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A B S T R A C T

Purpose
Growth hormone deficiency (GHD) after radiation therapy negatively affects growth and develop-
ment and quality of life in children with brain tumors.

Patients and Materials
Between 1997 and 2008, 192 pediatric patients with localized primary brain tumors (ependymoma,
n � 88; low-grade glioma, n � 51; craniopharyngioma, n � 28; high-grade glioma, n � 23; and
other tumor types, n � 2) underwent provocative testing of GH secretion by using the
secretogogues arginine and L-dopa before and after (6, 12, 36, and 60 months) conformal radiation
therapy (CRT). A total of 664 arginine/L-dopa test procedures were performed.

Results
Baseline testing revealed preirradiation GHD in 22.9% of tested patients. On the basis of data from
118 patients, peak GH was modeled as an exponential function of time after CRT and mean
radiation dose to the hypothalamus. The average patient was predicted to develop GHD with the
following combinations of the time after CRT and mean dose to the hypothalamus: 12 months and
more than 60 Gy; 36 months and 25 to 30 Gy; and 60 months and 15 to 20 Gy. A cumulative dose
of 16.1 Gy to the hypothalamus would be considered the mean radiation dose required to achieve
a 50% risk of GHD at 5 years (TD50/5).

Conclusion
GH secretion after CRT can be predicted on the basis of dose and time after irradiation in pediatric
patients with localized brain tumors. These findings provide an objective radiation dose constraint
for the hypothalamus.

J Clin Oncol 29:4776-4780. © 2011 by American Society of Clinical Oncology

INTRODUCTION

Growth hormone deficiency (GHD) is the first and
most common adverse effect of hypothalamic irra-
diation in brain tumor survivors.1 A pooled preva-
lence of 35.6% has been estimated from studies
evaluating GHD in survivors of childhood cancer.
GHD is an important and well-documented etiol-
ogy of poor growth, abnormal body composition,
altered energy metabolism,2 poor overall health, and
diminished quality of life. Recent evidence suggests
that GHD increases cardiovascular risk factors3,4

and contributes to cognitive impairment,5-7 adding
to the importance of the problem and our need to
understand the risk factors for GHD, including the
specific contribution of cranial irradiation.

Our understanding of the contribution of radia-
tion dose and time after treatment to the development
of GHD has relied on retrospective information ob-
tained from patients treated to regional or whole-brain

volumes from which reasonable estimates of doses
to the hypothalamus-pituitary axis were obtained.
Stem-cell transplantation regimens using total-body
irradiation yield a 25% incidence at 5 to 10 years for
8 to 12 Gy and a 50% incidence at 10 years for 14.4
Gy.8 Cranial irradiation regimens using doses of
more than 24 Gy yield a 66% incidence,9,10 and
regimens using doses of more than 30 Gy lead to
incidences as high as 80% by 10 years.11 In one series
of optic pathway tumors, doses in excess of 45 Gy
resulted in a 100% incidence of GHD within 2
years.12 These same studies have confirmed that in-
creasing cranial radiation dose and time after treat-
ment are the main risk factors.13

There is a need for well-designed studies to
accurately determine the prevalence of endocrinop-
athies in cancer survivors treated with radiation
therapy. We performed prospective serial tests of
endocrine function in children with localized brain
tumors treated with conformal radiation therapy
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(CRT) including intensity-modulated radiation therapy. This report
describes the results from serial growth hormone (GH) testing in a
cohort of patients up to 5 years after the initiation of radiation therapy.
The results have applicability in the treatment of children with CNS
tumors and patients in whom the hypothalamus-pituitary unit is
included in the irradiated volume.

PATIENTS AND METHODS

Pediatric patients (n � 192) with localized primary brain tumors including
ependymoma (n � 88), low-grade glioma (n � 51), craniopharyngioma
(n � 28), high-grade glioma (n � 23), and other tumor types (n � 2)
underwent provocative testing of GH secretion before and after CRT or
intensity-modulated radiation therapy. All patients signed consent forms
that were approved by the institutional review board.

Endocrine Testing

The arginine tolerance/L-dopa (AT/L-dopa) test was performed be-
fore (baseline) and at 6, 12, 36, and 60 months after the initiation of CRT.
No patients were receiving dexamethasone or enzyme-inducing antiepi-
leptic drugs at the time of testing. The clinical measure of GH secretory
capacity was the peak GH value as determined by chemiluminescence.
Patients were determined to have GHD if the peak GH response to the
AT/L-dopa test was less than 7 ng/ml. Details regarding this procedure have
been described previously.14

CRT and Hypothalamic Dose-Volume Data

The method of CRT has been previously described.15,16 Except for pa-
tients with high-grade glioma who were treated by using a 2-cm clinical target
volume margin, all patients were treated by using a 1-cm clinical target volume
margin surrounding the gross residual tumor or the tumor bed. Patients
younger than age 7 years undergoing treatment had general anesthesia. Pa-
tients were immobilized with a relocatable stereotactic head frame, a thermo-
plastic face mask, or a molded vacuum bag.

To assist in the planning process and identification of normal tissue
structures, all patients underwent magnetic resonance imaging (MRI) scans to
obtain a 3-dimensionally acquired contrast-enhanced T1-weighted data set.
The resultant images were registered to the treatment planning computed
tomography data set obtained with the patient in the treatment position. The
hypothalamus was contoured from the MRI data, and the distribution of the
dose through the hypothalamus was calculated for each patient. The mean
dose to the hypothalamus was used for the analysis.

Statistical Analysis

Two analyses were carried out for this study. The first was to characterize
the baseline peak GH levels, estimate the proportion of patients with GHD
before irradiation, and identify clinical factors associated with pre-existing
GHD. The second was to characterize the longitudinal trends of peak GH after
CRT, estimate the rate of change in peak GH values during the first 5 years after
CRT, and quantify the influence of radiation dose and other clinical factors on
the rate of change.

A mixed effects (random and fixed effects) model was used for the
analysis.17,18 The peak GH, measured by the AT/L-dopa test, was the response
variable for the model. The peak GH values were log transformed to achieve
the best fit. In the model for the longitudinal analysis, the log peak GH value
was modeled as a function of time for the evaluation of each patient and was
used to create a regression line. The intercept of the line was the baseline
(pre-CRT) log peak GH value, and the slope of the line was the rate of change
for the log peak GH value. The intercept and slope of individual patient
regression lines were considered random effects and were used to estimate the
regression curve for the patient population. The effect of irradiation on the
longitudinal trend of peak GH value was estimated from the contributive
factor of the mean dose to the hypothalamus in the model. The total effect of
CRT on the hypothalamus was modeled as a linear combination of the effects
of different levels of radiation dose. The resulting model with estimating
parameters was used to predict the longitudinal change in peak GH level.

To estimate the risk of GHD (the probability that the peak GH was lower
than 7 ng/mL) for a given mean radiation dose at a specific time after CRT, we
assumed that log peak GH was normally distributed with a mean predicted by
equation 2 (see Results) and that the standard deviation was 0.64 on the basis of
the estimated standard deviation for the log peak GH at baseline in all patients.
We assumed that for a subgroup receiving the same mean radiation dose, the
mean log peak GH level would change with time but that the standard devia-
tion of the log peak GH level would remain the same.

RESULTS

Pre-Irradiation GHD

Baseline testing was performed on 180 patients. To conserva-
tively estimate the incidence of pre-existing GHD, we excluded eight
patients with baseline values � 3 ng/mL and less than 7 ng/mL when
subsequent testing showed that peak GH levels at later times recovered
to levels � 7 ng/mL. On the basis of this possibility, we excluded one
patient who underwent only baseline testing with peak GH � 3 ng/mL
and less than 7 ng/mL. None of the patients with baseline values less
than 3 ng/mL showed evidence of recovery to the normal range of � 7
ng/mL on subsequent testing; thus, those with only one baseline eval-
uation value less than 3 ng/mL were included in the analysis of preir-
radiation GHD. Finally, we excluded the test results for one patient
who had a longstanding history of selective serotonin reuptake inhib-
itor use. Among the 170 patients who were included in the analysis of
baseline test results, 39 (22.9%) had preirradiation GHD. Peak GH
was less than 3 ng/mL in 25, less than 5 ng/mL in 33, and less than 7
ng/mL in 35 patients.

Pre-CRT GHD could not be predicted significantly by sex, his-
tory of pre-CRT chemotherapy, age at the time of CRT, or time
interval from diagnosis to CRT. Pre-CRT GHD was less likely in white
patients (relative risk [RR], 0.325; P � .0213) than in black patients; in
diagnoses other than craniopharyngioma, including ependymoma
and both high- and low-grade glioma, the RRs were 0.017, 0.011, and
0.043, respectively (P � .001); and in patients with infratentorial
tumors compared with those with supratentorial tumors, the RR was
0.142 (P � .001). Patients who qualitatively appeared to have hydro-
cephalus were not more likely to have pre-CRT GHD; however, those
who required cerebrospinal fluid (CSF) shunting did have a higher
risk (RR, 2.085; P � .0480).

Longitudinal Effect of CRT on GH Secretion

The longitudinal change in peak GH values was modeled by
using data from 118 patients, including those who did not have preir-
radiation GHD and who were able to undergo baseline and at least one
subsequent evaluation. The number of baseline and subsequent eval-
uations totaled 469: baseline (n � 118), 6 months (n � 110), 12
months (n � 113), 36 months (n � 72), and 60 months (n � 56).

The longitudinal trend of peak GH level was modeled with the
time variable (time after the start of irradiation) and clinical vari-
ables, including the mean radiation dose to the hypothalamus
(mean dose), the presence or absence of CSF shunting before
irradiation (CSF shunt), the baseline value of peak GH (bGH),
and tumor location. There was an association between mean
dose and CSF shunt (P � .0253), mean dose and tumor location
(P � .001), and mean dose and the time interval from diagnosis to
CRT (P � .0025). Patients with a CSF shunt had lower baseline
levels of peak GH than patients without shunts (P � .5830), and
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patients with supratentorial tumors had lower baseline levels than
those with infratentorial tumors (P � .1667). The mean dose to the
hypothalamus was higher in patients with a longer interval from
diagnosis to the start of irradiation (P � .0025).

There was a statistically significant (P� .001) exponential decline
in peak GH values after the start of irradiation (equation 1), shown by
a model with only time as the predictor. The paired interactions
of time and mean dose (P � .001), time and CSF shunt (P � .0022),
and time and bGH (P � .0484) were significant by a model that
included time and mean radiation dose as predictors (equation 2). The
exponential decline in peak GH with time is shown by using curves
that represent dose at intervals of 10 Gy (Fig 1).

All possible interactions of the four clinical variables were
considered in model fitting; the best model is delineated in equa-
tion 3. In that model, the interaction between time and mean
radiation dose was the most significant (P � .001), followed by
time and bGH (P � .0029), and time and CSF shunt (P � .0350). In
the composite model, patients without CSF shunts had higher
longitudinal values of peak GH. Patients with higher baseline values of
peak GH had a greater rate of decline in longitudinal values. Increasing
mean dose was inversely correlated with longitudinal peak GH.

peak GH � exp�2.5928 � �0.02088 � time�� (1)

peak GH � exp�2.5947 � �time � �0.0019 � �0.00079

� mean dose���� (2)

peak GH � exp��0.7774 � �0.08769 � CSF shunt� � �0.63

� bGH�� � �time � �0.02926 � �0.014 � CSF shunt� � �0.0138

� bGH� � �0.00092 � mean dose���� (3)

Considering attrition from disease progression and the initiation
of replacement therapy in those who developed clinically significant
GHD during the first years after irradiation (Appendix, online only),
we performed a similar analysis by using a data set that was limited to
peak GH values obtained through 36 months. In this subset analysis,
the interaction between time and mean dose remained highly signifi-
cant, and the model showed a steeper decline in peak GH as a function
of time and dose.

Probability of GHD by Time and Dose

By using the estimating equation that included time and mean
dose to the hypothalamus (equation 2), and assuming a standard
deviation similar to that of our cohort at baseline, we calculated the
probability of GHD (ie, probability of a peak GH lower than 7 ng/mL)
at 12, 36, and 60 months after irradiation (Table 1) for each given level
of mean radiation dose (5 Gy, 10 Gy, …, 60 Gy). A similar analysis was
performed by using the data set for 0 to 36 months. The average
patient was predicted to develop GHD with the following combina-
tions of time after CRT and mean dose to the hypothalamus: 12
months and more than 60 Gy, 36 months and 25 to 30 Gy, and 60
months and 15 to 20 Gy.

Complication Probabilities: TD5/5 and TD50/5

The TD5/5 and TD50/5 represent the minimum (5% risk) and
maximum (50% risk) radiation dose tolerance estimated at 5 years.
These estimates consider conventional fractionated radiation therapy
to the organ at risk by using clinical regimens of 1.8 to 2.0 Gy per day
administered 5 days per calendar week. Assuming the standard devi-
ation of the baseline value of log peak GH in our cohort as that for the
log peak GH for any given pair of time and mean dose, and assuming
a normal distribution for this value, we determined that all patients
would have at least a 5% risk of having a peak GH level less than 7
ng/mL, regardless of their mean doses.

By using the same method, we determined that for patients to
have less than a 50% risk of peak GH below 7 ng/mL at 5 years, the
mean dose to the hypothalamus should not exceed 16.1 Gy over the
course of 6 to 6.5 weeks based on the 60-month data set and 12.6 Gy
over the course of 6 to 6.5 weeks based on the 36-month data set.

DISCUSSION

GHD after therapeutic cranial irradiation is a treatable late effect of
successful cancer therapy that might be reduced or eliminated through
careful treatment planning or new methods. Our results suggest that
when the mean dose to the hypothalamus can be reduced to less than
16.1 Gy, half the surviving children may be spared from GHD during
the first 5 years after treatment. Considering that GHD results from
damage to the neurons in the hypothalamus that are considered most
sensitive to the effects of irradiation,19 it follows that the incidence of
other endocrine deficiencies might also be reduced if and when this
threshold dose is observed. Reducing hypothalamic irradiation should
be feasible when treating children with brain tumors if the targeted
volume is not immediately adjacent to the hypothalamus and when
advanced methods of photon or proton therapy are used. That our
patients received 30 to 33 fractions of 1.8 Gy over the course of 6 to 6.5
weeks should be considered in the interpretation of these results, since
the fractional dose threshold is 0.49 to 0.54 Gy per fraction or 27% to
30% of the prescribed daily dose.

The criteria for diagnosis of GHD vary by institution. Children
without any tumor history are often considered to have GHD and
qualify for GH therapy when their peak stimulated GH is less than 10
ng/mL. This study provides firm estimates of the radiation dose re-
quired to induce GHD by using a more conservative diagnostic level of
7 ng/mL. However, it is clear that other factors in addition to radiation
dose contribute to this endocrine deficit. In our study, the incidence of
GHD before irradiation was related to CSF shunting, which is
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Fig 1. Peak growth hormone (GH) according to hypothalamic mean dose and
time after start of irradiation. According to equation 2, peak GH � exp{2.5947 	
time 
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Merchant et al

4778 © 2011 by American Society of Clinical Oncology JOURNAL OF CLINICAL ONCOLOGY



standard in the sequelae and treatment of severe hydrocephalus.
Pre-existing GHD was also related to tumor diagnosis and tumor
location. These variables are often correlated, considering the sin-
gular suprasellar location of craniopharyngioma and the fact that
the diencephalon or optic pathway is the most commonly irradiated
site in childhood low-grade glioma. Because these tumors are inti-
mately associated with the hypothalamus, these patients have a high
likelihood of postradiation GHD if it is not already present before
irradiation. All factors considered, our data suggest a need for early
evaluation and intervention in these patients.

Children with ependymoma often present with obstructive hy-
drocephalus originating in the posterior fossa. The direct effect of
hydrocephalus on the hypothalamus from increased intracranial pres-
sure and expansion of the ventricular system should not be underes-
timated. Although tumor resection may relieve the obstruction,
permanent CSF shunting is required for the most severe cases. In

addition to radiation dose to the hypothalamus, CSF shunting is an
important risk factor for GHD both before and after irradiation.

Endocrine deficiencies cannot always be predicted by tumor lo-
cation. This observation highlights the contribution of scattered radi-
ation20 and the need for more accurate estimates of hypothalamic
radiation dose. Clinical data describing neuroendocrine effects of
irradiation have been derived by using generalized estimates of radia-
tion dose under conditions in which the dose to the hypothalamic-
pituitary axis was generally homogeneous and discrete. Examples
include patients treated with single-dose or fractionated total-body
irradiation (8 to 14 Gy), those given cranial irradiation for acute
lymphoblastic leukemia (18 Gy and 24 Gy), and those with tumors of
the sella or parasellar region in which the hypothalamic-pituitary axis
was uniformly included in the volume of prescribed dose (� 50 Gy).
Radiation is a significant contributor to neuroendocrine complications
commonly observed after treatment for brain tumors and tumors of the

Table 1. Probability of GHD by Mean Dose to the Hypothalamus and Time After Irradiation Using Peak GH Data Through 36 and 60 Months After Conformal RT

Time After RT
Start (months)

Mean Dose to
Hypothalamus (Gy)

36-Month Data (GH, ng/mL)* 60-Month Data (GH, ng/mL)†

Probability
of � 7

Probability
of � 3

Predicted
Mean Peak

Probability
of � 7

Probability
of � 3

Predicted
Mean Peak

12 5 0.15 0.0093 13.55 0.16 0.0107 13.07
10 0.18 0.0120 12.73 0.18 0.0130 12.46
15 0.20 0.0154 11.96 0.20 0.0157 11.89
20 0.23 0.0196 11.23 0.23 0.0189 11.34
25 0.26 0.0247 10.55 0.25 0.0226 10.81
30 0.29 0.0309 9.92 0.27 0.0269 10.31
35 0.33 0.0383 9.32 0.30 0.0318 9.83
40 0.36 0.0472 8.75 0.32 0.0375 9.38
45 0.40 0.0576 8.22 0.35 0.0439 8.94
50 0.44 0.0697 7.73 0.38 0.0513 8.53
55 0.48 0.0837 7.26 0.41 0.0595 8.13
60 0.52 0.0998 6.82 0.44 0.0688 7.76

36 5 0.19 0.0135 12.36 0.18 0.0131 12.44
10 0.28 0.0274 10.25 0.25 0.0227 10.79
15 0.38 0.0518 8.50 0.32 0.0377 9.36
20 0.50 0.0910 7.05 0.41 0.0599 8.12
25 0.61 0.1486 5.85 0.50 0.0912 7.04
30 0.72 0.2267 4.85 0.58 0.1332 6.11
35 0.81 0.3237 4.02 0.67 0.1869 5.30
40 0.88 0.4346 3.33 0.74 0.2524 4.60
45 0.93 0.5508 2.77 0.81 0.3282 3.99
50 0.96 0.6628 2.29 0.86 0.4119 3.46
55 0.98 0.7620 1.90 0.91 0.4998 3.00
60 0.99 0.8426 1.58 0.94 0.5877 2.60

60 5 0.23 0.0193 11.28 0.21 0.0160 11.84
10 0.40 0.0569 8.26 0.33 0.0379 9.34
15 0.59 0.1369 6.04 0.47 0.0800 7.37
20 0.76 0.2720 4.42 0.61 0.1504 5.82
25 0.89 0.4526 3.24 0.75 0.2533 4.59
30 0.95 0.6437 2.37 0.85 0.3844 3.62
35 0.99 0.8039 1.74 0.92 0.5305 2.86
40 1.00 0.9104 1.27 0.96 0.6725 2.25
45 1.00 0.9664 0.93 0.98 0.7931 1.78
50 1.00 0.9898 0.68 0.99 0.8825 1.40
55 1.00 0.9975 0.50 1.00 0.9403 1.11
60 1.00 0.9995 0.37 1.00 0.9731 0.87

Abbreviations: GH, growth hormone; GHD, growth hormone deficiency; RT, radiation therapy.
*36-month model: peak GH � exp(2.6518 	 {time 
 �0.001385 � (0.00104 
 mean dose)�}).
†60-month model: peak GH � exp(2.5947 	 {time 
 �0.0019 � (0.00079 
 mean dose)�}).
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head and neck when the hypothalamus is subtended by the irradiated
volume.21 Similar complications are observed when the hypothalamus is
incidentally irradiated in the treatment of nasopharyngeal cancer, retino-
blastoma, Hodgkin’s lymphoma, and pediatric sarcomas of the head
and neck.22

For other diseases, the hypothalamus may have been located
within the irradiated volume for part or all of the treatment or in the
gradient of dose (dose falloff), receiving only a fraction of the daily
dose administered. These circumstances make it difficult to assign a
dose to the hypothalamus and to determine the risk for late effects.
These difficulties are present when the patient is seen by an endocri-
nologist years after treatment and retrospective dose calculations may
be difficult to perform. Newer radiation techniques use 3-dimensional
imaging (computed tomography and MRI) and allow for more accu-
rate dose calculation and reporting. Correlated with objective mea-
sures of endocrine effects, dosimetry of hypothalamic irradiation will
become increasingly valuable in predicting the incidence of spe-
cific endocrinopathies.

In pediatric radiation oncology, reducing adverse effects of treat-
ment is an important goal. Reducing adverse effects can be achieved
primarily by limiting CNS irradiation to patients for whom the indi-

cations are clear and the benefits outweigh the risks. The risk for
endocrine-related complications should be carefully considered in
planning radiation therapy but should not be used as a reason to avoid
curative therapy. Careful follow-up and surveillance will lead to earlier
intervention and mitigation of the consequences of cranial radiation.
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