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Context: Hypothalamic-pituitary (HP) dysfunction is common in
children treated with cranial radiotherapy (RT) for brain tumors, but
there is little known about the risk of HP dysfunction in adults treated
with RT for primary nonpituitary brain tumors.

Objective: The objective was to study the frequency of HP dysfunc-
tion in adults after RT for nonpituitary brain tumors.

Method: We studied 56 adult patients who received external beam
RT for primary nonpituitary brain tumors at time intervals of 12—-150
months after RT. The control group consisted of 20 RT-naive patients
with primary brain tumors. GH and adrenal axes were assessed using
the insulin tolerance test or the glucagon stimulation test. Gonado-
troph, thyrotroph, and lactotroph function were assessed using base-
line blood measurements. The biological effective dose (BED) to the
HP axis was calculated in the RT patients.

Results: Hypopituitarism was present in 41% of patients. The fre-
quency of GH, ACTH, gonadotropin, and TSH deficiencies, and hy-
perprolactinemia was 32, 21, 27, 9, and 32%, respectively. Any degree
of hypopituitarism and GH deficiency was significantly associated
with longer time interval from RT and greater BED. However, go-
nadotropin deficiency and hyperprolactinemia were only related to
BED, whereas ACTH deficiency was only significantly associated
with the time interval from RT. One RT-naive patient was GH
deficient.

Conclusion: Adult patients treated with cranial irradiation for pri-
mary nonpituitary brain tumors are at high risk of hypopituitarism,
which is time and dose dependent. Long-term surveillance and pe-
riodic evaluation are needed. We recommend that adult late effect
clinics, similar to those for children, should be established. (J Clin
Endocrinol Metab 90: 6355-6360, 2005)

HERAPEUTIC CRANIAL IRRADIATION has long been
recognized to cause hypothalamic-pituitary (HP) dys-
function. Traditionally, high-risk groups for postirradiation
hypopituitarism were patients with preexisting pituitary dis-
ease (mainly pituitary tumors) (1), survivors of childhood
cancer (2-8), and patients who received high-dose radio-
therapy (RT) to treat nasopharyngeal cancers (9, 10). How-
ever, the potential for cranial RT to cause significant pituitary
dysfunction in adult patients with nonpituitary brain tumors
has received little attention. The assumption has been that,
in adult subjects, the HP axis is more resistant to the effect
of cranial RT than in children. This hypothesis has been
supported by the finding that adults who received low-dose
total body irradiation (TBI) show normal pituitary function
after a mean of 2.4 yr (11), whereas 50% of children who
received the same TBI schedule show evidence of GH defi-
ciency at the same time interval (12). However, it is possible
that higher doses of RT used to treat primary brain tumors
in adult patients may cause significant HP dysfunction.
Recent advances in the diagnostic and therapeutic inter-
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ventions for primary brain tumors in adult patients are likely
to result in a reduced rate of recurrence and improved sur-
vival. Therefore, more attention should be focused on late
sequelae of treatment, including the potential for postirra-
diation hypopituitarism. In this paper, we report the results
of a study of postirradiation HP function in adult survivors
of primary nonpituitary brain tumors.

Patients and Methods
Patients

Fifty-six patients (28 males) who received cranial RT for primary
brain tumors between 1991 and 2003 were included in the study. Patients
were identified and recruited from the RT clinic at St. Luke’s Hospital
in Dublin. Patients were eligible for the study if they were older than 16
yr of age at the time of RT, if they had a primary brain tumor that was
distant from the HP axis, and if at least 1 yr had elapsed since the last
dose of irradiation. Exclusion criteria were as follows: patients with
known HP dysfunction, patients with malignant astrocytic tumors
(World Health Organization grades III or IV), patients who received
glucocorticoid treatment in the preceding 6 months, and patients who
were too ill to undergo testing. In all, 79 patients were initially identified
to be eligible, but 19 declined to participate and four could not be
contacted. Patients” baseline characteristics are shown in Table 1.

Controls

Twenty radiation-naive patients (12 males) with primary extrasellar
brain tumors were also studied. The control patients were randomly
selected from admission records at Neurosurgical Department in Beau-
mont Hospital. The control and RT patients were matched for their
baseline characteristics (Table 1), and similar exclusion criteria were
applied.
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TABLE 1. Basic demographic and clinical characteristics of
patients and controls

Characteristic (I;lat;eggs) glor;trzo(lﬁ

Age at RT (yr) 33.3 = 12.0 NA
Age at testing (yr) 39.3 +11.9 36.5 = 10
Male sex 28 (50) 12 (60)
Interval between radiotherapy 38 (12-150) NA

and testing (months)
BMI (kg/m?) 26.1+5 26.4 + 3.6
Tumor type

Gliomas 43 (77) 16 (80)

Meningliomas 5(9) 1(5)

Pinealomas 3(5) 2(10)

Medulloblastomas 2 (4) 0

Others 3(5) 1(5)
Surgical procedure

Resection 36 (64) 13 (65)

Biopsy only 18 (32) 7(35)

None 2(4) 0
BED (Gy) [median (range)] 54 (4-97) NA

Results are presented as number (percentage), mean * SD, or
median (range). P values were nonsignificant for any of the charac-
teristics. NA, Not applicable.

RT

Cranial irradiation was delivered by linear accelerators of 6-8 MV in
fractionated doses that included all or part of the hypothalamus and
pituitary gland in its field. The radiation dose to the HP axis was
estimated by either dose-volume histograms (using planning comput-
erized tomography, after the year 2000) or by manual calculation from
simulation films (before the year 2000). To allow for direct comparison
of different RT fractionation schedules, the dose was transformed to the
biological effective dose (BED), which has been shown previously to be
a predictor of late adverse endocrine effects (13). The BED was calculated
using the quadratic model, as follows: BED = D X [1 + d/(«/B)], where
D is the total dose, d is the fraction size, a represents is the linear
nonreparable component of cell killing, and B represents quadratic com-
ponent of cell killing. /3 = 3 for late responding tissue such as nerve
tissues. Two patients with medulloblastomas also received fractionated
spinal irradiation and local irradiation to the posterior fossa.

Chemotherapy (CT)

Five patients with gliomas received a combination of procarbazine,
lomustine, and vincristine, and one patient received temozolomide. The
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two patients with medulloblastomas received a combination of carbo-
platin and etoposide (VP16).

Endocrine assessment

GH and adrenal axes (Fig. 1). Twenty-five RT patients (45%) and seven
radiation-naive controls (35%) who had no history of seizures were
studied using the insulin tolerance test (ITT) (14-17). The remaining
patients and controls with seizures were initially screened using the
glucagon stimulation test (GST) (18-21). Because the GST has occasion-
ally been associated with false-positive (false-fail) results (18, 22), sub-
jects who failed the test were subsequently reassessed using a second
provocative test: the arginine stimulation test (AST) for GH axis (23, 24)
and the standard-dose short synacthen (corticotrophin) test (SST) (25—
27) for adrenal function (Fig. 1). Basal plasma ACTH concentration was
measured in all cases.

For the ITT, GH deficiency (GHD) was defined as a peak response less
than 5 pg/liter and severe GHD as a peak response less than 3 ug/liter
(16, 17), and ACTH deficiency was defined as a peak cortisol response
less than 500 nmol/liter (18 ug/dl). For the GST, we have previously
defined GHD in lean young adults in our unit as a peak GH response
less than 5 ug/liter and ACTH deficiency as a peak cortisol response less
than 450 nmol/liter (16 ug/dl) (22). Because GH response to the ITT and
the AST in post-RT adults was found to be equivalent (24), we used the
same cutoff to define GHD for the AST and the ITT. For the SST,
secondary hypoadrenalism is defined in our laboratory as a 30-min
response less than 500 nmol/liter (18 ug/dl). Patients were regarded as
GH or ACTH deficient if they failed the ITT alone or, alternatively, both
the GST and the AST or the SST as applicable.

Other anterior pituitary hormones. Baseline morning serum samples were
withdrawn for measurements of FSH, LH, free T, (FT,), TSH, prolactin,
IGF-1, and testosterone in males or estradiol levels in females. In all
females, menstrual history was obtained.

In males, gonadotropin deficiency was defined by a low serum tes-
tosterone with inappropriately low (below or within normal range)
gonadotropin level, in premenopausal females, by oligo-amenorrhea in
the presence of low serum estradiol level without a rise in gonadotropin
level, and, in postmenopausal females, by serum gonadotropin concen-
tration in the premenopausal range (28, 29). TSH deficiency was defined
by low serum FT, level (after excluding artifactual causes) without
appropriate elevation in serum TSH (28, 29). Hyperprolactinemia was
defined as a basal level greater than the locally derived normal assay
reference range.

Analytical methods

Serum GH was assayed using a noncompetitive immunoradiometric
method (DiaSorin, Vercelli, Italy), with an intraassay coefficient of vari-

56 RT patients
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ation (CV)0f1.9,1.9,and 3.9% at GHmeans of 18.4,8.2,and 1.71 ug/liter,
respectively. The interassay CV was 5.5, 4.5, and 2.3% at GH means of
17.5,7.7, and 1.69 pg/liter, respectively. Conversion factor was 1 ug/
liter = 2.5 mIU/liter. Serum cortisol was measured using a fluoro-
immunoassay (AutoDELFIA; PerkinElmer, Turku, Finland) with an in-
traassay CV of 3.6, 2.7, and 3% and an interassay CV of 1.6, 1.1, and 1.5%,
at serum cortisol concentrations of 210, 517, and 781 nmol/liter, respec-
tively. All GH and cortisol samples from any single individual were
assayed in the same batch.

Serum IGF-I was measured using HCl™ ethanol extraction radioim-
munoassay (Nichols Institute Diagnostics, San Juan Capistrano, CA).
Serum testosterone, LH, FSH, FT,, TSH, prolactin, and estradiol were
measured using a fluoroimmunoassay (AutoDELFIA; PerkinElmer).
Plasma ACTH was measured using a two-site immunoradiometric assay
(ORIS Group, Gif-sur-Yvette, France). Plasma glucose was measured
using the hexokinase method.

Normal reference ranges were as follows: testosterone, males, 10.3—-
34.5 nmol/liter (300-1000 ng/dl); premenopausal estradiol, more than
100 pmol/liter (27ng/liter); FT,, 8-21 pmol/liter (0.62-1.62 ng/dl); TSH,
0.5-4.2 mIU/liter; prolactin, males, 83—414 mIU/liter (2.3-11.5 ng/ml);
females, 90-523 mlIU/liter (2.5-14.6 ng/ml); plasma ACTH, 10-65
ng/liter.

Statistical analysis

Age, body mass index (BMI), and IGF-I sp scores (SDS) were log
transformed before testing for significance using a two-sample ¢ test.
However, for descriptive purposes, data are expressed as untrans-
formed mean = sp. The BED and time interval from RT to testing were
significantly skewed and were compared using the Wilcoxon’s rank-
sum test for nonparametric measurements. Categorical data were com-
pared using the Fischer’s exact test. Multifactorial logistic regression
models were developed to assess the effect of appropriate variables in
the presence of other confounding variables in the development of
pituitary hormones abnormalities. The dependent variables for the mod-
els were any degree of hypopituitarism; GH, ACTH, and gonadotropin
deficiencies, and hyperprolactinemia, whereas the independent vari-
ables were age, gender, BMI, BED, time interval from RT, and the
presence or absence of adjuvant CT. Correlation between variables was
made using the Spearman’s coefficient (r,). Serum IGF-I SDS were cal-
culated according to the following formula: IGF-I SDS = In (IGF-I) —
[5.92 — (0.0146 X age in years)]/0.272 (30). Significance of results was
determined according to the two-tailed alternative hypothesis, and re-
sults were deemed significant for P values <0.05. All of the analysis was
performed using the statistical software package STATA (version 8;
StataCorp, College Station, TX).
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Ethics

The study was approved by the ethics section of Beaumont Hospital
Medical Research Committee. The purpose of the study was explained
carefully to patients who were provided with written information on the
background to the study. After an interval of 1 wk, patients who agreed
to participate signed written consent for inclusion in the study.

Results
Patients

Evidence of hypopituitarism was present in 23 patients
(41%). Nine patients (16%) had single hormone deficiency,
whereas 14 patients (25%) had multiple deficiencies, includ-
ing four (7%) with panhypopituitarism. The breakdown pat-
tern of anterior pituitary hormones deficiency is shown in
Fig. 2.

GH and adrenal axes. Nine of the 25 patients who had the ITT
achieved a GH response to adequate hypoglycemia less than
5 ug/liter (median, 1.84; range, 0-4.6 ug/liter), including
seven with a response less than 3 ug/liter (Fig. 1). Among the
31 patients who had the GST, 11 had GH response less than
5 ug/liter (median, 0.5; range, 0-3.3), and nine failed the AST
(median GH response, 0.8; range, 0-3.1 ug/liter) including
eight with GH response to AST less than 3 ug/liter. There-
fore, 18 patients (32%) had GHD, including 15 (27%) with
severe GHD. IGF-I SDS were significantly lower in GHD
(—=1.3 £ 1.2) compared with non-GHD patients (+0.5 = 1.5;
P < 0.001).

Seven patients failed the ITT (peak cortisol response, 46—
481 nmol/liter). Nine patients failed the GST (peak cortisol
response, 33—448 nmol/liter), of whom five also failed the
SST (30-min cortisol response, 41-476 nmol/liter) (Fig. 1).
Therefore, 12 patients (21%) were defined as glucocorticoid
deficient. All 12 patients had inappropriately low basal se-
rum ACTH concentration.

Other abnormalities. Fifteen patients (27%, seven males) had
gonadotropin deficiency, which was associated in three pa-
tients with mild hyperprolactinemia [prolactin levels one to

Panhypopituitarism
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two times the upper limit of normal (ULN)] and in five
patients with moderate hyperprolactinemia (prolactin level
two to four times the ULN). Four male patients had evidence
of primary testicular failure (three received CT); one had low
testosterone with raised LH and FSH, one had low-normal
testosterone with raised LH and FSH, and one had isolated
raised FSH with normal testosterone and LH levels. The
fourth patient who did not receive CT had isolated raised
FSH with normal serum LH and testosterone concentrations.

Five patients (9%) had evidence of central hypothyroid-
ism. One of the two patients who had spinal irradiation had
subclinical primary hypothyroidism, and another patient
had thyroid-peroxidase antibodies-positive primary hypo-
thyroidism. Hyperprolactinemia was present in 18 patients
(32%), eight had prolactin levels between one and two times
the ULN, and 10 had prolactin levels more than two times
ULN. One patient who had panhypopituitarism had low
serum prolactin level.

Control subjects

All controls who had the ITT and 11 of 13 controls who had
the GST achieved normal GH response more than 5 ug/liter.
One control subject failed the GST (GH response, 3.25 ug/
liter) but passed the AST (GH response, 7.22 ug/liter). An-
other, lean 33-yr-old control subject who had extensive de-
bulking of a right-sided parietal astrocytoma failed both the
GST (undetectable GH response) and the AST (GH response,
1.82 ug/liter; IGF-I1 SDS, —1.1). Two control subjects failed
the GST but passed the SST.

All control subjects had normal gonadal and thyroid func-
tion and normal prolactin levels.

Risk factors for postradiation hypopituitarism (Tables 2
and 3)

Logistic regression analysis showed that any degree of
hypopituitarism and GHD was significantly associated with
the time interval from RT and the BED (Table 2). However,
gonadotropin deficiency and hyperprolactinemia were only
related to BED, whereas ACTH deficiency was only signif-
icantly associated with the time interval from RT (Table 2).
Age at time of RT, gender, BMI, or adjuvant CT were not
predictors of the development of hypopituitarism.

There was an inverse correlation between peak stimulated
GH and both the BED and the time interval from RT (Table
3 and Fig. 3) and between basal testosterone and FT, and the
time interval from RT. A weak inverse correlation was seen
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TABLE 3. Correlation (r,) between hormone measurements and
BED (Gy) and the time interval between RT and testing (months)

Time interval from RT BED
Peak stimulated GH -0.54 -0.53
P value <0.001 <0.001
Peak stimulated cortisol -0.27 -0.17
P value 0.04 0.22
FT, -0.31 -0.16
P value 0.02 0.25
Testosterone —-0.54 -0.29
P value 0.004 0.13
Prolactin -0.03 0.19
P value 0.84 0.15

between peak stimulated cortisol concentration and the time
interval from RT (Table 3).

Discussion

Our results show that adult patients who have received
cranial irradiation for primary nonpituitary brain tumor are
at high risk of developing hypopituitarism. Although the
prevalence of hypopituitarism is lower than that reported for
survivors of childhood cancer (5, 8, 13, 31) or after high-dose
irradiation for nasopharyngeal tumors (9, 10), the 41% of our
patients who showed evidence of hypopituitarism represent
a considerable clinical problem that is probably unrecog-
nized. The risk of post-RT hypopituitarism was time and
dose dependent, and the hierarchy of anterior pituitary hor-
mone deficiency was similar to that documented previously
in other subgroups of patients who received cranial irradi-
ation for pituitary and nonpituitary tumors, with GHD being
the commonest, followed by gonadotropin, ACTH, and TSH
deficiency (6). However, our study showed a much lower
frequency of GHD at 32% compared with the 80-100% prev-
alence of GHD reported in children treated with cranial RT
for brain tumors (5, 8, 13, 31). This may be explained by the
notion that the GH axis is more sensitive to the effect of RT
in children than in adults, a hypothesis that has also been
supported by the finding that adults who received low-dose
TBI show normal pituitary function after a mean of 2.4 yr
(11), whereas 50% of children who received the same TBI
schedule show evidence of GHD at same time interval (12).
However, comparing our finding of ACTH deficiency in 21%
of our adult patients with the frequency of postirradiation
ACTH deficiency in children is complicated by a significant
inconsistency among published studies. Although some au-
thors reported low likelihood of ACTH deficiency in only

TABLE 2. Results of multivariate regression models examining the relationship between hypopituitarism and the time interval from RT

and BED
Time interval from RT (months) BED (Gy)
Hormone abnormality

Present Absent P value Present Absent P value
Any degree of hypopituitarism 78 (38-120) 28 (14-42) 0.02 71 (59-80) 43 (34-58) 0.012
GHD 100 (47-130) 28 (15-45) 0.001 72 (62—-80) 44 (37-65) 0.029
Gonadotropin deficiency 100 (48-130) 31(17-51) 0.10 78 (71-85) 44 (37-62) 0.004
ACTH deficiency 100 (50-128) 32 (18-60) 0.02 72 (57-80) 50 (38-75) 0.26
Hyperprolactinemia 33 (16-80) 39 (21-87) 0.22 72 (43-80) 50 (39-69) 0.02

Results are expressed as median (interquartile range). Independent variables in the model were age, gender, BMI, BED, time interval from

RT, and the presence or absence of adjuvant CT.
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4-6% of children treated with RT for brain tumors (8, 31),
others reported childhood RT to be associated with convinc-
ing evidence of ACTH deficiency (failing both the ITT and
the SST) in 19% of subjects (32). In the last study, 48% of
subjects failed the ITT alone (32). The discrepancy between
these studies may reflect differences in the RT doses and
schedules that prevent direct comparisons between groups
and different durations of follow-up but also the difficulty in
diagnosing milder cases of ACTH deficiency, particularly in
children in which the diagnostic utility of different stimu-
lation tests and normal responses are not well established.

We have also been able to show that the insult to the HP
axis is primarily caused by RT, because only one of the
radiation-naive patients had GHD. This would strongly sug-
gest that neither the original tumor nor the subsequent neu-
rosurgery was responsible for the development of pituitary
dysfunction in the vast majority of patients. It has been spec-
ulated that CT could potentiate the damaging effect of RT on
the HP axis (33). We did not, however, find an association
between the use of CT and HP axis dysfunction, although the
small number of patients who received CT precludes defin-
itive conclusion about this speculative relationship.

The effect of cranial irradiation on HP function in adults
treated for nonpituitary disease has only received limited
attention. Harrop et al. (34) studied nine patients who were
irradiated for primary brain tumors that were remote from
the HP axis, six of whom were older than 16 yr at the time
of RT. Five patients showed impaired GH, two impaired
gonadotropin, and one impaired TSH secretion. Adrenal
function appeared normal in all patients. Littley et al. (35)
evaluated pituitary function in seven adults who were stud-
ied 5-13 yr after RT for gliomas (30 Gy in eight fractions) and
reported GH, gonadotropin, ACTH, and TSH deficiencies in
six, five, three, and two patients, respectively. The higher rate
of pituitary dysfunction in this study probably reflected the
longer interval between RT and evaluation. In contrast to
these studies, Constine et al. (36) evaluated 32 patients aged
6—-65 yr who received cranial RT for primary brain tumors
at 2-13 yr before the study and found a strikingly high
frequency of central hypothyroidism in 65% of patients, but

the frequency of hypothyroidism among children and adults
was not separately reported. Sixty-one percent of the post-
pubertal patients had hypogonadism, but there was incon-
sistency in the reported frequency of adrenal insufficiency
between the metyrapone test (35% fail) and the CRH test (all
normal). GH axis was not assessed in that study.

One particular difficulty in assessing GH and ACTH re-
serves in adult patients with brain tumors is the high fre-
quency of seizure disorders associated with tumors of as-
trocytic origin, which precludes the use of the gold-standard
ITT (14-17). The alternative test, the GST, assesses the entire
GH and adrenal axes and has been shown to be reliable
(18-21), although it is occasionally associated with false-
positive results (18, 22). For this reason, we reassessed pa-
tients who failed the GST with another stimulus and only
accepted the patients to be GH or ACTH deficient if they
failed the second test also. Therefore, we feel confident that
we did not overestimate the prevalence of GH and ACTH
deficiency in our cohort. It is, however, possible that some of
our RT patients who showed normal stimulated GH re-
sponse may have GH neurosecretory dysfunction, a state that
is characterized by diminished spontaneous or physiological
GH secretion but normal response to provocative stimuli
(37).

The insult causing pituitary dysfunction after cranial ir-
radiation is believed to be primarily hypothalamic in origin
because the hypothalamus is more sensitive to the effect of
radiation than the pituitary (33, 38). The exact mechanism of
radiation damage to the hypothalamus is not known, but
both vascular etiology and direct damage to the cell nuclei
have been proposed. The latter hypothesis may explain the
delayed onset of hormone deficiency until the cells of the
slowly dividing tissue die during mitosis (38).

Our findings have important implications for clinicians
looking after this group of patients. Adult patients who re-
ceived cranial irradiation for nonpituitary brain tumors
should be screened for the late effects of hypopituitarism.
Replacement therapy with sex steroids, glucocorticoids, and
T, have well-established value, but the benefit (39) and safety
(40) of GH replacement in this subgroup of hypopituitary
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patients is less well established and requires additional
studies.

Current 5-yr overall survival rates for patients who were
treated for low-grade gliomas are estimated to be between 60
and 70% (41), whereas treatments for other more benign
tumors such as meningiomas are highly effective. Therefore,
more attention should be focused on the slow effect of cranial
RT on the HP axis, necessitating long-term surveillance and
periodic clinical and biochemical evaluation to detect evolv-
ing hypopituitarism. We recommend that adult late effects
clinics, similar to those for children, should be established for
adult RT patients. In this context, prospective longitudinal
studies are needed to establish the appropriate timing and
frequency of post-RT pituitary assessment.

Acknowledgments

Received July 12, 2005. Accepted August 31, 2005.

Address all correspondence and requests for reprints to: Dr. Amar Agha,
Department of Endocrinology, Beaumont Hospital, Beaumont Road, Dub-
lin 9, Ireland. E-mail: amaragha@yahoo.com.

This work was supported by an unrestricted educational grant from
NovoNordisk Endocrine Care.

References

1. Littley MD, Shalet SM, Beardwell CG, Ahmed SR, Applegate G, Sutton ML
1989 Hypopituitarism following external radiotherapy for pituitary tumours
in adults. Q ] Med 70:145-160
2. Shalet SM, Beardwell CG, Morris-Jones PH, Pearson D 1975 Pituitary func-
tion after treatment of intracranial tumours in children. Lancet 2:104-107
3. Wara WM, Richards GE, Grumbach MM, Kaplan SL, Sheline GE, Conte FA
1977 Hypopituitarism after irradiation in children. Int ] Radiat Oncol Biol Phys
2:549-552
4. Danoff BF, Cowchock FS, Marquette C, Mulgrew L, Kramer S 1982 Assess-
ment of the long-term effects of primary radiation therapy for brain tumors in
children. Cancer 49:1580-1586
5. Brauner R, Rappaport R, Prevot C, Czernichow P, Zucker JM, Bataini P,
Lemerle J, Sarrazin D, Guyda HJ 1989 A prospective study of the development
of growth hormone deficiency in children given cranial irradiation, and its
relation to statural growth. J Clin Endocrinol Metab 68:346-351
6. Clayton PE, Shalet SM 1991 Dose dependency of time of onset of radiation-
induced growth hormone deficiency. J Pediatr 118:226-228
7. Toogood AA 2004 Endocrine consequences of brain irradiation. Growth Horm
IGF Res 14(Suppl A):S118-5124
8. Spoudeas HA, Charmandari E, Brook CG 2003 Hypothalamo-pituitary-ad-
renal axis integrity after cranial irradiation for childhood posterior fossa tu-
mours. Med Pediatr Oncol 40:224-229
9. Samaan NA, Vieto R, Schultz PN, Maor M, Meoz RT, Sampiere VA, Cangir
A, Ried HL, Jesse RH 1982 Hypothalamic pituitary dysfunction after radio-
therapy to the head and neck. Int J Radiat Oncol Biol Phys 8:1857-1867
10. Lam KSL, Tse VKC, Wang C, Yeung RTT, Ho JHC 1991 Effects of cranial
irradiation on hypothalamic-pituitary function—a 5-year longitudinal study
in patients with nasopharyngeal carcinoma. Q ] Med 78:165-176
11. Littley MD, Shalet SM, Morgenstern GR, Deakin DP 1991 Endocrine and
reproductive dysfunction following fractionated total body irradiation in
adults. Q J Med 78:265-274
12. Ogilvy-Stuart AL, Clark DJ, Wallace WH, Gibson BE, Stevens RF, Shalet SM,
Donaldson MD 1992 Endocrine deficit after fractionated total body irradia-
tion. Arch Dis Child 67:1107-1110
13. Schmiegelow M, Lassen S, Poulsen HS, Feldt-Rasmussen U, Schmiegelow
K, Hertz H, Muller J 2000 Cranial radiotherapy of childhood brain tumours:
growth hormone deficiency and its relation to the biological effective dose of
irradiation in a large population based study. Clin Endocrinol (Oxf) 53:191-197
14. Plumpton FS, Besser GM 1969 The adrenocortical response to surgery and
insulin-induced hypoglycaemia in corticosteroid-treated and normal subjects.
Br J Surg 56:216-219
15. Fish HR, Chernow B, O’Brian JT 1986 Endocrine and neurophysiological
responses of the pituitary to insulin-induced hypoglycemia: a review. Metab-
olism 35:763-780

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

35.

36.

37.

38.

39.

40.

41.

Agha et al. ® Postirradiation Hypopituitarism

Hoffman DM, O’Sullivan AJ, Baxter RC, Ho KKY 1994 Diagnosis of growth
hormone deficiency in adults. Lancet 343:1065-1068

Growth Hormone Research Society 1998 Consensus guidelines for the diag-
nosis and treatment of adults with growth hormone deficiency: summary
statement of the Growth Hormone Research Society Workshop on Adult
Growth Hormone Deficiency. J Clin Endocrinol Metab 83:379-381

Rao RH, Spathis GS 1987 Intramuscular glucagon as a provocative stimulus
for the assessment of pituitary function: growth hormone and cortisol re-
sponses. Metabolism 36:658-663

Orme SM, Peacey SR, Barth JH, Belchetz PE 1996 Comparison of tests of
stress-released cortisol secretion in pituitary disease. Clin Endocrinol (Oxf)
45:135-140

Leong KS, Walker AB, Martin I, Wile D, Wilding J, MacFarlane IA 2001 An
audit of 500 subcutaneous glucagon stimulation tests to assess growth hor-
mone and ACTH secretion in patients with hypothalamic-pituitary disease.
Clin Endocrinol (Oxf) 54:463-468

Gomez JM, Espadero RM, Escobar-Jimenez F, Hawkins F, Pico A, Herrera-
Pombo JL, Vilardell E, Duran A, Mesa J, Faure E, Sanmarti A 2002 Growth
hormone release after glucagon as a reliable test of growth hormone assess-
ment in adults. Clin Endocrinol (Oxf) 56:329-334

Agha A, Roger B, Mylotte D, Taleb F, Tormey W, Phillips J, Thompson CJ
2004 Neuroendocrine dysfunction in the acute phase of traumatic brain injury.
Clin Endocrinol (Oxf) 60:584-591

Shalet MS, Toogood A, Rahim A, Brennan BMD 1998 The diagnosis of
growth hormone deficiency in children and adults. Endocr Rev 19:203-223
Lissett CA, Saleem S, Rahim A, Brennan BM, Shalet SM 2001 The impact of
irradiation on growth hormone responsiveness to provocative agents is stim-
ulus dependent: results in 161 individuals with radiation damage to the so-
matotropic axis. ] Clin Endocrinol Metab 86:663—-668

Stewart PM, Corrie J, Seckl JR, Edwards CR, Padfield PL 1988 A rational
approach for assessing the hypothalamo-pituitary-adrenal axis. Lancet 1:1208 -
1210

Kane KF, Emery P, Sheppard MC, Stewart PM 1995 Assessing the hypo-
thalamo-pituitary-adrenal axis in patients on long-term glucocorticoid ther-
apy: the short synacthen versus the insulin tolerance test. Q ] Med 88:263-267
Clayton RN 1996 Short synacthen test versus insulin stress test for assessment
of the hypothalamo pituitary-adrenal axis: controversy revisited. Clin Endo-
crinol (Oxf) 44:147-149

Pavord SR, Girach A, Price DE, Absalom SR, Falconer-Smith J, Howlett TA
1992 A retrospective audit of the combined pituitary function test, using the
insulin stress test, TRH and GnRH in a district laboratory. Clin Endocrinol
(Oxf) 36:135-139

Burke CW 1992 The pituitary megatest: outdated? Clin Endocrinol (Oxf)
36:133-134

Agha A, Rogers B, Sherlock M, O’ Kelly P, Tormey W, Phillips J, Thompson
CJ 2004 Anterior pituitary dysfunction in survivors of traumatic brain injury.
J Clin Endocrinol Metab 89:4929-4936

Livesey EA, Hindmarsh PC, Brook CG, Whitton AC, Bloom HJ, Tobias JS,
Godlee JN, Britton J 1990 Endocrine disorders following treatment of child-
hood brain tumours. Br ] Cancer 61:622-625

Schmiegelow M, Feldt-Rasmussen U, Rasmussen AK, Lange M, Poulsen HS,
Miiller J 2003 Assessment of the hypothalamo-pituitary-adrenal axis in pa-
tients treated with radiotherapy and chemotherapy for childhood brain tumor.
J Clin Endocrinol Metab 88:3149-3154

Shalet SM 1993 Radiation and pituitary dysfunction. N Engl ] Med 328:131-
133

. Harrop JS, Davies TJ, Capra LG, Marks V 1976 Hypothalamic-pituitary func-

tion following successful treatment of intracranial tumours. Clin Endocrinol
(Oxf) 5:313-321

Littley MD, Shalet SM, Beardwell CG, Robinson EL, Sutton ML 1989 Ra-
diation induced hypopituitarism is dose dependent. Clin Endocrinol (Oxf)
31:363-373

Constine LS, Woolf PD, Cann D, Mick G, McCormick K, Raubertas RF,
Rubin P 1993 Hypothalamic-pituitary dysfunction after radiation for brain
tumors. N Engl ] Med 328:87-94

Darzy KH, Shalet SM 2003 Radiation-induced growth hormone deficiency.
Horm Res 59(Suppl 1):1-11

Littley MD, Shalet SM, Beardwell CG 1990 Radiation and hypothalamic-
pituitary function. Baillieres Clin Endocrinol Metab 4:147-175

Murray RD, Darzy KH, Gleeson HK, Shalet SM 2003 GH-deficient survivors
of childhood cancer: GH replacement during adult life. J Clin Endocrinol
Metab 87:129-135

Sklar CA, Mertens AC, Mitby P, Occhiogrosso G, Qin J, Heller G, Yasui Y,
Robison LL 2002 Risk of disease recurrence and second neoplasms in survivors
of childhood cancer treated with growth hormone: a report from the Child-
hood Cancer Survivor Study. J Clin Endocrinol Metab 87:3136-3141
Papagikos MA, Shaw EG, Stieber VW 2005 Lessons learned from randomised
clinical trials in adult low grade glioma. Lancet Oncol 6:240-244

JCEM is published monthly by The Endocrine Society (http://www.endo-society.org), the foremost professional society serving the
endocrine community.

ge0z isnbny 9| uo 3senb Aq L i7| /€82/GSGE9/Z L/06/3101E/Wad(/w o0 dno"olWepede)/:sdiy woly papeojumoq



