. The CTV1 at high risk for neck area
included bilateral retropharyngeal nodes, level 11, level I1I
and VA lymph nodes area, and the station of the involved
lymph nodes. The clinical target volume at low risk
(CTV2) covered the level IV and level VB (in case that
no positive lymph nodes were found in the lower neck).
Selective sparing of level IV and level VB was performed
in stage NO patients. The planning tumor volume (PTV-
G, PTV-N and PTV-C-1, PTV-C-2) was generated by
expanding the corresponding volumes of GTV and CTV
by 3—-5 mm, respectively.

The dose prescription was relatively uniform through-
out the PTV in our series. Simultaneous integrated boost
(SIB) technique was adopted to deliver different dose lev-
els to different target volume within a single treatment
fraction. The doses prescribed for PTV-G were 66 Gy in
30 fractions for T1-T2 lesions and 70.4 Gy in 32 fractions
for T3-T4 lesions. The corresponding dose prescribed for
PTV-LN was 66 Gy in 30 or 32 fractions. PTV-CTV1 was
prescribed 60 Gy and PTV-CTV2 was prescribed 54 Gy
in 30 or 32 fractions, respectively.

For each PTV at each dose level, the plan generated
aimed to cover at least 95% of the volume of PTV with
the planned dose while keeping the maximum dose
below 110% of the prescribed dose in or out of PTV. The
plan optimization also included the dose limits for organs
at risk. The maximum doses were 54 Gy for the brain
stem, optic nerves and optic chiasm, 45 Gy for the spi-
nal cord, 60 Gy for the temporal lobe, 8 Gy for lens, and
26 Gy for the parotid gland mean dose.

Gland delineation and dosimetry parameters

The pituitary and the thyroid glands were contoured
manually by an experienced radiation physician for all
the patients on the CT simulation images. We did not
give specific dose constraints to both glands due to the
considerations to optimize coverage of the tumor. All
IMRT plans were done using the Pinnacle TPS (version
9.0, Philips Radiation Oncology Systems, Fitchburg, WT).
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Cumulative dose-volume histograms (DVH) were calcu-
lated from the planning system. The following dose—vol-
ume statistics were obtained from the DVH: the doses to
the pituitary gland (mean, Dpmean; minimum, Dpmin;
maximum, Dpmax); the absolute pituitary and thyroid
gland volume (Vp and Vt); the doses to the thyroid gland
(mean, Dtmean; minimum, Dtmin; maximum, Dtmax);
the percentage of thyroid volume receiving more than
30 Gy (Vt30), Vt40, Vt45, Vt50 and Vt60; the percentage
of pituitary volume receiving more than 50 Gy (Vp50),
Vp55, Vp60, Vp70; the absolute volume of the thyroid
spared from various dose levels including 45 Gy (VS45),
VS50, VS55 and VS 60.

Thyroid function evaluation

The thyroid function including thyroid stimulating hor-
mone (TSH), free thyroxine (FT4), free triiodothyronine
(FT3), thyroid peroxidase antibody (TPO) and thyroglob-
ulin antibody (TGAb) measurements were performed
for all patients before radiation, at the end of radiother-
apy and then in 3-6 months intervals for the first two
years. Thereafter, follow-up visits were scheduled every
6 months from the third to the fifth year and then yearly
afterwards. Clinical assessments were also scheduled
at the same time on a regular basis or as needed clini-
cally. The Assay Kit of TSH and FT4 has been described
in detail previously [18]. Transient thyrotoxicosis was
identified as a low serum TSH level with or without an
elevated FT4 or FT3 level. We defined primary hypothy-
roidism as an elevated TSH serum level (>4.94 mIU/L)
in combination with a normal or low serum FT4 level,
regardless of symptoms. Central hypothyroidism was
identified as a low serum FT4 level (<9.01 pmol/L) and
non-elevated TSH level. The time onset for developing
hypothyroidism was defined as the time interval between
the completion of RT and the first abnormal thyroid hor-
mone test indicating the presence of hypothyroidism.

Statistical analysis

All the statistical analyses were carried out using SPSS
version 26 (SPSS Inc., Chicago, IL). The cumulative inci-
dence rates of hypothyroidism were estimated using
Kaplan—-Meier method, and log-rank test to evaluate
the difference between groups. Univariate cox propor-
tional hazard models were performed to detect which
clinical and dosimetric parameters were associated with
the development of hypothyroidism at 5 years post RT.
The following variables were evaluated: age, sex, receipt
of chemotherapy, neck surgery, thyrotoxicosis, T and N
classifications, UICC 2010 stage, the volume of the thy-
roid and pituitary glands and multiple dose parameters
of both pituitary and thyroid glands. Multivariate analy-
ses were performed on variables with p<0.05 from the
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univariate analyses. Pearson correlation analyses were
used to examine the association between two variables to
avoid the influence of collinearity. Dosimetric parameters
were added to the multivariate model separately at a time
in model fitting. Optimal threshold analyses of the dosi-
metric parameters in the multivariate models were con-
ducted using Receiver Operating Characteristics (ROC)
curve analyses. All statistical tests were two-sided and a
p-value of <0.05 was considered statistically significant.

Results

Seven hundred and ten patients diagnosed with non-met-
astatic NPC between February 2012 to December 2016 in
Fudan University Shanghai Cancer Center were eligible.
We excluded 43 (6%) who did not receive radiotherapy
in our institution, 33 (5%) who underwent thyroid sur-
gery or had abnormal TSH levels, 29 (4%) who had met-
astatic diseases (stage IVC), 53 (7%) who experienced
tumor progression within one year after radiotherapy,
and 148 (20%) who had their thyroid hormones tested
in local hospitals but no record could be obtained. The
final study population therefore consisted of 404 patients
with non-metastatic NPC. In this data set, the majority
of patients had shown good compliance by the last fol-
low up. A total of 341 patients (84.4%) were followed
more than 3 years, 292 patients (72.2%) were followed
more than 4 years, and 52.9% of the study population
were followed more than 5 years. The median follow-up
was 60.6 months (range 15.4—104.6 months). The median
age of all patients was 48 years (range 18-70 years), with
301 (74.5%) males and 103 (25.5%) females. The baseline
characteristics of patients are shown in Table 1.

Transient thyrotoxicosis was observed in 36.9%
(149/404) of the patients at the end of radiotherapy. How-
ever, nearly all of them returned to euthyroid state spon-
taneously 3—6 months later. During the follow up period,
a total of 181 (44.8%) patients were diagnosed with hypo-
thyroidism, in which173 had primary hypothyroidism, 6
had central hypothyroidism and 2 were with a mixture of
both types. The 3-, 5- and 7- year cumulative incidence
rates of hypothyroidism were 39.4%, 49.1% and 54.7%,
respectively (Fig. 1). The median time to primary hypo-
thyroidism and central hypothyroidism were 15.4 months
(range 2.9-83.8 months) and 29.9 months (range 19.8—
93.6 months), respectively.

Univariate analyses indicated that younger age, female
gender, advanced N-stage, use of chemotherapy, the con-
dition of thyrotoxicosis and smaller thyroid volume were
associated with a higher risk of hypothyroidism (Table 2).
Nearly all the dosimetric parameters of the thyroid gland
(except Dmax and Vt60) were found to significantly affect
the development of hypothyroidism (Table 3). However,
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Table 1 Baseline characteristics of the 404 NPC patients
receiving IMRT

Variable Number %
Sex

Male 301 74.5

Female 103 255
Age, years

Median

<48y 200 495

>48y 204 50.5
Thyroid volume, cm?

Median

<16cm’ 200 495

>16cm? 204 50.5
T-category

T 35 8.7

T2 141 349

T3 139 344

T4 89 220
N-category

NO 19 4.7

N1 110 272

N2 151 374

N3 124 30.7
UICC stage

| 5 1.2

I 61 15.1

Il 146 36.1

[\ 192 47.5
Chemotherapy

Induction 311 77.0

Concurrent 73 18.0

Adjuvant 146 36.1
Neck surgery

Yes 23 5.7

No 381 943

UICC, Union for International Cancer Control, 2010 Edition
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Fig. 1 Cumulative incidence curve of radiation-induced
hypothyroidism in 404 NPC patients
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Table 2 Univariate analyses with respect to clinical factors and
the risk of HT
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Table 3 Univariate analyses with respect to dosimetric factors
and the risk of HT

Variable Univariate analysis
HR (95% Cl) p value

Sex

Male

Female 1.999 (1.468-2.722) 0.000*
Age

Per year increase 0.976 (0.964-0.988) 0.000*
Chemotherapy

Yes

No 1.587 (1.024-2.459) 0.039*
Neck surgery

Yes

No 1.306 (0.727-2.347) 0371
Thyrotoxicosis

Yes

No 0.609 (0.440-0.844) 0.003*
T classification

T1-12

T3-T4 1.308 (0.968-1.768) 0.08
N classification

NO-N1

N2-N3 1.524 (1.086-2.137) 0.015*
UICC 2010 stage

Il

115\ 1.016 (0.679-1.522) 0.937
Thyroid volume, per cm? increase 0.905 (0.877-0.934) 0.000*
Pituitary volume, per cm? increase 0.870 (0.634-1.192) 0.386

*Means p<0.05

none of the pituitary-related dose parameters reached
statistical significance (Table 3).

In multivariate analyses, younger age, female gender
and small thyroid volume remained the most important
factors in predicting the risk of hypothyroidism. Further-
more, thyrotoxicosis was identified to be a protective
factor but with limited evidence. Chemotherapy failed
to show an association with the risk of hypothyroidism
after adjustment for other variables. The updated results
of our study further confirmed a clear dose-dependent
relationship for hypothyroidism development: Dtmean
(p=0.001), Vt30 (p=0.002), Vt40 (p=0.002), Vt45
(p=0.003) and Vt50 (p=0.002) of the thyroid were
all identified to be promising variables (Table 4). With
regard to ROC analyses of the dosimetric parameters, the
area under the curve (AUC) was significantly different
from 0.05 for all the above parameters, and the difference
was greatest for V40 (AUC=0.631, p=0.000). A thresh-
old of 80% for V40 was identified to classify patients into
high-risk and low-risk groups for the development of

Variable Univariate analyses  p value
HR (95% Cl)

Dtmean, per Gy increase 1.000 (1.000-1.001) 0.000%
Dtmin, per Gy increase 1.000 (1.000-1.000) 0.000*
Dtmax, per Gy increase 1.000 (1.000-1.000) 0.551
Thyroid V30, per % increase 7.735 (2.648-22.594) 0.000*
Thyroid Vt40, per % increase 7.394 (2.979-18.353) 0.000*
Thyroid V45, per % increase 7.544 (3.054-18.639)  0.000%
Thyroid V50, per % increase 7.042 (2.781-17.832) 0.000*
Thyroid V60, per % increase 0.901 (0.225-3.601) 0.883
Dpmin, per Gy increase 1.000 (1.000-1.000) 0.360
Dpmean, per Gy increase 1.000 (1.000-1.000) 0.391
Dpmax, per Gy increase 1.000 (1.000-1.000) 0.979
Pituitary Vp50, per % increase 1.136 (0.708-1.822) 0.596
Thyroid VS45, per cm? increase 0.855 (0.815— 0898) 0.000*
Dichotomous (< 5cm? vs > 5cm?) 0.474 (0.352-0.639) 0.000*
Thyroid VS50, per cm? increase 0.863 (0.827-0.902) 0.000%
Dichotomous (< 8cm? vs > 8cm?) 0445 (0.326-0.607) 0.000%
Thyroid VS55, per cm? increase 0.886 (0.855-0.918) 0.000*
Dichotomous (< 12cm? vs>12cm?®)  0437(0.318-0601)  0.000*
Thyroid VS60, per cm? increase 0.904 (0.877-0.932) 0.000*
Dichotomous (< 15cm? vs>15cm?®) 0482 (0.354-0655)  0.000*

Thyroid Vt30, Vt40, Vt45, Vt50 and Vt60 = percentages of thyroid volume
receiving 30 Gy, 40 Gy, 45 Gy, 50 Gy and 60 Gy; Vp50 = percentage of pituitary
volume receiving 50 Gy; Thyroid VS 45, 50, 55 and 60 = spared volume of thyroid
receiving 45 Gy, 50 Gy, 55 Gy and 60 Gy

*Means p <0.05

hypothyroidism. The incidence rates of hypothyroidism
in the group with V40<80% and V40>80% were 36.3%
and 54.7%, respectively (Fig. 2).

Likewise, the absolute volumes of thyroid spared
from various dose levels were also significant factors in
multivariate analyses: VS45 Gy (p=0.000), VS50 Gy
(p=0.000), VS55 Gy (p=0.000) and VS60 Gy (p=0.000)
(Table 5). The Kaplan—Meier curve for VS45 Gy with a
threshold value of 5 cm® is shown in Fig. 3. Log-rank tests
revealed that patients whose VS45 Gy >5 cm?® had a five-
year hypothyroidism rate of 37.7% as opposed to 68.6%
for those whose VS45 Gy <5 cm? (p =0.000).

Discussion

Our findings suggest that hypothyroidism is a frequent
complication following direct irradiation to the thyroid
gland (more common) or the pituitary gland among NPC
patients. The risk of hypothyroidism largely depends on
the radiation dose delivered to each gland and the time
relapsed after irradiation. The data presented here is a
large data set that examined the relationship between
various clinical and dosimetric parameters and the
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Table 4 Multivariate analyses with respect to factors and the risk
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Fig. 2 Cumulative incidence curve of hypothyroidism by V40 with a
cut-off of 80%

Table 5 Multivariate analyses with respect to factors and the risk

of HT
Variable Multivariate analyses
HR (95% Cl) p value
The Dtmean model
Age (per year increase) 0.981 (0.968— 0993) 0.002*
Fermale (vs male) 1.551 (1.121-2.146) 0.008*
Chemotherapy (vs no) 1.192 (0.747-1.902) 0461
Thyrotoxicosis (vs no) 0.673 (0.481-0. 943) 0.021*
Thyroid volume (per cm®increase)  0.929 (0.899-0.960) 0.000*
Dtmean (per Gy increase) 1.000 (1.000-1.001) 0.001*
The Vt 30 model
Age (per year increase) 0.981 (0.969-0.993) 0.002*
Female (vs male) 1.562 (1.130-2.519) 0.007*
Chemotherapy (vs no) 1.196 (0.746-1.917) 0457
Thyrotoxicosis (vs no) 0.672 (0.480-0.941) 0.021*
Thyroid volume (per cm®increase)  0.929 (0.899-0.960) 0.000*
Thyroid Vt30 (per % increase) 6.613(1.968-19.304) 0.002*
The Vt 40 model
Age (per year increase) 0.981 (0.969-0. 994) 0.003*
Female (vs male) 1.550 (1.121-2.143) 0.008*
Chemotherapy (vs no) 1.246 (0.780-1.992) 0.357
Thyrotoxicosis (vs no) 0.684 (0.424-1. 92) 0.027*
Thyroid volume (per cm®increase)  0.931 (0.901-1.963) 0.000*
Thyroid Vt40 (per % increase) 4411 (1.732-11.233)  0.002*
The Vt 50 Model
Age (per year increase) 0.981 (0.968-0.993) 0.002*
Female (vs male) 1.568 (1.134-2.169) 0.006*
Chemotherapy (vs no) 1.332(0.841-2.112) 0.222
Thyrotoxicosis (vs no) 0.686 (0.490-0. 960) 0.028*
Thyroid volume (per cm?increase)  0.930 (0.900-0.961) 0.000%
Thyroid Vt50 (per % increase) 4689 (1.747-12.591)  0.002*
The Vt 45 Model
Age (per year increase) 0.981 (0.969-0.993) 0.003*
Female (vs male) 1.559(1.127-2.155) 0.007*
Chemotherapy (vs no) 1.294 (0.813-2.060) 0277
Thyrotoxicosis (vs no) 0.688 (0.492-0.964) 0.030*
Thyroid volume (per cm?increase)  0.932 (0.902-0.964) 0.000*
Thyroid Vt45 (per % increase) 4.158 (1.639-10.547)  0.003*

“Means p<0.05

development of hypothyroidism among NPC patients
after IMRT.

The plateau for the development of primary
hypothyroidism

The cumulative incidence rates were generally in accord-
ance with previously published results, and showed
significant time-effect dependence (with 39.4%, 48.4%
and 54.1% at 3-, 5- and 7- years of follow-up time). We

of HT
Variable Multivariate analyses
HR (95% CI) p value
The VS45 Model
Age (per year increase) 0.979 (0.967-0.991) 0.001*
Female (vs male) 1.690 (1.231-2.319) 0.001*
Chemotherapy (vs no) 1.194 (0.758-1.881) 0.444
Thyrotoxicosis (vs no) 0.638 (0.459-0.887) 0.008*
Thyroid V545 (per cm? increase) 0.876 (0.833-0.920) 0.000*
The VS50 Model
Age (per year increase) 0.979 (0.967-0.992) 0.001*
Female (vs male) 1.658 (1.207-2.278) 0.002*
Chemotherapy (vs no) 1.284 (0.818-2.015) 0.277
Thyrotoxicosis (vs no) 0.656 (0.472-0.913) 0.012%
Thyroid VS50 (per cm? increase) 0.883 (0.844-0.924) 0.000*
The VS55 Model
Age (per year increase) 0.981 (0.968-0.993) 0.002*
Female (vs male) 1.637 (1.190-2.250) 0.002%
Chemotherapy (vs no) 1435 (0.918-2.242) 0.113
Thyrotoxicosis (vs no) 0.665 (0.478-0.926) 0.016*
Thyroid VS55 (per cm? increase) 0.905 (0.871-0.940) 0.000*
The VS60 Model
Age (per year increase) 0.982 (0.970-0.994) 0.004*
Female (vs male) 1.652 (1.203-2.268) 0.002*
Chemotherapy (vs no) 1.562 (1.002-2.435) 0.049
Thyrotoxicosis (vs no) 0.677 (0.485-0.944) 0.021*
Thyroid VS60 (per cm? increase) 0.921 (0.891-0.951) 0.000%

*Means p<0.05

noticed that the incidence of hypothyroidism increased
to a maximum within 2 to 3 years after treatment, then
became steady afterwards and reached a plateau at about
5 years. Similar phenomenon was found in Bhandare
et al’s study, in which the incidence for subclinical pri-
mary hypothyroidism was 29% at 5 years and it did not
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Fig. 3 Cumulative incidence curve of hypothyroidism by VS45 with a
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increase by 10 years after treatment [8]. A 10-year latency
for the plateau period was also reported by Wu et al. and
her colleagues [16]. Studies conducted on HL patients
also found clear support for the trend of hypothyroidism
risk [7]. However, the latency period for HL patients was
completely different. The largest study to date from Stan-
ford by Hancock et al. indicated that the risk of hypothy-
roidism after irradiation increased only slightly from 43%
at 20 years to 47% at 26 years [7]. Time effect is becoming
less important with extended follow-up, especially after
the “plateau period” It is difficult to explain the great
variations in the frequency and the length of latency
time interval for the development of hypothyroidism. Lin
et al’s study showed us the pattern of radiation-induced
thyroid gland changes in NPC patients: the mean thyroid
volume followed a decreasing trend after RT, reaching
a minimum at 30 months and slightly increased after-
wards [19]. It is of interest to note that partial recovery
in terms of thyroid volume along with thyroid function
occurred after 30 months interval. However, it is still not
clear whether the “plateau period” is caused by spontane-
ous recovery of thyroid function or sufficient active thy-
roid reserve. As the mechanism of radiation damage to
the thyroid gland has not been well understood, longer
monitoring and more researches are still needed to pro-
vide more information about this late sequelae.

Reasons why central hypothyroidism was less common

Compared with primary hypothyroidism, central hypo-
thyroidism due to intensive cranial irradiation is thought
to be less common and occurs after a relatively longer
latency period [8, 20, 21]. According to several recent
reports, the overall incidence of TSH deficiency was
about 5.4-14% with a median follow-up of 3.6-8 years
in survivors with head and nasopharyngeal tumors
[8, 22, 23]. Ratnasingam and colleagues reported the
median time elapsed from treatment for patients who
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had hypothalamic-pituitary dysfunction was 9 years
(range 7-21) [24]. In their data, the minimum duration
from therapy was 7 years, and the latency period pro-
longed to almost 21 years. A recent meta-analysis of 18
studies with a total of 813 patients with NPC and non-
pituitary brain tumor showed a prevalence of 0.25 (95%
CI: 0.16-0.37) [25]. In the present study, only 2% of the
patients (n=7) were identified with central hypothyroid-
ism, which is much lower than previous reports. There
are several possible reasons. Firstly, the radioresistant
characteristic of the TSH axis is the most important rea-
son. It has been demonstrated that GH axis is the most
sensitive followed by the LH/FSH, adrenocorticotropic-
hormone (ACTH) and TSH axes [17, 22]. Based on tem-
poral presentation and frequency of occurrence, it is not
hard to understand the less frequency and longer latency
of central hypothyroidism. Secondly, the risk of TSH defi-
ciency is determined by the radiation dose delivered to
the hypothalamic-pituitary area. Littley et al. concluded
that the total dose to the H-P axis is a major determi-
nant of the speed of onset of central hypothyroidism
[26]. Darzy et al. found the incidence is distinctly high in
patients with radiation doses in excess of 60 Gy. In their
study, the frequency of central hypothyroidism was as
low as 3%-9% with doses of 30-50 Gy and reached up
to 30%-60% with doses greater than 60 Gy after 10 years
[17]. In the present study, the median value of Dpmean
was 50.4 Gy, which was far below the recommendation of
Dy 03 o dose <60 Gy in the updated guideline of QUAN-
TEC (Quantitative analysis of normal tissue effects in the
clinic, QUANTEC) [27]. The possible reason for the rela-
tively lower dose is that only 20.2% of the patients were
diagnosed with T4 disease. Thirdly, the low incidence
could be attributed in part to decreased sensitivity of
testing methodologies. The diagnosis of central hypothy-
roidism is based on low circulating levels of FT4 in the
presence of low to normal TSH concentrations in our
study. However, what should be noted is TSH level some-
times elevates in the state of mixed hypothyroidism or
latent central hypothyroidism due to the secretion of bio-
logically inactive TSH [28]. This situation in fact mirrors
that observed in primary hypothyroidism and might lead
to an underestimate of central hypothyroidism risk. Also,
the wide reference range for FT4 often makes diagno-
sis of central hypothyroidism challenging. Alexopoulou
et al. suggested a greater than 20% decrease in circulating
levels of FT4 was indicated of central hypothyroidism,
even if serum concentrations of FT4 are still in the nor-
mal range [17]. Rose et al. and their colleagues outlined
similar observation [29]. Some authors suggested a pro-
gressive decline in FT4 serum level albeit still within the
normal range was indicative of central hypothyroidism
[17]. Other investigators have recommended the TSH
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surge test and the TRH test to be required for the diag-
nosis of central hypothyroidism [17]. Although debatable,
these testing standards made a positive diagnosis for cen-
tral hypothyroidism difficult.

Clinical factors associated with hypothyroidism occurrence
The major clinical risk factors for hypothyroidism iden-
tified in this study were younger age, female sex, thy-
rotoxicosis and smaller thyroid volume. Multivariate
analyses indicated that the relative risk of hypothyroid-
ism decreased by 0.98 with every additional year of age,
and decreased by 0.93 with per unit increase in thyroid
volume. Our study also demonstrated that women had
a higher risk of developing hypothyroidism, with a 1.6:1
female/male ratio. The effects of age and female gender
were in good agreement with the findings reported by
Hancock et al. [7]. In the well-documented largest study
conducted in HL patients, Hancock et al. and their col-
leagues found that younger age (RR: 1:0.99) and female
sex (RR: 1:1.60) were both correlated with an increased
risk for the development of hypothyroidism [30]. In
the study by Diaz et al., the relative risk for increasing
age and increasing thyroid volume were 0.93 and 0.96,
respectively [31]. Fan et al. examined the risk factors
among 14,893 NPC patients and 16,105 HNC patients,
and their data further demonstrated the significant influ-
ence of younger age and female sex [14]. However, incon-
sistent results regarding the effect of age and sex were
also reported. Diaz et al. and Wu et al. found no effect
of female gender on the development of hypothyroidism
[16, 31]. They argued that women had smaller thyroid
volume than men, and the sex effect may partly be con-
founded with the differences in thyroid volumes. In the
literature-based meta-analysis by Vogelius et al., the risk
in women was 1.6 times than that in men while age didn’t
appear to influence the risk of hypothyroidism [3]. Cole-
vas et al. showed contrary results that increasing age was
associated with a higher risk of hypothyroidism espe-
cially for those who were over 60 years old [32]. It should
be noted that the elderly do have an increased prevalence
of hypothyroidism among general population, although
this trend has not been described in other studies. Also
complex physiological alterations occur within the hypo-
thalamo-pituitary-thyroid axis of aging population. It is
difficult to distinguish these age-related changes from the
pathophysiological alterations caused by radiation in the
elderly.

Interestingly, our data indicated the relative risk of
hypothyroidism decreased by 0.68 with the occurrence
of transient thyrotoxicosis in multivariate analyses. Simi-
lar findings were not observed in other studies, despite
the high frequency of thyrotoxicosis as an early response
to irradiation [19]. The thyrotoxic phase was thought
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to be attributed to increased permeability of cellular
membrane without destructive changes in the thyroid
gland [33]. This is a good explanation for the spontane-
ous recovery from transient thyrotoxicosis observed in
our series patients. However, we are not able to explain
the protective effect of thyrotoxicosis in hypothyroidism
occurrence, and further explorations with longer follow-
up and larger sample size are still needed.

Dosimetric factors associated with hypothyroidism
occurrence

Our study demonstrated a dose-dependent risk of radi-
ation-induced hypothyroidism. The thyroid volume and
a series of dosimetric variables were identified to be sig-
nificant factors in multivariate analyses. This is consistent
with the results of several published multivariate normal
tissue complication probability models (NTCP) for radi-
ation-induced hypothyroidism [10-12]. Smaller thyroid
volume was associated with higher risk of hypothyroid-
ism in nearly all of the NTCP models. But the dosimet-
ric variables were significantly different among different
studies.

Many investigators suggested the mean dose of the
thyroid as the most promising dosimetric factor. This
is probably due to the parallel structure of the thyroid
gland. Therefore, to keep the mean thyroid dose as low as
possible could reasonably reduce the risk of hypothyroid-
ism. Vogelius estimated a 50% risk of hypothyroidism at
thyroid mean doses of 45 Gy [3]. Bhandare et al. showed
the incidence could increase by 16% when the thyroid
dose was above 45 Gy [8]. Bakhshandeh et al’s mean
dose model further confirmed the parallel architecture
for the thyroid gland with a strong volume effect: D50
was suggested approximately 44 Gy [34]. Our conclusion
was in good agreement with the above recommendation
of 45 Gy. As is shown in Fig. 4, those with thyroid mean
dose <45 Gy had significantly lower rates of hypothyroid-
ism than those with mean dose>45 Gy (31.9% vs 49.8%,

100= —— Dmean 2 45 Gy
90
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40
30
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104
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0 12 24 36 48 60 72 84 96 108
Months after radiation
Fig.4 Cumulative incidence curve of hypothyroidism by Demean
with a cut-off of 45 Gy

—*= Dmean <45 Gy

Cumulative incidence
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»<0.05). There are also other practical references for
dose constraints of the thyroid. Fujiwara et al. suggested a
more stringent mean dose of 30 Gy as the threshold [35].
And the recommended dose in the recently published
international guideline was to aim for a mean dose of
50 Gy [27]. In the NTCP models by Renjom et al., indi-
vidual dose constraints were proposed: 26 Gy, 38 Gy,
48 Gy and 61 Gy for thyroid volumes of 10, 15, 20 and
25 cm?, respectively [12]. However, Rgnjom et al. esti-
mated a five-year risk of developing hypothyroidism of
26%, which was much lower than other reports. Due to
the relatively lower incidence rate, the performance of
the NTCP model needs more external validation before
eventual implementation in clinical practice.

Irradiated volume of thyroid gland has been demon-
strated as significant variables in a series of studies. But
the clear dose-volume relationship has not been defi-
nitely determined. A variety of dose-volume constraints
ranging from V25 to V50 were found to be significant
factors for post-radiation hypothyroidism. Generally
speaking, lower doses as V25-V30 (the percentage of the
thyroid receiving 20 to 30 Gy) were significant risk fac-
tors for HL patients while V40-V45 were promising pre-
dictors for HNSCC patients [6, 9, 36—39]. It seems that
HL patients are more susceptible to radiation-induced
hypothyroidism than head and neck cancer patients. In
the meta-analysis, Vogelius et al. noted the same ten-
dency toward higher radiation-induced hypothyroidism
risk in HL patients than in HNSCC patients receiving
the same dose [3]. The strongest evidence was that a dose
as low as 10 Gy could produce a risk of hypothyroidism
in HL patients from the plot. These findings suggest the
necessity to reduce the volume of thyroid receiving 30 Gy
or less for NPC patients. Our conclusions were in con-
sistent with previous constraints, V30-V50 (except V60)
maintained the statistically significant association with
the risk of hypothyroidism in multivariate analyses.
This would imply that NPC patients may have the same
dose thresholds as HL patients. However, it is difficult to
define a threshold of V30 in our study as the prescribed
dose to neck was 60 Gy for the majority of patients. The
dose volumetric thresholds obtained from lymphoma
studies as V25<63.5% or V30<62.5% may be difficult
to apply to patients with NPC [6, 9]. We also identify
an optimal cutoff of V40<80% from the ROC analysis,
which was similar with the reports by Sommat et al. They
identified V40 to be most predictive of hypothyroidism
and suggested a threshold of V40 of 85% in their study
of 102 patients with nasopharyngeal cancer [36]. Kim
et al. suggested a more stringent threshold, where V45
lower than 50% was recommended in their study of 114
patients with head and neck cancer [39]. Yet, the results
should be interpreted cautiously due to relatively shorter
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follow-up duration, high proportion of surgical interven-
tion and lower AUC value. In conclusion, to minimize
the risk of hypothyroidism after RT, it is of great impor-
tance to reduce the percentage of volume receiving a cer-
tain dose especially the dose of 40 Gy.

Other investigators have proposed the undisturbed thy-
roid volume spared from specified dose levels (VSxxGy)
as significant factors. Pinnix et al. suggested a threshold
thyroid volume of 2.2 mL should be spared from > 25 Gy
[6]. Chyan et al. revealed that patients with VS45 Gy of
at least 3 cc, VS50 Gy of at least 5 cc could significantly
lower the risk of hypothyroidism development [38]. Lee
et al. recently suggested at least 10 cm? of thyroid should
be spared from doses exceeding 60 Gy and at least 5 cm®
be spared from doses exceeding 45 Gy to reduce the risk
of hypothyroidism among NPC patients [40]. This princi-
ple of sparing an absolute volume of thyroid from injury
to limit risk of hypothyroidism was also demonstrated
in surgical series [6]. Our study suggested the same dose
constraints that at least 5 cm?® should be spared from
doses exceeding 45 Gy. All these findings provided us
different dose limit targets. Some authors insisted the
amount of thyroid follicular cells that are spared from
radiation might be the most important determining fac-
tor [40]. This is probably because undisturbed thyroid
volume is responsible for the production of thyroid hor-
mones and represents thyroid hormone reserve. How-
ever, it must be cautioned that these dose limitation
might not be applicable for all the situations especially
when the lymph nodes were large-sized and the tar-
get volume must be expanded to achieve better target
coverage.

Conclusion

In summary, our data confirm a time-dependent and
dose-dependent risk of radiation-induced hypothyroid-
ism. Compared with central hypothyroidism, primary
hypothyroidism occurs fairly common and has a consid-
erably shorter latency period. Younger age, female sex
and smaller thyroid volume are associated with increased
risk of hypothyroidism after IMRT in NPC patients.
Given the prevalence of hypothyroidism in our cohort,
we recommend the use of IMRT treatment optimiza-
tion objectives to restrict Dmean<45 Gy, V40<80% or
VS45>5 cm®,

Abbreviations

NPC: Nasopharyngeal carcinoma; IMRT: Intensity-modulated radiotherapy;
TSH: Thyroid stimulating hormone; FT4: Free thyroxine; FT3: Free triiodothy-
ronine; NTCP: Normal tissue complication probability models; Dtmean: Mean
dose of thyroid; Vt30-Vt50: Percentage of thyroid volume receiving a certain
dose level; VS45-VS60: The absolute volumes of thyroid spared from various
dose levels.



Zhai et al. Radiation Oncology (2022) 17:57

Acknowledgements
Not applicable.

Authors’ contributions
RZ,YL,MN, EK, CD.and CH. collected the data and finished the quality

control of data. H.Y. and CH. provided the study concepts, designed the study

and performed statistical analysis. R.Z. and Y.H. wrote the manuscript. All the
authors read and approved the final manuscript.

Funding

This research did not receive any specific grant from funding agencies in the

public, commercial, or not-for-profit sectors.

Availability of data and materials
Not applicable.

Declarations

Ethical approval and consent to participate

This study was approved by Institutional Review Board of Fudan University
Shanghai Cancer Center. The study was run in full accordance with ethical
principles set in our institutional policy and the World Medical Association
Declaration of Helsinki. Written informed consent was obtained from indi-
vidual participants.

Consent for publication
Not applicable.

Competing interests
The authors declared that there is no conflict of interest.

Author details

'Department of Radiation Oncology, Fudan University Shanghai Cancer
Center, Room 703, Building 1, Dong'an Road 270, Shanghai 200032, China.
’Department of Oncology, Shanghai Medical College, Fudan University,

Shanghai 200032, China.

Received: 3 September 2021 Accepted: 9 March 2022
Published online: 21 March 2022

References

1.

McDowvell LJ, Rock K, Xu W, Chan B, Waldron J, Lu L, et al. Long-term

late toxicity, quality of life, and emotional distress in patients with
nasopharyngeal carcinoma treated with intensity modulated radiation
therapy. Int J Radiat Oncol Biol Phys. 2018;102(2):340-52.

Boomsma MJ, Bijl HP, Langendijk JA. Radiation-induced hypothyroidism
in head and neck cancer patients: a systematic review. Radiother Oncol.
2011;99(1):1-5.

Vogelius IR, Bentzen SM, Maraldo MV, Petersen PM, Specht L. Risk factors
for radiation-induced hypothyroidism: a literature-based meta-analysis.
Cancer. 2011;117(23):5250-60.

Jereczek-Fossa BA, Alterio D, Jassem J, Gibelli B, Tradati N, Orec-

chia R. Radiotherapy-induced thyroid disorders. Cancer Treat Rev.
2004,30(4):369-84.

Biondi B, Cappola AR, Cooper DS. Subclinical hypothyroidism: a review.
JAMA. 2019;322(2):153-60.

Pinnix CC, Cella L, Andraos TY, Ayoub Z, Milgrom SA, Gunther J, et al. Pre-
dictors of hypothyroidism in Hodgkin lymphoma survivors after intensity
modulated versus 3-dimensional radiation therapy. Int J Radiat Oncol Biol
Phys. 2018;101(3):530-40.

Hancock SL, Cox RS, McDougall IR. Thyroid diseases after treatment of
Hodgkin’s disease. N Engl J Med. 1991;325(9):599-605.

Bhandare N, Kennedy L, Malyapa RS, Morris CG, Mendenhall WM. Primary

and central hypothyroidism after radiotherapy for head-and-neck tumors.

Int J Radiat Oncol Biol Phys. 2007,68(4):1131-9.
Cella L, Conson M, Caterino M, De Rosa N, Liuzzi R, Picardi M, et al. Thyroid
V30 predicts radiation-induced hypothyroidism in patients treated with

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Page 10 of 11

sequential chemo-radiotherapy for Hodgkin's lymphoma. Radiat Oncol
Biol. 2012;82(5):1802-8.

Cella L, Liuzzi R, Conson M, D'Avino V, Salvatore M, Pacelli R. Development
of multivariate NTCP models for radiation-induced hypothyroidism: a
comparative analysis. Radiat Oncol. 2012;7(1):224.

. Boomsma MJ, Bijl HP, Christianen MEMC, Beetz |, Chouvalova O, Steen-

bakkers RJHM, et al. A prospective cohort study on radiation-induced
hypothyroidism: development of an NTCP model. Int J Radiat Oncol Biol
Phys. 2012;84(3).e351-6.

Renjom MF, Brink C, Bentzen SM, Hegeds L, Overgaard J, Johansen J.
Hypothyroidism after primary radiotherapy for head and neck squamous
cell carcinoma: Normal tissue complication probability modeling with
latent time correction. Radiother Oncol. 2013;109(2):317-22.

Luo R, Wu VWG, He B, Gao X, Xu Z, Wang D, et al. Development of a nor-
mal tissue complication probability (NTCP) model for radiation-induced
hypothyroidism in nasopharyngeal carcinoma patients. BMC Cancer.
2018;18(1):575.

Fan C-Y, Lin C-S, Chao H-L, Huang W-Y, Su Y-F, Lin K-T, et al. Risk of hypo-
thyroidism among patients with nasopharyngeal carcinoma treated with
radiation therapy: a population-based cohort study. Radiother Oncol.
2017;123(3):394-400.

Ipekci SH, Cakir M, Kiyici A, Koc O, Artac M. Radiotherapy-induced hypo-
pituitarism in nasopharyngeal carcinoma: the tip of an iceberg. Exp Clin
Endocrinol Diabetes. 2015;123(7):411-8.

Wu YH, Wang HM, Chen HH, Lin CY, Chen EY, Fan KH, et al. Hypothyroid-
ism after radiotherapy for nasopharyngeal cancer patients. Int J Radiat
Oncol Biol Phys. 2010;76(4):1133-9.

Darzy KH. Radiation-induced hypopituitarism. Curr Opin Endocrinol
Diabetes Obes. 2013;20(4):342-53.

Zhai RP, Kong FF, Du CR, Hu CS, Ying HM. Radiation-induced hypothyroid-
ism after IMRT for nasopharyngeal carcinoma: Clinical and dosimetric
predictors in a prospective cohort study. Oral Oncol. 2017,68:44-9.

Lin Z,Yang Z, He B, Wang D, Gao X, Tam SY, et al. Pattern of radiation-
induced thyroid gland changes in nasopharyngeal carcinoma patients in
48 months after radiotherapy. PLoS ONE. 2018;13(7):20200310.

Siala W, Mnejja W, Abid M, Ghorbel A, Frikha M, Daoud J. Thyroid toxic-
ity after radiotherapy of nasopharyngeal carcinoma. Ann Endocrinol.
2011,72(1):19-23.

Appelman-Dijkstra NM, Malgo F, Neelis KJ, Coremans |, Biermasz

NR, Pereira AM. Pituitary dysfunction in adult patients after cranial
irradiation for head and nasopharyngeal tumours. Radiother Oncol.
2014;113(1):102-7.

Lam K, Tse V, Wang C, Yeung R, Ho J. Effects of cranial irradiation on hypo-
thalamic—pituitary function—a 5-year longitudinal study in patients
with nasopharyngeal carcinoma. QJM Int J Med. 1991;78(2):165-76.
Bhandare N, Kennedy L, Malyapa RS, Morris CG, Mendenhall WM. Hypopi-
tuitarism after radiotherapy for extracranial head and neck cancers. Head
Neck J Sci Spec Head Neck. 2008;30(9):1182-92.

Ratnasingam J, Karim N, Paramasivam SS, Ibrahim L, Lim LL, Tan AT, et al.
Hypothalamic pituitary dysfunction amongst nasopharyngeal cancer
survivors. Pituitary. 2015;18(4):448-55.

Appelman-Dijkstra NM, Kokshoorn NE, Dekkers OM, Neelis KJ, Biermasz
NR, Romijn JA, et al. Pituitary dysfunction in adult patients after cranial
radiotherapy: systematic review and meta-analysis. J Clin Endocrinol
Metab. 2011;96(8):2330-40.

Littley M, Shalet SM, Beardwell CG, Robinson E, Sutton CL. Radiation-
induced hypopituitarism is dose-dependent. Clin Endocrinol.
1989;31(3):363-73.

Lee AW, Ng WT, Pan JJ, Chiang CL, Poh SS, Choi HC, et al. International
guideline on dose prioritization and acceptance criteria in radiation
therapy planning for nasopharyngeal carcinoma. Int J Radiat Oncol Biol
Phys. 2019;105(3):567-80.

Beck-Peccoz P, Rodari G, Giavoli C, Lania A. Central hypothyroidism—a
neglected thyroid disorder. Nat Rev Endocrinol. 2017;13(10):588-98.
Rose SR. Cranial irradiation and central hypothyroidism. Trends Endo-
crinol Metab. 2001;12(3):97-104.

Miller MC, Agrawal A. Hypothyroidism in postradiation head and neck
cancer patients: incidence, complications, and management. Curr Opin
Otolaryngol Head Neck Surg. 2009;17(2):111-5.

Diaz R, Jaboin JJ, Morales-Paliza M, Koehler E, Phillips JG, Stinson S, et al.
Hypothyroidism as a consequence of intensity-modulated radiotherapy



Zhai et al. Radiation Oncology

32.

33.

34.

35.

36.

37.

38.

39.

40.

(2022) 17:57

with concurrent taxane-based chemotherapy for locally advanced head-
and-neck cancer. Int J Radiat Oncol Biol Phys. 2010;77(2):468-76.
Colevas AD, Read R, Thornhill J, Adak S, Tishler R, Busse P, et al. Hypo-
thyroidism incidence after multimodality treatment for stage Ill and IV
squamous cell carcinomas of the head and neck. Int J Radiat Oncol Biol
Phys. 2001;51(3):599-604.

Nishiyama K, Kozuka T, Higashihara T, Miyauchi K, Okagawa K. Acute
radiation thyroiditis. Int J Radiat Oncol Biol Phys. 1996;36(5):1221-4.
Bakhshandeh M, Hashemi B, Mahdavi SRM, Nikoofar A, Vasheghani M,
Kazemnejad A. Normal tissue complication probability modeling of

radiation-induced hypothyroidism after head-and-neck radiation therapy.

Int J Radiat Oncol Biol Phys. 2013;85(2):514-21.

Fujiwara M, Kamikonya N, Odawara S, Suzuki H, Niwa Y, Takada Y, et al.
The threshold of hypothyroidism after radiation therapy for head

and neck cancer: a retrospective analysis of 116 cases. J Radiat Res.
2015;56(3):577-82.

Sommat K, Ong WS, Hussain A, Soong YL, Tan T, Wee J, et al. Thyroid

V40 predicts primary hypothyroidism following intensity modulated
radiotherapy for nasopharyngeal carcinoma. Int J Radiat Oncol Biol Phys.
2017,98(3):574-80.

Sachdev S, Refaat T, Bacchus ID, Sathiaseelan V, Mittal BB. Thyroid V50
highly predictive of hypothyroidism in head-and-neck cancer patients
treated with intensity-modulated radiotherapy (IMRT). Am J Clin Oncol.
2014,40(4):413-17.

Chyan A, Chen J, Shugard E, Lambert L, Quivey JM, Yom SS. Dosimet-

ric predictors of hypothyroidism in oropharyngeal cancer patients
treated with intensity-modulated radiation therapy. Radiat Oncol.
2014;9(1):269-77.

Kim MY, Yu T, Wu HG. Dose-volumetric parameters for predicting hypo-
thyroidism after radiotherapy for head and neck cancer. Jpn J Clin Oncol.
2014;44(4):331-7.

Lee V, Chan S-Y, Choi C-W, Kwong D, Lam K-O, Tong C-C, et al. Dosimetric
predictors of hypothyroidism after radical intensity-modulated radiation
therapy for non-metastatic nasopharyngeal carcinoma. Clin Oncol.
2016;28(8):e52-60.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 11 of 11

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Predictors of radiation-induced hypothyroidism in nasopharyngeal carcinoma survivors after intensity-modulated radiotherapy
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Patient selection
	Treatment planning
	Gland delineation and dosimetry parameters
	Thyroid function evaluation
	Statistical analysis

	Results
	Discussion
	The plateau for the development of primary hypothyroidism
	Reasons why central hypothyroidism was less common
	Clinical factors associated with hypothyroidism occurrence
	Dosimetric factors associated with hypothyroidism occurrence

	Conclusion
	Acknowledgements
	References


