Neuro—Oncology

Neuro-Oncology 16(12), 1652-1660, 2014
doi:10.1093/neuonc/nou101
Advance Access date 7 June 2014

Prospective evaluation of local control and late effects of conformal
radiation therapy in children, adolescents, and young adults with
high-grade glioma

Tamara Z. Vern-Gross, Jane E. Schreiber, Alberto Broniscer, Shengjie Wu, Xiaoping Xiong, and Thomas E. Merchant

Department of Radiation Oncology, University of Florida Proton Therapy Institute, Jacksonville, Florida (T.Z.V.-G.); Department of
Psychology, St. Jude Children’s Research Hospital, Memphis, Tennessee (J.E.S.); Department of Oncology, St. Jude Children’s Research
Hospital, Memphis, Tennessee (A.B.); Department of Biostatistics, St. Jude Children’s Research Hospital, Memphis, Tennessee (S.W., X.X.);
Department of Radiological Sciences, St. Jude Children’s Research Hospital, Memphis, Tennessee (T.E.M.)

Corresponding Author: Thomas E. Merchant, DO, PhD, Chief, Division of Radiation Oncology, St. Jude Children’s Research Hospital, 262 Danny Thomas
Place, Mail Stop 220, Memphis, TN 38105-3678 (thomas.merchant@stjude.org).

Background. A phase II trial of conformal radiotherapy (CRT) for pediatric high-grade glioma (HGG) was performed to evaluate disease
control and late effects.

Methods. Between July 1997 and January 2003, 34 pediatric patients (median age, 13.2 4+ 6.7 years) with HGG were enrolled on an
International Commission on Radiation Units and Measurements Report 50-compliant prospective trial using CRT with a 2 cm clinical
target volume margin. Baseline and serial evaluations were performed to assess functional outcomes.

Results. Median follow-up for the entire group was 18 months (range, 2-134 months). Twenty (58.8%) patients developed local pro-
gression, and 6 (17.6%) patients developed distant progression. Progression-free and overall survival at 10 years were 18.8% +6.9%
and 16.8% +6.5%, respectively. At baseline, 40% of patients evaluated for intelligence quotient (1Q) scored below 85. Measures of
cognitive function obtained during the first 12 months fit a mixed model with a quadratic function. The relationship between 1Q
and time was -1.1883 points/month for the linear term and 0.07728 points/month for the quadratic term (P=.0454). IQ decreased
between baseline and 6 months and then increased slightly through 12 months. The opposite was found for (all P values of the qua-
dratic term) activities of daily living (P=.0155), socialization (P=.0049), and the composite score (P=.0257) of adaptive behavior.

Conclusion. CRT using a 2 cm clinical target volume margin in pediatric HGG demonstrated tumor control comparable to conventional
radiation therapy. Disrupted cognitive and adaptive behavioral functioning were present at baseline and throughout the course of
disease.
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Central nervous system (CNS) tumors are the second most com-
mon malignancy and the most common form of solid tumor
among children.! 3 Although they are frequently diagnosed
in the adult population, high-grade glioma (HGG) comprises
only 8%-12% of pediatric CNS tumors and commonly includes
anaplastic astrocytoma (AA) and glioblastoma multiforme
(GBM).* After initial resection, radiotherapy (RT) is often used
for pediatric patients with HGG. Exceptions include younger
children, who may receive chemotherapy to delay or avoid RT
because of concern about side effects.>® Despite aggressive
therapy, survival remains poor. Five-year survival rates range
from 10%-20%.'>7"°

There is increasing concern about the impact of treatment
on quality of life and long-term effects in those diagnosed
with high-grade tumors, especially those who might survive.
Late effects from surgery and irradiation may be irreversible
and progressive, affecting endocrine function, cognition, and
other parameters. There is a heightened concern for younger
children.>*° In a recent report including patients with low-grade
glioma, those aged 5 years or younger experienced the greatest
decline in cognition with expected subnormal IQ (<85 points) ev-
ident 5 years following RT.°

To optimize treatment, spare normal tissue from irradiation,
and minimize the risk of complications, conformal radiotherapy
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(CRT) was introduced for children with HGG. In 1997, we activated
the first International Commission on Radiation Units and Mea-
surements Report 50 compliant prospective trial for children
with localized brain tumors to estimate the rate of local control
and patterns of failure in patients treated with CRT. The study in-
cluded children with HGG treated using a 2 cm clinical target vol-
ume margin. The trial aimed to evaluate the late sequelae of CRT
in pediatric patients with HGG using ICRU targeting guidelines and
estimating the incidence, time to onset, and severity of these ef-
fects. Despite shortened life expectancy, our goals were to docu-
ment baseline morbidity and identify clinical factors that might
predict complications. Although more recent trials have included
similar CRT guidelines, none has serially evaluated functional out-
comes for these patients. With the expectation of poor survivor-
ship, neurophysiological effects may be overlooked or their
evaluation delayed, with the potential to impact quality of life
or the ability of a patient to survive intense therapy. This report
includes disease control and functional outcomes for children
with HGG prospectively treated using CRT.

Materials and Methods

Patient Population

A total of 34 pediatric patients diagnosed with HGG were enrolled
on a phase 1II prospective study of CRT at St. Jude Children’s Re-
search Hospital between July 1997 and January 2003. Pathology
was reviewed on all participants. Participants were diagnosed
with HGG based on institutional pathology review that included
criteria for WHO grade III/IV glioma and included the patho-
logical subtypes noted in this report. The mean age at the time
of diagnosis was 12.2 years (range, 2-24.4 years). Eight were
>18 years of age at the time of irradiation. Median time between
diagnosis and CRT was 2 months (range, 1-69 months). Partici-
pants were characterized by age, sex, tumor histology, tumor
location, previous chemotherapy, extent of surgical resection,
number of surgical procedures, and other parameters. Twelve
participants presented with hydrocephalus at the time of diagno-
sis, and a total of 14 participants required CSF shunt placement.
Participant characteristics prior to CRT are described in Tables 1
and 2. This study was approved by the St. Jude Children’s Re-
search Hospital Institutional Review Board.

Radiotherapy Treatment Planning

Radiation was delivered using megavoltage linear accelerators
with photon energies of 6MV or 15MV. CT and MR images were
used to define the target volumes and normal structures. Target
volume definitions were consistent with the ICRU Report 50. The
gross tumor volume (GTV) included the tumor bed, residual
tumor, or both, using enhanced and nonenhanced tumor based
on the T1-weighted, T2-weighted, and fluid-attenuated inversion
recovery MR imaging. The clinical target volume (CTV) was de-
fined by the gross tumor volume, which was surrounded by a
2 cm anatomically constrained margin. An additional expansion
of 0.5 cm in 3 dimensions defined the planning target volume.
A variety of methods were used for patient localization and
verification. Participants received a dose of 59.4 Gy delivered
in fractions of 1.8 Gy prescribed to the planning target
volume. Radiation was delivered daily over a 61 week period

Table 1. Clinical characteristics

No. Patients Enrolled

Neuro-Oncology

# %
Sex
Male 16 47
Female 18 53
Race
White 22 65
Black 11 32
Other 1 3
Age at RT (years)
2-4 6 18
5-9 9 26
10-14 8 24
>15 11 32
Histology
Anaplastic astrocytoma 14 41
Glioblastoma 12 35
Malignant glioneuronal tumor 3 9
Anaplastic oligodendroglioma 2 6
Astroblastoma 1 3
Anaplastic pleomorphic xanthroastrocytoma 1 3
Malignant neurocytoma 1 3
Region
Supratentorial 30 88
Infratentorial 4 12
Location
Infratentorial
Fourth ventricle 1 3
Cerebellum 2 6
Midbrain 1 3
Supratentorial
Thalamus 12 35
Frontal 5 15
Temporal 5 15
Parietal 3 9
Frontoparietal 2 6
Frontotemporal 1 3
Occipital 1 3
Parietooccipital 1 3
Extent of resection prior to RT
Biopsy only 10 29
Subtotal resection 11 32
Gross total resection 13 38
Hydrocephalus at diagnosis
Yes 12 35
No 22 65
Ventriculoperitoneal shunt
Yes 14 41
No 20 59
Chemotherapy
Adjuvant only 3 9
Neoadjuvant/concurrent 12 35
Neoadjuvant/concurrent/adjuvant 14 41
None 5 15
Abbreviations: RT, radiation therapy
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Table 2. Surgical outcomes of patients with high grade glioma

Age Histology Tumor Extent of No. Hydrocephalus  Shunt  No. Shunt Initial Steroid ~ Survival From
(yn Location Resection Surgeries Revisions (mo)* Diagnosis (mo)
3 MGN Temporal STR 2 No Yes 0 5* 5

17 Astroblastoma 1V ventricle GTR 2 Diagnosis No 0 3 8

13 GBM Thalamus BX 4 Diagnosis Yes 2 1 9

15 GBM Thalamus GTR 1 No No 0 0 12
17 GBM Thalamus STR 5 Diagnosis Yes 2 12* 12
13 GBM Thalamus STR 4 Diagnosis Yes 1 12* 12
21 AA Thalamus BX 1 Diagnosis Yes 0 13* 13

4 AA Thalamus BX 3 Diagnosis Yes 1 16* 16

9 GBM Thalamus STR 2 Diagnosis Yes 0 10 16
19 GBM Frontal STR 2 None No 0 4 16

3 AA Thalamus BX 2 None Yes 0 5 16
24 AA Midbrain BX 3 Diagnosis Yes 1 3 17

8 GBM Cerebellum GTR 1 None No 0 0 18
13 AA Temporal STR 2 Diagnosis Yes 0 18* 18
21 GBM Thalamus BX 3 Diagnosis Yes 1 5* 18
10 AA Thalamus BX 3 Diagnosis Yes 2 19* 19

5 AA Thalamus BX 1 None No 0 1 19

6 AA FP BX 1 None No 0 13 21

7 AA Occipital STR 2 None No 0 0 21

6 MGN Temporal STR 4 None No 0 3 24

9 AA FP STR 3 None No 0 2 28

2 AA Cerebellum GTR 6 Diagnosis Yes 0 1 31
14 AA Frontal BX 1 None No 0 0 38
21 GBM Frontal GTR 3 None No 0 6 41
23 GBM Parietal GTR 2 None No 0 1 52
19 AA Temporal GTR 3 None No 0 1 71
14 GBM Parietal STR 2 None No 0 11 86

7 GBM Temporal GTR 3 None No 0 1 88
13 APXA Parietal GTR 2 None No 0 0 Alive
14 MGN FT STR 2 None No 0 0 Alive
4 AO PO GTR 4 None No 0 0 Alive
6 AA Frontal GTR 1 None No 0 0 Alive
2 AO Frontal GTR 1 None No 0 0 Alive
20 MNC Thalamus GTR 2 None Yes 0 0 Alive

Abbreviations: AA, anaplastic astrocytoma; AO, anaplastic oligodenroglioma; APXA, anaplastic pleomorphic xanthroastrocytoma; BX, biopsy only; FP,
frontoparietal; FT, frontotemporal; GBM, glioblastoma; GTR, gross total resection; MGN, malignant glionneuronal tumor; MNC, malignant neurocytoma;

PO, parietooccipital; STR, subtotal resection.

*These participants were unable to be weaned off steroids from the time of their diagnosis until their death.

(range 54-59.4 Gy). One participant discontinued CRT after 3
fractions secondary to progressive neurological symptoms and
died 2 months later after shunt failure.

Radiologic Follow-up and Assessment
of Treatment Response

Participants were evaluated with neuroimaging 4-6 weeks after
completion of treatment, followed by serial MR imaging every
3 months after completion for the first 2 years and every 6
months thereafter for an additional 5 years. Tumor progression
was based upon neuroimaging. Local failure was defined as either
a pathologically proven recurrence within the treatment field or a

combination of clinical characteristics and image. Distant failure
was defined as evidence of recurrence within the cerebrospinal
fluid (CSF) or craniospinal axis, separate from the initial radiation
treatment volume.

Evaluation of Endocrinopathy

Prior to CRT, baseline endocrine abnormalities were assessed
using screening studies and provocative testing of hypothalamic-
pituitary function. Participants receiving corticosteroids at the
time of initial evaluation did not undergo testing. Serum was
obtained for TSH, T4, T3, free T4, cortisol, prolactin, IGF-1,
IGF-BP, LH, FSH, testosterone, and estradiol (when applicable).
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The following tests were administered: L-dopa test for growth
hormone secretion, TSH surge and TRH stimulation test for eval-
uation of the hypothalamic-thyroid axis, 1 wg ACTH test or the
metyrapone test for assessment of ACTH reserve, and GnRH
stimulation test to determine gonadotropin response. These eval-
uations were performed at baseline and at 6, 12, 36, and 60
months after treatment, and screening studies were completed
when appropriate.

Assessment of Hearing Effects

Participants underwent intermittent testing to assess the integri-
ty of the conductive mechanism with a pure tone audiogram. Air
conductions of 0.25, 0.5, 1, 2, 3, 4, 6, and 8 kHz were evaluated in
dB HL. Permanent hearing loss (HL) was defined as 2 consecutive
hearing threshold measurements, 6 months apart, that were
>25 dB HL. Participants were evaluated annually.

Assessment of Neurocognitive Effects

Prior to CRT, participants were referred for neuropsychological
testing. This study included age-appropriate assessment of the
following areas: global intellectual ability, academic achieve-
ment, social-emotional adjustment, and adaptive function-
ing."* '8 The measure of global intellectual ability used in this
study was estimated based on the Information, Similarities,
and Block Design subtests from the age-appropriate Wechsler
Scale'* " using a formula presented by Sattler.*® This method
for estimating IQ correlates highly with IQ scores derived from
the full assessment (r=0.93). Neuropsychological testing was
performed prior to CRT, 6 months post CRT, and annually thereaf-
ter if the participant was alive and cognitively intact to complete
the evaluations.

Statistical Analysis

The Kaplan-Meier method was used to estimate the distribution
of progression-free survival (PFS) and overall survival (0S).2%?* PFS
was measured from initiation of CRT to any type of progression.
0OS was measured from the initiation of CRT to the time of
death. The log-rank test was used to compare differences be-
tween survival curves of subgroups. The Fisher’ exact test was
used to test dependence of 2 categorical variables in Table 1.
Mixed-effect modeling was used to estimate change in neuropsy-
chological measures over time. All analyses were done using SAS
version 9.2. The significance level for statistical tests was P < .05.

Results

Disease Control and Survival Outcomes

Median follow-up including all participants was 18 months
(range, 2-134 months). At the time of last follow-up, disease
progression was identified in 26 (76%) participants, with median
time to progression of 9 months (range, 3-48 months). Local
failure occurred in 20 (59%) participants and distant failure in
6 (18%). Three participants experienced recurrence at a new
site within the brain: 2 experienced neuraxis dissemination, and
one participant had an isolated spinal metastasis. The median
0OS was 16 months (range, 3-88 months). At last follow-up,

28 (82%) participants had died: 26 died from disease progression,
one died after shunt failure, and one died after a seizure. Among
the 6 survivors, the following tumor subtypes were noted:
anaplastic pleomorphic xanthroastrocytoma, anaplastic oligo-
dendroglioma (n = 2), malignant neurocytoma, malignant glio-
neuronal tumor, and anaplastic astrocytoma.

Local failure-free survival at 1 year was estimated at 59.6% +
8.6%. PFS and OS estimates at 10 years were 18.8% +6.9% and
16.8% +6.5%, respectively. (Supplementary data 1) Factors
significant in the analysis of PFS included histological subtype
(P=.0016), hydrocephalus (P=.0003), CSF shunt requirement
(P=.0096), and extent of resection (P=.0031). Those who had
classical HGG subtypes of glioblastoma multiforme and anaplas-
tic astrocytoma had inferior outcomes compared with those
diagnosed with other high-grade subtypes. (Supplementary
data 2).

Hydrocephalus, Shunt Placement, Surgical Procedures,
and Neurological Deficits

Twelve participants (35%) were found to have hydrocephalus at
the time of diagnosis, and 11 initially required CSF shunt place-
ment. During the time interval of this study, 14 (41%) participants
required CSF shunt placement, 7 (21%) required shunt revisions,
and 3 required additional revisions. Participants with CSF shunts
required a more protracted course of steroids at diagnosis. All 6
of the long-term survivors did not present with hydrocephalus,
nor did they require CSF shunt placement. Macroscopic gross-total
resection with no evidence of residual tumor on postoperative
neuroimaging was performed in 38% of participants, near-total
resection (minimal residual disease) in 3%, subtotal resection in
32%, and biopsy only in 29%. The mean number of surgeries
was 2.4 (range, 1-6), and 14 (41%) participants had multiple sur-
gical procedures, which were most commonly performed at the
time of tumor progression. Fourteen (41%) participants presented
with seizures at the time of diagnosis, and 5 (15%) developed
new-onset seizures after initial surgical intervention. Twenty
(59%) participants had some degree of hemiparesis, and 23
(68%) had documented cranial nerve deficits prior to CRT. After
CRT, 3 (9%) participants underwent resection to remove necrotic
tissue. One participant was diagnosed with a dysembryoplastic
neuroepithelial tumor 9 years after CRT and was treated by
topectomy for intractable seizures.

Endocrinopathy

Provocative endocrine testing was performed at baseline for
23 participants. This revealed that 35% had peak growth hormone
(GH) values <10 ng/mL, and 13% had peak GH values <7 ng/mL.
Five of the 6 remaining surviving participants (83%) developed GH
deficiency; however, only one participant received GH replacement
therapy. Among those who survived at least 2 years, the incidence
of hormone replacement was determined: GH (0%), thyroid hor-
mone replacement (36.4%), glucocorticoid replacement (45.5%),
and gonadotropin-releasing hormone (0%). Table 3 depicts a sum-
mary of participants who developed hormonal deficiencies.
Hypothalamic-pituitary-axis (HPA) dysfunction was noted in
5(25%), 11 (55%), 12 (60%), and 13 (65%) participants at baseline
and 1, 2, and 4 years, respectively, 12 of whom required hydrocor-
tisone replacement. At the time of initial diagnosis, 28 (82%)
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*

Table 3. Summary of hormonal deficiencies over time

Baseline n (%) 1 year n (%) 2 year n (%) 4 year n (%) Received HRT n
Growth hormone (n = 26) 4 (15%) 9 (35%) 11 (42%) 13 (50%) 1
HPT Axis (n= 26) 3 (12%) 6 (23%) 6 (23%) 7 (27%)
HPA Axis (n=20) 5 (25%) 11 (55%) 12 (60%) 13 (65%) 12
GNRH (n=26) 0 2 (8%) 2 (8%) 3 (12%) 2

Abbreviations: HPT, hypothlamic-pituitary-thyroid axis; HPA, hypothalamic-pituitary-adrenal axis; GNRH, gonadotropin releasing hormone.

*No documentation of patients requiring DDAVP.

participants had documented requirement for dexamethasone.
Fifteen (44%) participants received dexamethasone therapy during
radiation. On average, the length of steroid use was 6 months
(range, 0-19 months). A total of 8 (24%) participants could not
be weaned from dexamethasone prior to death and were treated
for a median of 12 months (range, 5-19 months). A total of 8 of 18
(44%) participants had abnormal metyrapone testing, 3 of whom
are still living today. Four participants developed hypogonadism 3,
6, 37, and 76 months after enrollment. Two participants required
sex hormone replacement within 2 years of radiotherapy.

Evaluation of Hearing Loss

Hearing evaluation was performed on 31 (91%) participants. Me-
dian follow-up was 12 months (range, 0-108 months). A total of
6 participants had evidence of hearing deficiency at levels
>25 dB. Four participants had a single documentation of hearing
deficits levels >25 dB with no additional follow-up; they died 6,
10, 11, and 14 months after the last evaluation. Hearing loss
was recorded at baseline for one participant and 12 months for
the others. Two participants had high frequency (6000-
8000 Hz) hearing loss at baseline and 6 months; one had under-
gone 2 previous surgical resections, and the other had undergone
3 previous surgical resections. Only 6 participants had follow-up
>3 years. None of the 6 living participants had documented hear-
ing deficiencies at any frequency.

Evaluation of Neurocognitive Effects

Thirty-two (94%) participants underwent formal baseline neuro-
cognitive testing. Prior to CRT, 40% presented with estimated in-
tellectual ability (ESIQ) that fell below a score of 85. Closer
inspection of scores revealed that 2 (6%) participants had supe-
rior range (score >120) standard scores, 3 (9%) had high-average
(110-119) standard scores, 12 (38%) had average-range (90-
109) standard scores, 7 (22%) had low-average (80-89) stan-
dard scores, 7 (22%) had borderline-range (70-79) standard
scores, and one (3%) had an extremely low-range (<69) standard
score.

Twenty-three (68%) participants provided at least 2 measure-
ments of ESIQ by the 12-month evaluation time. Mixed-effects
modeling indicated a significant quadratic effect of evaluation
time on ESIQ. The linear effect was a loss of 1.2 points per
month (P=.0097), and the quadratic effect was an increase in
0.08 points per month (P=.0454), indicating that mean estimat-
ed ESIQ declined between baseline and the 6-month evaluation
and then increased slightly at the 12-month evaluation (Fig. 1).

100
—EIQ
g 90 —
[va]
8
5 85
=
80
75 .
0 6 12

Months Since CRT Start

Fig. 1. Mean estimated IQ (EIQ) during the first 12 months after
conformal radiation therapy (CRT) for children with high-grade glioma.

Twenty participants provided at least 2 measurements of adap-
tive functioning. Modeling also indicated a significant quadratic
effect of evaluation time on adaptive functioning including mea-
sures of daily living, socialization, and the composite score. The
mean estimates increased between baseline and the 6-month
evaluation and then decreased significantly by the 12-month
evaluation (Fig. 2). Respectively, the linear and quadratic terms
were 1.68 points/month and —0.22 points/month for daily living
(P=.0155), 2.59 points/month and —0.28 points/month for
socialization (P=.0049), and 1.39 points/month and —0.18
points per month for the composite score (P=.0257). There
were no other significant changes on the other neuropsycholog-
ical measures.

Only 5 (15%) participants were able to undergo long-term
neurocognitive testing. The youngest participant completed RT
at 2 years of age and is now a 12-year old special-education stu-
dent with an ESIQ of 58 as assessed 5 years after enrollment. The
second participant completed RT at 4 years of age with a baseline
ESIQ of 104, and is currently a student with support from an In-
dividualized Education Program (IEP). This participant has an ESIQ
of 96 as assessed 10 years post RT. The third participant was
treated with RT at the age of 6 with a baseline ESIQ of 92. This
participant is now a student with IEP support who achieved an
ESIQ of 76 10 years post RT. The fourth participant with a baseline
ESIQ score of 116 underwent RT at the age of 13. Her ESIQ of 11.5
years after completion was 116, and she currently works as a
nursing assistant. One participant who was treated at 20 years
of age had a baseline ESIQ of 74 and is now unemployed with
an ESIQ of 84 assessed 5 years after completion of RT. The fifth
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Fig. 2. Statistically significant nonlinear models of adaptive behavior
during the first 12 months after conformal radiation therapy (CRT).

participant with a baseline ESIQ of 82 was treated at the age of
14 years, is currently unemployed, and achieved an ESIQ of 90 at
7 years post RT. He was the only survivor who underwent subtotal
resection, while all others achieved gross total resection (GTR).

Discussion

Treatment of HGG continues to be a challenge for pediatric CNS
tumors. Cognitive effects, endocrine abnormalities, growth, and
developmental abnormalities associated with irradiation could
not be definitively described for these participants since most
did not survive. CRT has emerged as an attractive method to
treat brain tumors because it maintains disease control and min-
imizes potential late toxicities. This study demonstrates that the
use of CRT in the treatment of pediatric HGG results in the expect-
ed rate of disease control. Local progression continues to be a pre-
dominant cause for treatment failure, but the extent to which the
treatment volume can be reduced is largely limited by patholog-
ical tumor characteristics. Our participants were treated on the
basis of an institutional diagnosis, which appeared to be largely
accurate for those diagnosed with AA and GBM; those diagnosed
with other tumor types may have an outcome that is less concor-
dant, leaving open the question about treating such diagnoses as
high-grade tumors and using large CTV margins or concurrent or
postirradiation chemotherapy.

Modern neuroimaging to identify tumor extent has been pre-
viously evaluated.?>** Hochberg and Pruitt reviewed autopsy re-
cords of patients with HGG and correlated them with CT imaging.
Eighty-one percent of the patients failed within 2 cm of the pri-
mary site.”* A series from the University of Michigan evaluated
42 patients with recurrent grade III-1V gliomas after treatment
with resection and RT (CT contrast+ 3 cm to 45 Gy and CT
contrast + 1.5 cm to 60 Gy). All patients experienced disease re-
currence within 2 cm of the initial contrast enhancement. In 67%
of patients, the entire recurrence fell within 2 cm margin.?® Sim-
ilar confirmations have been made using CT and MR imaging se-
quences and correlating with stereotactic biopsy-proven tumor
involvement.?® Three participants (9%) in our series developed
leptomeningeal/spinal failure, which is similar to rates reported
in the adult literature.?” ~2°

The low rates of disease control in this study may be attribut-
able to the fact that many participants had substantial residual

disease after surgery. Twenty-nine percent of participants had
biopsy only, 32% of participants underwent subtotal resection,
and only 38% achieved a GTR. The extent of surgical resection
is one of the most important clinical prognostic factors in children
with supratentorial HGG and demonstrates improved survival in
those achieving >90% surgical resection.”*° The extent of surgi-
cal resection as a prognostic variable on outcome has previously
been reported in CCG-943 and echoed the impact of improved
survival in these participants.®! Participants who did not have a
GTR had a 5-year PFS rate of 11% (4+4%). Similar to our findings,
significant differences were described in survival between those
who were able to achieve a GTR when compared with those
who could only undergo subtotal resection or diagnostic biopsy.

Prior to initiation of RT, children with HGG often suffered signif-
icant sequelae from tumor and surgery. In this series, 40% of the
participants presented with baseline estimated 1Q scores below
the average range. Participants exhibited an initial decline in esti-
mated IQ at the 6-month follow-up that appeared to rebound by
the 12-month follow-up. Conversely, participants exhibited an ini-
tial increase in adaptive functioning at the 6-month follow-up
and then a decline by the 12-month follow-up. One of the limita-
tions of this study was the limited follow-up and ability to asso-
ciate clinical factors with neurocognitive decline. Because of
premature death or cognitive devastation from tumor and
treatment-related morbidity, successful neurocognitive testing
was unobtainable for most participants. Most HGGs originate
within the supratentorium, with ~30%-50% located within the
cerebral hemispheres, while the remainder arise from the basal
ganglia, third ventricle, thalamus, and hypothalamus.®? Hydro-
cephalus and shunt placement as a consequence of tumor ob-
struction have been well reported as risk factors for developing
adverse cognitive effects.®*** A previous study at St. Jude Child-
ren’s Research Hospital documented serial ventricular measure-
ments of 59 children treated for ependymoma and evaluated
the effect of hydrocephalus and shunt placement on cognition.*®
Participants with higher ventricular measurement scores were
more likely to have decreased IQ at the initiation of RT. The great-
est improvement in IQ scores after RT was seen in participants
with more extensive ventricular size at presentation and correlat-
ed with changes in ventricular measurements. Participants who
required shunt placement had significantly lower IQ scores com-
pared with those who did not undergo shunt placement. Previous
series have demonstrated the impact of surgical morbidity on late
neurocognitive function. A series by Merchant et al.>® evaluating
CRT in 28 children diagnosed with craniopharyngioma revealed
the negative impact of numerous surgical procedures, presence
of hydrocephalus, shunt placement, and the need for revisions
on IQ results. Participants who underwent 2 -3 surgical proce-
dures experienced a statistically significant decline in IQ during
RT. Unfortunately, the invasiveness of surgery and the effects of
radiation impact long-term cognitive function in pediatric pa-
tients with HGG. However, better outcomes have been demon-
strated with those able to achieve a greater maximal safe
resection. Patients with minimal surgical morbidity who have a
stronger cognitive function prior to the initiation of RT are more
likely to be spared the detrimental decrease in IQ scores as out-
come toxicity. Hoppe-Hirsch et al.?” estimated how the extent of
surgical resection and the volume of irradiated brain influenced
cognitive outcomes in children treated for malignant tumors of
the posterior fossa. At 1-2 years after surgery, 70-80% of the
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children maintained an IQ >90 when no operative complications
occurred compared with 20-40% for those who experienced
surgical complications including elevated intracranial pressure,
neurological deterioration from preoperative status, meningitis,
etc. A similar pattern was seen in the surviving participants in our
study; those with intact cognitive function at the start of RT seemed
to preserve function over time. However, one participant treated at
2 years of age could not complete any neurocognitive evaluations
until 4 years after enrollment. This emphasizes not only the impact
of RT but also the potential detriment of initial tumor involvement,
surgical intervention, and supratentorial tumor location.

The present study included assessments of global intellectual
ability, academic achievement, social-emotional/behavioral func-
tioning, and adaptive functioning. Our results indicated that only
global intellectual ability and adaptive functioning changed sig-
nificantly over time. No significant change occurred on measures
of academic or social-emotional/behavioral functioning. Al-
though other areas of neurocognitive function are important
and certainly worthy of study. At the time this study was initiated
(1997), the literature on the importance of examining more spe-
cific areas of neurocognitive functioning was not available, and
the neurocognitive battery was designed to be short and man-
ageable for patients who were recently diagnosed and treated.
Future studies may include a more comprehensive neurocognitive
battery. Nevertheless, the present study results are noteworthy in
that they examine functioning in the HGG patient population at
baseline (prior to CRT) and then follow up with the 23 survivors
again at 6 and 12-months post CRT, providing information on
early patterns of change over time. Unfortunately, further longi-
tudinal analyses were not possible due to the small number of
survivors.

Several series have demonstrated that histology grade influ-
ences outcome, with WHO grade III (AA) tumor patients having
superior outcomes to patients with WHO grade 1V (GBM) tu-
mors.”3%38 In the current series, the majority of participants
had a pathological diagnosis of AA or GBM. Finlay and colleagues
published results of a phase III trial evaluating chemotherapy
regimens in children with high-grade glioma; 5-year estimates
were 33% and 36% for PFS and overall survival (OS), respectively.7
However, when evaluating outcomes in patients with AA and
GBM, those with other eligible diagnoses experienced an estimat-
ed 5-year PFS of 64% and OS of 71%, which was significantly
greater than the other 2 classifications (P <.02). In CCG 943,
5-year PFS for patients with AA was 28% (SE=7%) and 16%
(SE = 17%) for patients with GBM.?° In our current series, the 6
remaining participants had histologies of anaplastic pleomorphic
xantroastrocytoma (n = 1), malignant neurocytoma (n = 1), ma-
lignant glioneuronal (n=1), AA (n=1), and anaplastic oligoden-
droglioma (n=2). These participants may be eligible for smaller
treatment volumes than the standard 2 cm CTV expansion, thus
further diminishing radiation dose to normal structures without
compromising tumor control.

Neuroendocrinological sequelae of radiation therapy have
been studied extensively. Growth hormone deficiency (GHD) is
one of the more common neuroendocrinological sequelae, devel-
oping after doses as low as 18 Gy and increasing the risk with
doses 40-60 Gy.>?“° GHD has been implicated in growth failure,
decreased bone density, and effect on cognition, social withdraw-
al, and memory. By 4 years from the time of enrollment, 13 of our
23 (56%) participants had documented GHD; however, only one

participant was treated with hormone replacement therapy
(HRT). This was mostly attributed to parental discretion and con-
cern for tumorigenesis. In this study, there were a significant
number of participants with hypothalamic-pituitary-adrenal
(HPA) dysfunction, with 5 (25%) participants requiring replace-
ment prior to CRT and 12 of 20 participants (60%) requiring re-
placement by 2 years, as determined by provocative testing. An
additional 8 (24%) participants could not undergo provocative
testing because of inability to be weaned from dexamethasone
initiated at presentation, with a median use of 12.5 months
(range 5-18 months). Our previous report evaluating late effects
of CRT in 50 participants with low-grade glioma revealed similar
patterns of endocrine dysfunction; however, the rates of HPA re-
quiring HRT were much lower. Only 7 (14%) participants were de-
ficient at baseline, and 11 (22%) required HRT at 2 yeors.6 This
could be attributed to multiple factors including differences in
tumor extent, radiation dose, longer treatment volumes, number
of surgical interventions, and iatrogenic adrenal insufficiency
from prolonged steroid use initiated to provide temporary relief
from increased intracranial pressure and tumor-related edema.
Withdrawal from steroids results in headache, lethargy, nauseaq,
and other symptoms associated with adrenal insufficiency. Pro-
longed intake of glucocorticoids has been associated with adrenal
gland hypotrophy, which may require recovery of several months
following discontinuation of exogenous steroids.*! Adrenal sup-
pression with its associated withdrawal symptoms has also
been documented in 64 children with acute lymphoblastic leuke-
mia who were treated with high-dose steroid, with adrenal sup-
pression being present in 81% following last dose and achieving
adrenal function within 10 weeks of discontinuation.*? Marked
hypocortisolism requires hydrocortisone substitution in order to
mimic circadian cortisol secretion.** Close monitoring of these
childrenis critical because they are at great risk for developing ad-
renal suppression, which would decrease their ability to mount an
appropriate response in times of both mental and physical stress.

Conclusion

Conformal radiotherapy for childhood HGG represents an effective
treatment modality with acceptable toxicity. Most failures occur
within the high-dose region of the radiation volume, suggesting
that improved brain-directed therapies are needed. Extent of re-
section, shunt status, and histopathological diagnosis are signifi-
cant prognostic variables for survival. Although most succumb to
their disease, these children are at risk early in their clinical course
for developing adrenal insufficiency and other hormonal and neu-
rocognitive effects, necessitating close monitoring and support.
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