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Metabolic syndrome is a sequela of radiation
exposure in hypothalamic obesity among
survivors of childhood brain tumors
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Joseph C Hodges,® Lynn Gargan,’ Gloria Lena Vega,® Daniel C Bowers>*

ABSTRACT

Survivors of childhood brain tumors may be at risk
for early onset of metabolic syndrome, possibly
secondary to surgery and/or radiation exposure.
This study examines effects of radiation exposure

to hypothalamus-pituitary-adrenal axis (HPA) on
metabolic risk among survivors of childhood brain
tumors. One hundred forty-two met inclusion criteria;
60 had tumor surgery plus radiation exposure (>1
Gray (Gy)) to HPA. The second subgroup of 82
subjects had surgery only and were not exposed

to radiation. Both subgroups had survived for
approximately 5 years at the time of study. All

had clinical evaluation, vital signs, anthropometry,
measurement of body composition by dual X-ray
absorptiometry and fasting laboratory assays
(metabolic panel, insulin, C-peptide, insulin-like
growth factor-1, leptin and adiponectin). Body
composition data for both subgroups was compared
with the National Health and Nutrition Survey
(NHANES) subgroup of similar age, gender and
body mass index. Cranial surgery was associated
with obesity of similar severity in both subgroups.
However, survivors exposed to radiation to the

HPA also had increased visceral fat mass and

high prevalence of growth hormone deficiency

and metabolic syndrome. Fat mass alone did not
explain the prevalence of the metabolic syndrome in
radiation exposure subgroup. Other factors such as
growth hormone deficiency may have contributed
to metabolic risk. We conclude that prevalence of
metabolic syndrome among subjects exposed to
hypothalamic radiation was higher than expected
from hypothalamic obesity alone. Radiation exposure
may exert untoward endocrinopathies due to

HPA exposure that worsens metabolic risk. Early
screening for metabolic syndrome in this population
is indicated.

INTRODUCTION

Brain tumors are the second most common type
of cancer among children younger than 20 years
of age.'™ As survival rates for children with
brain tumors improve,' increasing attention has
turned to the observation that childhood brain
tumor survivors are at increased risk for several
late effects, including secondary cancers, neuro-
logic deficits, cognitive impairment, hormone

Significance of this study

What is already known about this subject?
» Brain tumors are the second most common
type of cancer among children younger

than 20 years of age.

» As survival rates for children with brain
tumors improve, increasing attention has
turned to the observation that childhood
brain tumor survivors are at increased risk
for several late effects, including secondary
cancers, neurologic deficits, cognitive
impairment, hormone deficiencies, growth
failure and stroke.

What are the new findings?

» This study shows that radiation exposure to
the hypothalamus in children is associated
with hypothalamic obesity.

» Survivors also exposed to radiation of the
hypothalamic-pituitary-adrenal axis (HPA)
were equally obese to those having cranial
surgery only.

» Prevalence of metabolic syndrome
among subjects exposed to hypothalamic
radiation was higher than expected from
hypothalamic obesity alone.

» Prevalence of growth hormone deficiency
was higher in subjects exposed to
hypothalamic radiation therapy.

How might these results change the focus

of research or clinical practice?

» Radiation therapy may exert untoward
endocrinopathies due to HPA exposure that
worsens metabolic risk.

» Early screening for metabolic syndrome risk
factors in this population is indicated.

deficiencies, growth failure and stroke.*”
Risk for developing these late effects has been
associated with age at cancer diagnosis, tumor
histology, tumor location and radiation expo-
sure, including age at radiation exposure, total
dose of radiation and region of brain exposed to
cranial radiation.®™

Several studies have demonstrated that child-
hood acute lymphoblastic leukemia (ALL)
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survivors exposed to cranial radiation have increased prev-
alence of early onset metabolic syndrome (MetS).””'* The
rate and risk factors for MetS among childhood brain tumor
survivors are not known. The syndrome is characterized by
three of the following modifiable factors: central obesity,
elevated triglycerides, low high-density lipoprotein (HDL),
elevated blood pressure or fasting hyperglycemia. In the
general population, a diagnosis of MetS is strongly associ-
ated with premature heart disease, type 2 diabetes mellitus,
cardiovascular mortality as well as increased all-cause
mortality."> ' Whereas leukemia therapy uses 12-18 Gray
(Gy) cranial radiation and intrathecal methotrexate, brain
tumor therapy often includes a several-fold higher dose of
cranial radiation, although often radiation exposure fields
are limited to specific regions of the brain.

The objectives of this study were to compare the meta-
bolic sequela of exposure to radiation versus no exposure
among childhood brain tumor survivors. Effects of radi-
ation exposure on body composition, risks for MetS and
prevalence of MetS were quantified.

METHODS

Patient population

All subjects or their guardians signed informed consent to
participate in the study.

One hundred and forty-five of 171 screened patients
were consented but only 142 were able to participate in
a case-control study conducted at the Comprehensive
Neuro-Oncology Long-Term Follow-Up Clinic at UT South-
western Medical Center and Children’s Medical Center of
Dallas. Subjects were included into the study if they were
aged <18 years at the time of cancer diagnosis, they had at
least 1year after completion of treatment, which could have
included any combination of surgery, chemotherapy or radi-
ation, if they were aged between 5 and 21 years at the time
of study. The reason for inclusion of subjects >1year after
completing therapy for their tumor was to allow sufficient
time for the neuroendocrine and immune systems to reach
steady state. Subjects were excluded if they had a diagnosis
of type 1 diabetes mellitus, co-diagnosis of neurofibroma-
tosis type 1 or diagnosis of craniopharyngioma. Pregnant
women were excluded as well as subjects not willing to
comply with all study requirements. Subjects taking steroids
were not included.

Study design

This cross-sectional study included measurement of height,
weight and waist circumference at the level of the umbilicus
and superior iliac crests in the standing position, vital signs
(blood pressure, heart rate), Tanner pubertal staging, fasting
laboratory assays (metabolic panel, insulin, C-peptide, insu-
lin-like growth factor-1 (IGF-1), leptin, and adiponectin).
Body mass index (BMI, kg/m?) and BMI z scores (based on
US growth charts found on the following website http://
www.cdc.gov/growthcharts) were calculated. The Paffen-
barger Physical Activity Survey,” and the MEDFICTS diet
recall survey'® were also administered. Radiation exposure
plans were reviewed by physicians from the Department of
Radiation Oncology at the University of Texas Southwestern
Medical Center. Body composition was determined by dual
X-ray absorptiometry (DXA). The scanning was performed

with a Hologic Discovery W QDR Series scanner (Hologic,
Bedford, Massachusetts, USA). Data were analyzed with
APEX System software (V.13.4.2), detailed previously."!

Metabolic parameters
Metabolic risk factors and MetS were defined according to
the 2007 International Diabetes Federation (IDF) criteria
for children and adolescents 10 years of age or older.'
Briefly, central obesity was identified as a waist circumfer-
ence >90th percentile for age and gender for minors <15
years whereas for adolescents >16 years, the cut point for
waist circumference was >80cm for females and >90cm
for males. At-risk plasma triglyceride levels were defined
as >150mg/dL, low HDL <40 mg/dL for men and women
<15 years and males >16 years. Women >16 years had a
cut point of <50mg/dL. High blood pressure was defined
as systolic >130mm Hg or diastolic >85 mm Hg for age
>10 years and at the 90th percentile for age, gender and
height for individuals <10 years. Fasting hyperglycemia
was defined as fasting glucose >100 mg/dL or known type
2 diabetes mellitus. This approach has been employed by
numerous investigators and is particularly useful in younger
subjects as it evaluates criteria such as blood pressure and
waist circumference using age, gender and height-based
percentiles, ! 141718

Insulin resistance was assessed using the homeostasis
model assessment of insulin resistance (HOMA-IR), as
described by Matthew et al,"” which uses a one-time fasting
measurement of insulin and glucose to characterize insulin
sensitivity and B-cell function. The formula for HOMA-IR

mg : B mU

is: glucose () X insulin (T) HOMA-IR is of particular
value in populations at risk for developing insulin resis-
tance as it can identify individuals who have not yet devel-
oped fasting hyperglycemia, but are compensating with
increased insulin production. Insulin resistance was defined
as a HOMA-IR value = 2.5 in prepubertal children (Tanner
stage 1)2°%! and a HOMA-IR value = 4.0 in pubertal subjects
(Tanner stage = II).>* %

Patients diagnosed with MetS were subsequently referred
to the endocrinology service to a hospital-based weight loss
programme.

Referent population
A subset of the NHANES III population of minors consisting
of 1878 subjects, henceforth designated referent popu-
lation, was selected from the 1999 to 2006 NHANES III
database published in the Centers for Disease Control and
Prevention (CDC) website. The referent population was in
the age range of 5-20 years and comprised 63% males and
37% females of similar age to the cancer survivor popu-
lation of the current study. The referent population had
anthropometry, body composition analysis done by DXA,
measurement of plasma lipids and lipoprotein cholesterol.
The methods employed in acquiring the referent data are
similar to those employed in the current study and are
detailed in the CDC website manual of procedures. The
data obtained are de-identified and in the public domain
therefore, there was no requirement for IRB approval to use
the data in the current study.

The data of body composition from the referent popu-
lation were employed primarily to evaluate the degree of
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obesity of the subjects with cranial tumors compared with
the population at large. The data on levels of plasma lipids
and lipoprotein cholesterol were employed to determine
degree of dyslipidemia in the study subjects.

Analytical methods

Plasma triglycerides and total and lipoprotein cholesterol
were measured after precipitation of non-HDL lipoproteins
by polyanion reagents; a colorimetric assay was employed
for total cholesterol and triglyceride measurement using
standard laboratory procedures. Hormone levels were
measured by immunoassays as previously detailed.?* Briefly,
peptide hormones were measured using immunoassay kits
(Linco Research, St. Charles, Missouri, USA).

Statistical analysis

Two-tailed t-tests, and X? analysis were used to compare
predictive variables between subjects with and without
exposure to hypothalamic-pituitary-adrenal (HPA) radi-
ation. The body composition of both subgroups was
compared with the referent NHANES subgroup by analysis
of variance. A p value <0.05 was considered to be statis-
tically significant. NCSS9 was employed for the statistical
analyses (https://www.ncss.com/).

RESULTS

Subject characteristics

All subjects participating in the study had undergone treat-
ment for brain tumors. Among those meeting inclusion
criteria for the study, 60 subjects were exposed to at least
1 Gy radiation to the hypothalamus and were thus consid-
ered to have received measurable radiation to the HPA. The
remainder 82 subjects were treated with standard of care
therapy (surgery, *chemotherapy, *radiationtherapy to
sites that did not include the HPA).

Approximately 42% of patients studied were exposed to
radiation fields that included the hypothalamus (exposed)
and the remainder were not exposed (table 1). Both study
groups had similar ages at the time of study and there were
no significant differences in the survival time post-therapy
(table 1). However, subjects who were exposed to hypo-
thalamic radiation were significantly older (p=0.001) at
the age of diagnosis than those who were not exposed. The
majority of the subgroup that were exposed to radiation
had a diagnosis of medulloblastoma, whereas the majority
of the subgroup that did not have radiation exposure had a
diagnosis of pilocytic astrocytoma (table 1). About half the
study population was non-Hispanic, white race.

Body composition and anthropometry

Body composition and anthropometric parameters were first
compared between the two study groups, that is, the subgroup
exposed to radiation and the group not exposed to radiation.
Both study groups had similar BMI, waist circumference, per
cent body fat and lean masses (table 2). However, the BMI
z-score showed a significant trend for lower level in the radi-
ation exposure group (p=0.014). Most of the subjects who
were exposed to hypothalamic radiation were in Tanner stage
IIT and IV, whereas the group not exposed to radiation were
Tanner stage I and II. There were no significant differences in
body composition (total body fat, lean mass and bone mineral

Table 1 Clinical characteristics
Hypothalamic radiation

Criteria Exposed Not Exposed
Number of subjects 60 82

Males (%) 60.0 52.4

Median (IQRs)

Age at study evaluation (years) 14.1 (12.6, 15.4) 11.9 (9.9, 13.0)
Survival time (years) 4.5 (3.5, 5.5) 6.3 (4.3,7.4)
Age at diagnosis (years) 7.2 (5.7,9.0)* 4.9 (3.6,5.6)
Diagnosis (% of total)

Medulloblastoma 40.0t 2.4

Germinoma 133t 0.0

Pilocytic astrocytoma 1.7 50.0

Ependymoma 13.3t 24

Atypical teratoid rhabdoid tumor 5.0 1.2

Other 16.71 43.9
Radiation plus chemotherapy 78.31 0.0
therapy (%)
Race (%)

White 55 53.7

Black 15 11.0

Hispanic 30 26.8

Other 0 8.5

*Significantly different from group not exposed to radiation treatment.
P=0.001; two-tailed t-test.

tSignificantly different from group not exposed to radiation treatment.
P<0.01; X test.

content) between the group receiving hypothalamic radiation
and those not exposed to radiation (table 2). However, there
were significant differences in visceral fat (p=0.002) between
the two groups. Those who were exposed to hypothalamic
radiation had a higher visceral fat content while the subcuta-
neous abdominal fat content was similar (p=0.20) between
those exposed to radiation and the group not exposed.

The body composition of the two study groups also were
compared with the respective measures of the reference
NHANES population. Compared with the reference popu-
lation, the brain tumor survivors had significantly higher
body fat (p<0.001) expressed as % of total mass, lower lean
mass (p=0.001) and a higher fat/lean mass ratios (p=0.001)
(table 2). Their total per cent body fat mass was above the
85thpercentile for sex and age compared with the referent
NHANES 1II subpopulation (see online supplementary table
1). Brain tumor survivors also had higher truncal fat (p=0.001)
and appendicular fat mass (p=0.001) but lower appendicular
lean mass (p=0.001) compared with the referent population
(table 2).

Metabolic phenotypes

Patients exposed to radiation that included the hypothalamus
had significantly higher HOMA-IR (p=0.03) (table 3) than
those who were not exposed to radiation to the HPA. Levels
of plasma IGF-1 were lower (p=0.013) in the exposed group
compared with the group that was not exposed to hypotha-
lamic radiation therapy. There were no significant differences
in levels of adiponectin (p=0.387), leptin (p=0.791), plasma
lipids (p=0.07-0.415) and blood pressure (p=0.829) between
the two groups (table 3). Compared with the referent popu-
lation, child survivors of hypothalamic tumors did not have
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Table 2 Body composition and anthropometry

Brain tumor survivors (BTS)

NHANES 1lI

Reference population

Radiation exposure to

No radiation exposure to the HPA

the HPA n=60 n=82 n=1878
P value RE vs P value for
Median (IQRs) no RE* Median (IQRs) comparisons to BTS
Body mass index 19.6 (17.6, 21.1) 20.4 (19.3,21.9) 0.51 21.0(20.9, 21.3) 0.36
Body mass index z-score 0.43 (-0.24,0.8)* 0.79 (0.55, 1.1) 0.014 -
Waist circumference (cm) 76 (71, 83)t 79 (74, 82)t 0.95 74.2 (73.8, 74.6) <0.001
Body composition (% of total body mass)
Body fat 38.1(31.2,39.8)t 33.6 (30.6, 35.9)1 0.15 24.2 (23.6,24.83) <0.001
Lean mass 58.6 (57.2, 65.4)*t 63.0 (60.6, 65.8)t 0.015 73.0(72.4,73.6) <0.001
Bone mineral content 2.9(2.8,3.1)t 3.1(2.9,3.4)t 0.29 3.6 (3.6, 3.6) <0.001
Body fat/lean mass ratio 0.64 (0.48, 0. 69)t 0.52 (0.47, 0. 60)t 0.16 0.34(0.32,0.35) <0.001
Truncal fat 15.7(12.9,17.7)t 13.6 (11.2, 15.8)t 0.23 8.8(8.6,9.1) <0.001
Appendicular fat mass 19.0 (16.2, 19.8)1 17.2 (16.0, 19.2)1 0.18 2.7(2.6,2.8) <0.001
Appendicular lean mass 24.4 (23.3,27.1)t 26.9 (24.4,28.0)t 0.43 32.9(32.6,33.3) <0.001
Abdominal fat (% of total body mass)
Subcutaneous abdominal fat 7.74 (5.21, 8.44) 6.95 (5.21, 7.64) 0.20 -
Visceral fat 2.07(1.79,2.17)* 1.57 (1.26, 1.82) 0.002 -

*Significantly different from the brain tumor survivors who did not have radiation exposure to the HPA.

tSignificantly different from the reference NHANES group.
HPA, hypothalamus-pituitary-adrenal axis; RE, radiation exposure.

markedly altered levels of plasma lipids and lipoprotein choles-
terol, although there were significant increases in plasma
triglycerides (p=0.001) and some reduction in HDL choles-
terol levels (p=0.001) (table 3).

Prevalence of metabolic risk factors and metabolic
syndrome

Patients exposed to radiation that included the HPA had
a higher prevalence of some of the metabolic risk factors
than the group that did not have radiation exposure to the

HPA (table 4). Importantly, they were more likely to have
a higher prevalence of elevated triglycerides (p=0.02),
history of growth hormone deficiency (p=0.001) and treat-
ment for the deficiency (p=0.001) than the group that did
not have exposure to HPA radiation.

Among subjects exposed to radiation, 3.8% had MetS and
had history of treatment for growth hormone deficiency while
11.2% had MetS but had no history of treatment for growth
hormone deficiency.

Table 3 Metabolic characteristics

Brain tumor survivors (BTS)

NHANES Il
Reference population

Radiation exposure to

No radiation exposure to the HPA

the HPA n=60 n=82 n=1878
*P value

Median (IQRs) RE vs no RE Median (IQRs) 1P value vs BTS
Glucose (mg/dL) 80 (78, 83) 78 (76, 81) 0.14 -
HOMA-IR$(%) 0.93(0.71,1.2)* 0.78 (0.66, 92) 0.03 -
C-peptide (ng/mL) 1.53 (1.24,1.89) 1.37(1.11,1.67) 0.10 -
IGF-1 (ng/mL) 162 (138, 194)* 226 (182, 261) 0.01 -
Adiponectin (pug/mL) 13.5(10.0, 16.7) 11.3 (9.8, 13.1) 0.39 -
Leptin (ng/mL) 9.3(5.7,16.3) 9.5(5.3,15.3) 0.79 -
Triglycerides (mg/dL) 84 (73, 101)1 76 (69, 89)t 0.07 64 (62, 65) <0.001
Non-HDL cholesterol (mg/dL) 101 (96, 119)t 102 (97, 110)t 0.18 99 (98, 101) <0.001
HDL cholesterol (mg/dL) 50 (44, 54)t 50 (48, 54)t 0.42 56 (55, 56) <0.001
Systolic blood pressure (mm Hg) 111 (109, 114)t 113 (110, 117)t 0.83 108.7 (108, 109) <0.001
Diastolic blood pressure (mm Hg) 65 (64, 66)1 65 (64, 67)1 0.31 62 (61, 62) <0.001

*Significantly different from group not exposed to radiation therapy.

tSignificantly different from reference NHANES group.

tGeometric means.

HDL, high-density lipoprotein; HOMA-IR, homeostasis model assessment of insulin resistance; HPA, hypothalamus-pituitary-adrenal axis; IGF-1, insulin-like growth

factor-1.
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Table 4 Prevalence of metabolic risk factors and metabolic
syndrome

Metabolic parameter (% of Hypothalamic radiation

subgroup) Exposed Not Exposed P value
Metabolic syndrome 15.0* 4.9 0.03
Metabolic syndrome treated for 3.8 NA

growth hormone deficiency

Metabolic syndrome not treated ~ 11.2 NA

for growth hormone deficiency
Prevalence of metabolic risk factors (%)

Waist circumference>gender- 274 325 0.51
specific

Elevated fasting glucose 0.0 1.2 0.29
Triglyceride>150 mg/dL 25.0* 8.6 0.02
High-density lipoprotein 25.0 14.6 0.12
cholesterol<40 mg/dL

Systolic blood pressure>130mm 9.7 15.7 0.29
Hg

History of growth hormone 40.7* 3.7 <0.001
deficiency (%)

Treated for growth hormone 37.3* 2.5 <0.001
deficiency (%)

*Significantly different from group not exposed to radiation therapy; X* test.
NA, not applicable for comparisons since subjects were not treated for
growth hormone deficiency.

Subgroup analysis was carried out comparing metabolic
features of subjects exposed to radiation who also were
treated for growth hormone deficiency to those subjects
who had no radiation exposure (table 5). Significant differ-
ences were noted for insulin resistance parameters (fasting
glucose and HOMA-IR) between the two subgroups. All
other parameters were similar.

DISCUSSION
This study demonstrates that MetS is more prevalent in
children with brain tumors who are exposed to radiation

Table 5 Comparison of metabolic features in subjects exposed
to radiation and treated with growth hormone with subjects not
exposed to radiation nor treated with growth hormone

Hypothalamic radiation

Exposed (plus
growth hormone

Not Exposed (no
growth hormone

treatment) treatment)

Mean (SD) P value
Glucose (mg/dL) 86 (8) 78 (9) >0.001
HOMA-IR* (%) 1.05(0.42,1.8) 0.69 (0.52,1.0) 0.03
C-peptide* (ng/mL) 14(1.1,1.7) 1.9(14,2.6) 0.26
IGF-1* (ng/mL) 156 (121, 170) 194 (159, 289) 0.63
Adiponectin® (ug/mL) 13.2(10.1,17.3) 14.1 (6.4, 18.4) 0.67
Leptin* (ng/mL) 10.5(5.7,21.7) 10.0 (4.4,20.3) 0.67
Triglycerides (mg/dL) 105 (57) 87 (48) 0.19
HDL cholesterol (mg/dL) 54 (16) 54 (14) 1.0
Systolic blood pressure (mm Hg) 116 (12) 114 (13) 0.50
Diastolic blood pressure (mm 66 (8) 65 (8) 0.61

Hg)

*Medians (IQRs).
HDL, high-density lipoprotein; HOMA-IR, homeostasis model assessment of insulin
resistance; IGF-1, insulin-like growth factor-1.

of the HPA compared with those who are not exposed to
radiation of HPA. This study further shows that there is
no difference in the degree of obesity between the children
exposed to radiation versus those not exposed to radiation
of HPA. The two cohorts of children with brain tumors
were equally obese compared with the reference popula-
tion. Thus, obesity per se cannot completely explain the
prevalence of the MetS in the group exposed to radiation.
Of interest, there are significant differences in visceral fat
content in the subgroup exposed to radiation versus those
not exposed to radiation. As expected, children exposed to
radiation of the HPA also have a high prevalence of growth
hormone deficiency. An inverse association between visceral
fat mass and growth hormone has been reported in adults.
Furthermore, the prevalence of MetS is higher among the
obese children untreated for growth hormone deficiency
compared with those treated. Thus, in this population, it
would appear the growth hormone deficiency may exert an
effect on prevalence of MetS beyond the contribution of
total obesity alone.

Hypothalamic obesity

Hypothalamic obesity is defined as an unmanageable type
of obesity that develops in relation to inherited or acquired
hypothalamic dysfunction. The obesity results from a
variety of dysfunctions in the hypothalamus characterized
by disruption of satiety and hunger control,” genetic abnor-
malities in the hypothalamus,® hypothalamic lesions or
trauma,”’ cerebral aneurysms,”® inflammation® or cancer
treatment therapies such as radiotherapy.’® Several reports
support the contention that children undergoing surgery
for brain tumors have a high prevalence of hypothalamic
obesity.*! In addition, this type of obesity has been reported
in survivors of cranial radiotherapy, leukemia and brain
tumors.’* Chemotherapy and other antineoplastic therapies
also contribute to the obesity phenotype in cancer survi-
vors.*> Hypothalamic obesity is also prevalent in children
that have had neurosurgery or radiation therapy of cranio-
pharyngiomas and astrocytomas.** These interventions are
known to cause dysregulation of insulin secretion, loss of
sensitivity to leptin and impaired activity of the sympathetic
nervous system.>

In the current study, both radiation exposed and not
exposed patients exhibited a hypothalamic obesity pheno-
type. Those not exposed to radiation had a milder metabolic
sequela than those patients receiving radiation exposure.
Nonetheless, both groups of patients had acquired obesity
most likely related to injury to the hypothalamus due to the
tumor and its treatment.

It is also important to note that there were marked differ-
ences in the ratio of body fat-to-lean mass in both radiation
exposed and not exposed children. The fat mass was higher
in the patients exhibiting hypothalamic obesity and the lean
mass was lower. Thus, there were no marked differences
in the average BMI compared with the reference group.
This important observation needs further documentation
with MRI methods to quantify muscle mass and fat mass
directly. It would be of importance to determine whether
hypothalamic obesity in survivors of cranial tumors exhibit
an obesity phenotype similar to ‘sarcopenic obesity’. If so,
assessment of muscle functionality also would be necessary.
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A unique feature of the obesity phenotype in the group
exposed to radiation was a higher visceral fat content than
the group not exposed. The radiation exposed group also
had higher insulin resistance than the group not exposed to
radiotherapy. Some studies suggest that abnormal regional
fat distribution, and visceral fat in particular, is associated
with insulin resistance.**™*

Subcutaneous fat has been identified as an expandable fat
depot that has the capacity to buffer excess body fat. In
contrast, visceral fat expansion is seemingly associated with
insulin resistance, inflammation, dyslipidemia and ectopic
fat deposition. It is possible that these two depots vary in
the degree of plasticity. In the current study, the patients
treated with radiation therapy tended to have a non-sig-
nificant expansion of the subcutaneous fat depot while the
visceral depot was clearly expanded. Although it is tempting
to speculate that the latter is causally related to the meta-
bolic risk, it is also equally plausible that a failure of the
expansion of subcutaneous fat could have contributed to
the metabolic risks. Further studies are required to investi-
gate both possibilities.

Growth hormone deficiency

Growth hormone deficiency was more prevalent in children
undergoing exposure to radiation compared with those
not having the exposure. Growth hormone deficiency is
a well-known sequalae among brain tumor survivors and
childhood ALL following exposure to radiation®’ and has
been reported in association with MetS in adults.** Growth
hormone, IGF-I and insulin coordinately participate in the
regulation of substrate utilization in intermediary metabo-
lism and in the regulation of tissue growth.*! The patients
who were exposed to radiation therapy in the current study
were being treated for growth hormone deficiency and they
had significantly lower levels of IGF-I. Still, they had meta-
bolic abnormalities associated with the hormone deficiency
suggesting that therapy had not restored metabolic homeo-
stasis. Indeed, subgroup analysis of subjects exposed to radi-
ation and treated for growth hormone deficiency revealed
that they had higher insulin resistance than subjects not
exposed to radiation. The subgroup analysis also revealed
similarities between all other metabolic parameters perhaps
suggesting that growth hormone treatment mediated some
resolution of metabolic alterations, but treatment was still
associated with residual insulin resistance abnormalities.
Clearly, more studies are needed to determine the role of
growth hormone treatment on metabolic alterations in radi-
ation-exposed subjects.

Growth hormone deficiency also could account for the
relative increase of visceral fat depot without significant
expansion of the subcutaneous fat depot in the radiation
exposed group compared with the group that was not
exposed. It is possible that the growth hormone imbalance
contributed to diminished adipose tissue plasticity, reduced
lipolysis and enhancement of insulin resistance. This would
have resulted in increased accumulation of triglyceride in
visceral adipose tissue. This notion is partially supported
by the inverse association between plasma IGF-I levels and
visceral fat mass that has been reported in men** and by
another study® in which treatment of growth hormone
deficiency resulted in reduced visceral fat. It would be

instructive to measure visceral and subcutaneous fat depots
by MRI in subjects with hypothalamic obesity before and
during treatment with growth hormone to determine the
efficacy of therapy in those that had radiation exposure
versus those that did not.

Metabolic syndrome

MetS is a clustering of risk factors for cardiovascular
disease defined mostly by metabolic alterations in blood
glucose, plasma lipids and associated with central obesity
and hypertension.** The syndrome also has been shown
to be prevalent in cancer survivors® *® and its frequency is
seemingly related to the various types of treatment used. A
high prevalence of MetS has been reported in association
with a number of treatment modalities of various cancers
including surgery,*” * radiation exposure,* chemotherapy”®
and hormonal therapy.*’

In the current study, it is likely that MetS resulted from a
combination of radiotherapy to the HPA and ensuing endo-
crinopathies such as growth hormone deficiency. Subjects
exposed to radiation fields that included the HPA exhibited
higher prevalence of dyslipidemia and higher HOMA-IR
than their counterparts not exposed to hypothalamic radi-
ation exposure. Multiple studies demonstrate that other
endocrinopathies, beyond growth hormone deficiency,
follow radiation treatment for brain tumors.’'™’

Survivors of childhood brain tumors may require a
detailed neuroendocrine evaluation to identify abnormal-
ities contributing to alterations in metabolism and body
composition. The subjects participating in this study were
not taking steroids during the study. Evaluations of thyroid
function and adrenal insufficiency were not part of the
required study evaluations. However, whereas the reported
prevalence of thyroid hormone and growth hormone insuf-
ficiency among this population are approximately 50%, it
is therefore standard clinical practice to routinely eval-
uate thyroid function (free T4 and thyroid-stimulating
hormone) and growth hormone secretion (IGF-1, IGFPB-3
to be confirmed with provocative growth hormone stim-
ulation testing) following cranial radiation exposure.
This was the clinical practice for all patients in this study.
Adrenal insufficiency is much less common after cranial
radiation (approximately 3%) and isolated adrenal insuf-
ficiency in the absence of thyroid hormone or growth
hormone insufficiency is exceptionally rare. Therefore,
asymptomatic individuals are not routinely screened for
adrenal insufficiency.

In the current study, there was also the subgroup of
subjects not exposed to radiation that had a lower prev-
alence of MetS than the subjects exposed to radiation.
Compared with the NHANES reference population, these
subjects were obese. They also had a higher ratio of fat/
lean mass and elevated metabolic parameters compared
with NHANES reference population. In these subjects, not
presenting with growth hormone deficiency, it is possible
that the metabolic alterations resulted from obesity.

It is also noteworthy that the unexposed group presented
with a younger age of diagnosis of cancer tumors and a
longer survival time compared with those exposed to radi-
ation. Some additional studies are required to determine
whether onset of MetS risks is delayed in subjects with
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cranial tumors not exposed to radiation during treatment
compared with those exposed to radiation.’*™*

Current considerations

This study demonstrates that survivors of childhood brain
tumors who have been exposed to radiation to the hypo-
thalamus are at risk of MetS. Furthermore, radiation expo-
sure of the hypothalamus may be causally related to the
metabolic sequela of growth hormone deficiency, MetS and
increased visceral fat mass. These metabolic complications
impart a high risk of type 2 diabetes mellitus, hypertension
and cardiovascular disease, which may have substantial
implications for these relatively young cancer survivors.
These findings have important implications for screening
childhood brain tumor survivors at risk of hypothalamic
injury for features of MetS. This view is consistent with
current recommendations for identification and treatment
of cancer-free, pediatric cases at risk for MetS.”” Tt is also
equally compelling to focus future research on elucidation
of the mechanism of metabolic syndrome in survivors of
childhood brain tumors to gain insight into improved treat-
ment approaches.
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