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Summary

A total of 105 patients
treated with (chemo-)
radiation therapy for head-
and-neck cancer were
prospectively followed
during a period of 2.5 years.
Thirty-five patients (33%)
developed primary hypothy-
roidism. A normal tissue
complication probability
model based on 2 variables,
including the mean thyroid
gland dose and the thyroid
gland volume, was most
predictive for radiation-
induced hypothyroidism.
Model performance was
good with an area under the
curve of 0.85.
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Purpose: To establish a multivariate normal tissue complication probability (NTCP) model for
radiation-induced hypothyroidism.
Methods and Materials: The thyroid-stimulating hormone (TSH) level of 105 patients treated
with (chemo-) radiation therapy for head-and-neck cancer was prospectively measured during
a median follow-up of 2.5 years. Hypothyroidism was defined as elevated serum TSH with
decreased or normal free thyroxin (T4). A multivariate logistic regression model with bootstrap-
ping was used to determine the most important prognostic variables for radiation-induced hypo-
thyroidism.
Results: Thirty-five patients (33%) developed primary hypothyroidism within 2 years after
radiation therapy. An NTCP model based on 2 variables, including the mean thyroid gland dose
and the thyroid gland volume, was most predictive for radiation-induced hypothyroidism. NTCP
values increased with higher mean thyroid gland dose (odds ratio [OR]: 1.064/Gy) and
decreased with higher thyroid gland volume (OR: 0.826/cm3). Model performance was good
with an area under the curve (AUC) of 0.85.
Conclusions: This is the first prospective study resulting in an NTCP model for radiation-
induced hypothyroidism. The probability of hypothyroidism rises with increasing dose to the
thyroid gland, whereas it reduces with increasing thyroid gland volume. � 2012 Elsevier Inc.
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Table 1 Pretreatment characteristics of the patient population

Variable Number %

Sex
Female 77 73.3
Male 28 26.7

Age
18-49 y 17 16.2
50-59 y 26 24.8
60-69 y 32 30.5
�70 y 30 28.6

Site
Larynx 34 32.4
Oropharynx 29 27.6
Oral cavity 15 14.3
Hypopharynx 9 8.6
Salivary gland 7 6.7
Skin 4 3.8
Unknown primary 3 2.9
Paranasal sinuses 3 2.9
Sarcoma in neck 1 0.9

T-classification
T0-T2 62 59.0
T3-T4 43 41.0

N-classification
N0 49 46.7
N1-N2b 27 25.8
N2c-N3 29 27.6

Radiation therapy
Primary 74 70.5
Postoperative 31 29.5

Radiation technique
3-dimensional conformal
radiation therapy

70 66.7

Intensity modulated
radiation therapy

35 33.3

Fractionation schedule
Conventional 50 47.6
Accelerated 55 52.4

Systematic treatment
None 82 78.1
Chemotherapy 15 14.4
Cetuximab 8 7.6
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Introduction

Hypothyroidism is a frequently occurring late side effect after
curative radiation therapy to the head-and-neck region (1). The
incidence of hypothyroidism after radiation therapy varies
between 19% and 53% (1). This is much higher than observed in
the normal population, in which the prevalence of hypothyroidism
is approximately 8% in women and 3% in men (2). Hypothy-
roidism after radiation therapy occurs at a median interval of 1.4-
1.8 years (range 0.3-7.2) (1).

Radiation-induced hypothyroidism is an irreversible condi-
tion requiring lifelong thyroid hormone replacement. In general,
substitution with levothyroxine reverses all signs and symptoms
of hypothyroidism, although some neuromuscular and psychi-
atric symptoms may persist for several months (3). In a cross-
sectional study among female patients, both subclinical and
clinical hypothyroidism were associated with worse perception
of health-related quality of life (4). Women with subclinical
hypothyroidism had lower scores than controls, but better scores
than women with clinical hypothyroidism, suggesting a gradual
deterioration of quality of life depending on residual thyroid
function (4). These findings indicate that hypothyroidism is
a clinically relevant side effect of radiation therapy. In head-
and-neck cancer patients, radiation doses to the lower neck
range from 46 Gy for patients with clinically node-negative
disease, to 70 Gy for regions with tumor involvement.
Usually, the thyroid gland receives at least part of the radiation
dose. When intensity modulated radiation therapy (IMRT) is
applied to spare the thyroid gland, significantly lower median
dose, volume receiving 30 Gy (V30), V40, and V50 can be ob-
tained as compared with those with 3-dimensional conformal
radiation therapy (3D-CRT) (5).

However, the clinical benefit of this dose reduction remained
unclear. In a recent systematic review based on 5 studies, it was
not possible to clearly define a relationship between dose-volume
parameters and hypothyroidism (1). Apart from dose-volume
parameters, a range of other clinical and (pre)treatment variables
may be associated with the development of radiation-induced
hypothyroidism, including age (6-10), diabetes mellitus (9),
(hemi-) thyroidectomy (6-8), laryngectomy (6-8), neck dissection
(6-8, 10), and chemotherapy (8-10). Despite this knowledge,
a multivariate predictive model does not exist.

Therefore, the objectives of this prospective cohort study were
to investigate which clinical and treatment parameters were most
predictive for radiation-induced hypothyroidism and to develop
a multivariate normal tissue complication probability (NTCP)
model.

Methods and Materials

Patients

Consecutive patients with head-and-neck cancer who started
primary or postoperative radiation therapy with or without
concomitant chemotherapy between March 2007 and June 2008 at
the department of Radiation Oncology of the University Medical
Center Groningen, the Netherlands, were included in this
prospective study. The procedures followed were in accordance
with the ethical standards of the responsible committee on human
experimentation.
Excluded were patients: (1) with primary tumors of the thyroid
gland; (2) with pre-existing thyroid gland disorders; (3) who
received irradiation to the head and neck previously; and/or (4) who
underwent a total or subtotal thyroidectomy. Patients with naso-
pharyngeal carcinomas were excluded as well because these
patients received significant radiation doses to their pituitary glands,
which may result in central hypothyroidism. The eligibility criteria
were met in 137 patients. All these patients had normal thyroid
gland functions before the start of radiation therapy (median
thyroid-stimulating hormone [TSH] 1.53 mE/L; range 0.55-3.73
mE/L).

An additional 32 patients were excluded because of missing
TSH measurements during follow-up (nZ27) and/or missing
dose-volume histogram (DVH) data (nZ5). The characteristics of
the remaining 105 patients included in the study are shown in
Table 1.
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Thyroid function assessment

Since 2007, all head-and-neck cancer patients treated at the
department of radiation oncology participate in a standard follow-
up program (SFP). The SFP includes a prospective evaluation of
toxicity (including thyroid function) before, during, and at regular
intervals (6 months) after curative (chemo-) radiation therapy. The
actual mean time intervals for these assessments were 6.1 months
(range 3.1-8.2), 12.0 months (range 10.1-15.0), 18.5 months
(range 17.2-20.9), and 24.0 months (range 23.0-27.2).

Symptoms that may be related to hypothyroidism were
prospectively scored and, if present, their effect on daily func-
tioning. TSH and thyroxin (T4)measurements were performedwith
the Modular Analytics E170 module (Roche Laboratory Systems,
Mannheim, Germany). The normal range for TSHwas defined to be
between 0.5-4.0 mE/L and for T4 between 11.0-19.5 pmol/L. T4
measurements were only performed when TSH was abnormal or
when patients reported symptoms that suggested hypothyroidism.

Endpoint

The primary endpoint was hypothyroidism, either subclinical or
clinical occurring in the first 2 years after completion of treatment.
We decided to combine subclinical and clinical hypothyroidism
into 1 endpoint as during the study it emerged to be difficult to
determine if certain signs and symptoms, such as fatigue, weakness,
cognitive dysfunction, and depression, were due to hypothyroidism
or due to the treatment and/or malignancy itself (1). Patients were
classified as having hypothyroidism if they had elevated TSH
values (>4 mE/L) either in combination with a reduced (<11 pmol/
L) or normal T4 occurring at any point during a 2-year follow-up. In
the Netherlands, the national guidelines for treating hypothy-
roidism allow for treating patients with subclinical hypothyroidism
temporarily with levothyroxine to test if complaints that could be
due to hypothyroidism improve. If the complaints improve and no
other explanation can be found, the diagnosis of clinical hypothy-
roidism is confirmed even in case of normal T4 values.

Contouring the thyroid gland

In all patients, a planning CT scan (Somatom Sensation Open,
Siemens Healthcare, Forchheim, Germany) was made in supine
position, including the whole head-and-neck area, with a slice
thickness of 2 or 4 mm. In general a contrast-enhanced CT scan
was made 40 seconds after intravenous injection with 60 mL
Visipaque þ 40 mL sodium-chloride 0.9%.

The thyroid gland (ie, 1 structure consisting of left lobe,
isthmus, and right lobe) of each patient was retrospectively delin-
eated on the CT scan in the Pinnacle treatment planning system
(version 8.0h, Philips Radiation Oncology Systems, Fitchburg, WI)
and a DVH of the thyroid gland was produced. During IMRT
planning, no attempts were made to reduce the dose to the thyroid
gland. From this DVH, the thyroid gland mean (Dmean), maximal
(Dmax), and minimal dose (Dmin) were calculated as well as the V10,
V20, V30, V40, V50, V60, and V70 (all defined as relative volumes).

Treatment

A detailed description of radiation therapy either or not combined
with systemic treatment has been published in a previous study
(11). Postoperative patients were irradiated with doses varying
from 46-66 Gy.

Statistical analysis

First, univariate logistic analysis was performed in SPSS for
windows (version 16.0, SPSS, Chicago, IL, USA), including all
candidate variables. The candidate variables were: (1) age, (2)
diabetes mellitus, (3) neck surgery (hemithyroidectomy, laryn-
gectomy, or neck dissection), (4) systemic therapy, (5) thyroid
gland volume, (6) radiation dose-volume parameters (Dmean, Dmax,
and Dmin, V10 [volume that received 10 Gy or more], V20, V30,
V40, V50, V60, and V70), (7) fractionation scheme (5 times a week
or accelerated), and (8) radiation technique (3D-CRT or IMRT).

For the development of the final NTCP model, a multivariate
logistic regression analysis was applied with an extended boot-
strapping technique and forward variable selection as previously
described by El Naqa et al (12). This was implemented in
MATLAB (version 7.10.0.499, The Mathworks, Inc, Natick, MA).
We used 500 bootstraps for each analysis. The average total
likelihood was calculated over all internal validation data sets for
each combination of variables, as a measure of predictive
performance. The combination of variables giving the highest
predictive performance was selected as the definitive NTCP
model.

Before the regression analysis, a correlation matrix was
produced that contained Pearson’s product moment correlation
coefficients. In case of a correlation coefficients �0.80 between
variables, 1 of these variables was excluded from the multivariate
analysis to avoid the problem of multicollinearity, which may
negatively affect the generalizability of the model.

The presence of possible interaction was tested between vari-
ables selected for the multivariate model. In addition, OR and 95%
confidence intervals (95% CI) were calculated for the variables
selected.

Model performance was described by various parameters (13).
The discriminating ability was described by the area under the
curve (AUC) of the receiver operating characteristics and by the
discrimination slope, which is defined as the absolute mean
differences in predictive NTCP values between patients with and
without the endpoint.

In the logistic regression analysis, we included all patients
with a potential minimal follow-up period of 2 years including
also patients who deceased or were reirradiated within 2 years
after initiation of treatment. Of these patients, only data obtained
until the date of reirradiation or death were used. Therefore,
some patients had a follow-up shorter than 2 years, which may
lead to an underestimation of the incidence of radiation-induced
hypothyroidism as earlier studies showed that this side effect
generally occurs after a median interval of 1.4-1.8 years (range
0.3-7.2) (1).

To check for this possible underestimation, we also calculated
the cumulative incidence using the Kaplan-Meier method.

Results

Patient characteristics

The study cohort consisted of 105 patients (77%). The patient
characteristics are shown in Table 1.



Table 2 Results of the univariate logistic regression analysis
with hypothyroidism in the first 2 years after completion of
treatment as the primary endpoint

Variable
Regression
coefficient

Univariate analysis

Odds
ratio (95% CI)

P
value

Sex
Female 1.00
Male 0.300 1.35 (0.53-3.47) NS

Age
Continuous �0.007 0.99 (0.96-1.03) NS

Diabetes mellitus
No 1.00
Yes 0.756 2.13 (0.50-9.08) NS

Neck surgery
No neck surgery 1.00
Neck surgery �0.515 0.60 (0.21-1.67) NS

Systemic treatment
Radiation therapy 1.00
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Univariate analysis

The median follow-up was 2.49 years (range 0.33-3.30). Thirty-
five patients (33%) developed hypothyroidism with a mean TSH
level of 12.0 mE/L (median 6.3 mE/L; range 4.2-94.4 mE/L). Of
these 35 patients, 9 patients (26%) were considered to have
clinical hypothyroidism and were treated with levothyroxine.
Three of 9 patients treated with levothyroxine had decreased T4
levels. In patients with subclinical hypothyroidism, 22 of the 26
patients had elevated TSH levels at repeated measurements. Four
of the 26 patients died before a second measurement could be
carried out. These 4 patients were classified as responders.

In the univariate logistic regression analysis, age, thyroid gland
volume, V10-V60, Dmax, Dmean, and Dmin were significantly asso-
ciated with radiation-induced hypothyroidism (P<.05; Table 2).

The cumulative incidence of hypothyroidism after 2 years as
assessed by the time-to-event analysis was 36% (Fig. 1), indi-
cating only a minor underestimation when using the crude inci-
dence of hypothyroidism in the first 2 years after completion of
treatment.
Concomitant
chemoradiation

0.523 1.69 (0.56-5.13) NS

Cetuximab 0.222 1.25 (0.33-4.68) NS
Radiation technique
3-dimensional
conformal
radiation
therapy

1.00

Intensity
modulated
radiation
therapy

0.629 1.88 (0.80-7.73) NS

Fractionation
Conventional
radiation
therapy

1.00

Accelerated
radiation
therapy

0.288 1.33 (0.59-3.02) NS

Thyroid volume
Continuous �0.187 0.83 (0.76-0.91) <.001

Mean thyroid dose
Continuous 0.065 1.07 (1.03-1.10) <.001

Maximum dose
thyroid

Continuous 0.054 1.06 (1.01-1.10) .015
Minimum dose

thyroid
Continuous 0.047 1.05 (1.02-1.07) <.001

Thyroid V20
Continuous 3.713 40.9 (5.38-311) <.001
Multivariate analysis

Factors that showed a significant association with hypothyroidism
in the univariate analysis were initially selected for the multivar-
iate analysis as well. However, a strong correlation was found
between Dmean and many other dose-volume parameters (Table 2).
Therefore, Dmin and V10-V40 were not included in the multivariate
analysis to prevent the problem of multicollinearity.

The multivariate logistic regression revealed that an NTCP
model based on 2 variables, Dmean and thyroid gland volume,
showed the highest predictive power. No significant interaction
was found between Dmean and thyroid gland volume (PZ.90).
None of the other factors mentioned in Table 2, such as chemo-
therapy or cetuximab, were significantly associated with the
development of hypothyroidism in the multivariate analysis.
Based on this model, NTCP values can be calculated using the
following equation:

NTCPZ
�
1þ e�S

��1
; in which

SZ0:011þ ð0:062,mean dose thyroid glandÞ
þ ð� 0:19,thyroid gland volumeÞ

The NTCP increased with higher mean thyroid gland dose
(P<.001), with an OR of 1.064/Gy (95% CI 1.029-1.101). The
NTCP decreased with higher thyroid gland volume (PZ.001) with
an OR of 0.826/cm3 (95% CI 0.740-0.921; Fig. 2). The AUC was
0.85 (95% CI 0.78-0.92) and the discrimination slope was 0.33.

The Hosmer-Lemeshow showed good agreement between
observed and expected incidences of radiation-induced hypothy-
roidism (Fig. 3).
Thyroid V30
Continuous 3.099 22.2 (4.06-121) <.001

Thyroid V40
Continuous 2.989 19.9 (3.99-98.9) <.001

Thyroid V50
Continuous 1.605 4.98 (1.67-14.8) .004

Thyroid V60
Continuous 2.300 9.97 (1.68-59.1) .011
Discussion

This is the first prospective cohort study that developed a multi-
variate NTCP model for radiation-induced hypothyroidism. An
NTCP model based on the thyroid gland mean dose and volume
was found to be most predictive.
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Fig. 1. Cumulative incidence of radiation-induced hypothy-
roidism in the first 2 years after completion of treatment. The
cumulative incidence was 36% after 2 years.
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In the normal population, hypothyroidism is 10-fold more
common in women than in men and the incidence increases with
age. In the current study, neither age nor sex turned out to be
independent prognostic factors for the primary endpoint, which
underline radiation therapy as the most important etiologic
factor.

Radiation-induced hypothyroidism develops after a median
interval of 1.4-1.8 years (range 0.3-7.2 years) (1). In the current
study, we report on the risk of hypothyroidism in the first 2
years after completion of treatment. Other authors showed that
the incidence of hypothyroidism will rise further with longer
follow-up time (1). Therefore, it should be stressed that the
presented NTCP model can only be used to estimate the risk on
hypothyroidism in the first 2 years after completion of radiation
therapy.

Radiation-induced hypothyroidism was not included in the
report from the Quantitative Analysis of Normal Tissue Effects in
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Fig. 2. Relationship between mean dose to the thyroid gland
stratified by different volumes of the thyroid glands.
the Clinic (QUANTEC) group (14). Emami et al (15) did not find
a clear relationship between thyroid volume and radiation-induced
hypothyroidism. They stated that at least two-thirds of the volume
should be damaged in order to induce clinical hypothyroidism.
In the same study, it was estimated that a dose of 45 Gy or more to
the whole thyroid gland would yielded an 8 complication proba-
bility within 5 years (15). Three other studies (5, 10, 16) found no
significant associations between thyroid dose-volume parameters
and radiation-induced hypothyroidism. In a retrospective cohort
study by Bhandare et al (9), a significantly higher incidence of
hypothyroidism was reported among patients with a mean thyroid
gland dose �45 Gy as compared with those who received a lower
dose. However, thyroid function was not monitored before
radiation therapy and no 3D dose distributions were available,
which hampers a reliable interpretation of the results. Vogelius
et al (17) performed a meta-analysis and found a dose-response
relation with a 50% risk of hypothyroidism at a dose of 45 Gy.
This is a much higher complication risk than described by Emami
et al (15) and in better agreement with our finding of 33%
incidence.

Recently, Cella et al (18) reported on the results of a retrospective
study in 53 patients with Hodgkin lymphoma treated with chemo-
radiation therapy (median dose 32 Gy, range 30-36 Gy). After 2
years of follow-up, 43% of the patients developed hypothyroidism.
The V30 was the only independent predictive factor. A threshold
value was found for the V30 (�62.5%) resulting in an 11.5% inci-
dence of in a 70.8% incidence when the V30 was beyond 62.5%
(P<.0001).

Our study is the first prospective study identifying thyroid
gland mean dose as the most important prognostic variable for
radiation-induced hypothyroidism among patients with head-and-
neck cancer. In contrast to the study of Cella et al, the total doses
of radiation used in our study were much higher (up to 70 Gy). It
should be noted that the variable selection method as used in the
current study was different from that used in the study of Cella
et al, which used conventional multivariate analysis methods
instead of bootstrapping in addition to preselection of
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variables based on correlations. We reanalyzed our data based on
V30 (data not shown) which resulted in an NTCP model with
a slightly lower model performance as compared with the model
based on Dmean.

In the current analysis, we did not correct for dose per frac-
tion. In this regard, it should be stressed that among patients
treated with IMRT, a simultaneous integrated boost (SIB) tech-
nique was used, meaning that the dose per fraction given to the
thyroid glands highly correlates with the mean dose. For patients
treated with 3D-CRT this is different. The exact a/b ratio for the
thyroid gland is not known; therefore, we decided not to correct
for dose per fraction although this might be an additional
important prognostic factor, but only to include radiation tech-
nique in the multivariate analysis.

An important finding was that besides the mean thyroid dose
also the thyroid volume was a significant prognostic factor for the
development of radiation-induced hypothyroidism, with an
increasing risk with lower volumes. A possible explanation for
this finding could be that a certain critical volume of the thyroid
gland should be spared to be able to maintain minimal thyroid
function and this volume is expected to be larger with the same
mean dose to a larger thyroid volume. Indeed, Diaz et al (5) found
a decrease in risk of hypothyroidism of 7%/cm3 increase in
thyroid gland volume. This agrees reasonably well with our
model. Given a typical mean thyroid gland dose of 45 Gy, an
increase in thyroid gland volume from 15 to 20 cm3 corresponds
to a decrease in NTCP with almost 5%/cm3.

In the present study, we used bootstrap validation to determine
the combination of variables that yielded the highest true
predictive performance. In this study, only 2 variables, the thyroid
gland mean dose and volume, were selected using this method-
ology. The addition of other candidate variables, such as age,
diabetes mellitus, surgery, and chemotherapy decreased the
predictive performance of the multivariate model. In a meta-
analysis, Vogelius et al (17) identified gender, race, and surgery of
the neck to be significant prognostic variables in the development
of hypothyroidism. However, the results were mainly based on
univariate logistic regression analyses.

Although the bootstrapping method includes internal valida-
tion, it remains important to validate this model in a separate
external validation cohort. The continuous prospective data
collection by the SFP will enable us to validate the model in
a subsequent consecutive data set in the near future. A recent
study (5) showed that the clinical application of IMRT without
constraints for the thyroid gland dose results in a higher incidence
and shorter latency time of radiation-induced hypothyroidism
compared to that after 3D-CRT. Interestingly, with IMRT, the
mean dose to the thyroid gland was significantly higher compared
with that with 3D-CRT (5), which confirms the dose dependency
that we found. Diaz et al (5) found that contouring the thyroid
gland as an IMRT avoidance structure resulted in significantly
lower mean thyroid doses as compared with those obtained with
3D-CRT. In our department, standard IMRT treatment planning
includes optimal sparing of the salivary glands, cochlea, brain,
eyes, and anatomical structures involved in swallowing, whereas
the thyroid gland has not been defined as IMRT avoidance
structure so far. The results of the current study indicate that
the mean dose to the thyroid gland should be minimized to
spare the gland.
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