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Abstract

Background. Our aim was to estimate long-term disease control and complications after conformal radiation
therapy (CRT) in children and adolescents with craniopharyngioma.

Materials and Methods. Pediatric patients with craniopharyngioma (n = 101) were enrolled on or treated according
to a phase Il single institutional protocol from 1998. Surgery was individualized, and CRT (54Gy) was administered
using a 1.0 cm or 0.5 cm clinical target volume margin. Patients were followed for 10 years by serial MR imaging
and MR angiography and a battery of tests to measure the effects of treatment.

Results. Twenty patients had tumor progression. Twelve patients who had tumor progression died due to tumor
(n =6) or complications related to tumor or treatment (n = 6). With a median follow-up of 14.94 years for survivors,
the 10 year estimates (+SE) of progression-free survival (PFS), event-free survival (EFS), and overall survival (OS)
were 78.84% + 4.10%, 77.12% = 4.19%, and 96.02% + 1.95%, respectively. OS, EFS, and PFS were significantly asso-
ciated with race, shunt status, and tumor volume. The 10 year cumulative incidence (+SE) of the secondary tumor
(1.99% = 1.40%), secondary malignant tumor (1.0% = 1.0%), necrosis (1.98% = 1.39%), vasculopathy (8.47% = 2.90%),
and permanent neurologic deficits (8.28% + 3.37%) were estimated by competing risk analysis. Three patients re-
quired revascularization surgery. Salvage therapy was successful in 13 patients using surgery and radiosurgery.
Conclusions. Limited surgery and CRT using photons results in excellent tumor control. Tumor control and the in-
cidence and severity of complications are associated with host, tumor, and treatment factors.

Key Points

Craniopharyngioma is a histologically benign, potentially  and represents the most common nonglial intracranial neo-
curable, intracranial neoplasm that arises with a bimodal  plasm in children. It is estimated to account for 3.4% of pedi-
age distribution in children and adults." The childhood ver  atric brain tumors.? Craniopharyngioma arises along with the
sion is uniformly the adamantinomatous histologic subtype  craniopharyngeal duct remnant, frequently in the suprasellar
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Importance of the Study

This study describes the long-term results of a cohort
of pediatric patients who received limited surgery and
conformal radiotherapy (RT) for craniopharyngioma.
The majority participated in a phase Il clinical trial and
the remainder received similar treatment. All patients
received 54-55.8Gy focal RT. Overall survival at 10 years
was 96%, and 20 patients had tumor progression. Late
vasculopathy occurred in 8.5%, neurologic deficits in
8.3%, brainstem necrosis in 2%, and secondary ma-
lignant tumor in 1%. Increased risk of mortality was

region. Endocrinopathy, visual impairment, or neurologic com-
promise, the last resulting from compression of neurovascular
structures or obstruction of cerebrospinal fluid (CSF) path-
ways, often leads to evaluations that result in the diagnosis.
As biologic and molecular features amenable to conventional
chemotherapy or targeted agents are lacking, definitive treat-
ment of adamantinomatous craniopharyngioma relies on sur-
gery and radiation therapy (RT).

Understanding that all treatments have associated risks
and benefits, there has been a trend to improve patient se-
lection for radical surgery or limited surgery and RT.2 Both
approaches result in equivalent rates of overall survival
(0S).“The rate of tumor progression after radical surgery
is generally higher than that observed after RT, however,
patients who have tumor progression after radical surgery
may receive RT and have high rates of disease control.’The
acute and long-term effects of surgery and RT have been
compared.®The concerning acute effects of radical surgery
include diabetes insipidus, vision loss, stroke, and rarely
peri-operative death; the long term effects have been
documented and include reduced performance status and
neurocognitive impairment affecting specific domains and
quality of life.” The effects of surgery have been attributed
to hypothalamic involvement.®-"°The acute effects of irradi-
ation are self-limiting and include nausea, emesis, and pro-
found fatigue. The long-term effects are more concerning
and include vasculopathy, necrosis, and secondary tumors.
Both treatments are associated with panhypopituitarism
and metabolic syndrome and contribute differentially to fa-
tigue, narcolepsy,” and hypothalamic obesity."?

We designed a clinical trial to test the ability of conformal
radiation therapy (CRT) to safely reduce the targeted volume
without affecting the rate or pattern of failure in children with
localized brain tumors. Preliminary results documented a
high rate of local tumor control and the importance of tumor
imaging during treatment.’® The advantages of limiting the
prescribed dose to the tumor and a limited margin of sur-
rounding normal tissue provided the rationale for the future
use of proton therapy. Proton therapy holds promise to fur-
ther spare normal tissue exposure and improve outcomes.™
With more than 10 years of follow-up, we present the results
from our institutional experience using photon-based CRT.
The results include benchmark rates of disease control and
selected complications and provide new insights into fac-
tors associated with PFS, OS, functional outcomes, and chal-
lenges associated with treatment of this rare tumor.

observed for Black patients, those who required CSF
shunting, and those with larger target volumes. Five
deaths were attributed to initial therapy. Vasculopathy
was assessed using cerebral angiography. Female pa-
tients were observed to have a higher cumulative in-
cidence of vasculopathy, and a larger planning target
volume (PTV) was associated with an increased risk
of vasculopathy. Two patients had brainstem necrosis,
and 6 developed secondary tumors attributed to radia-
tion therapy.

Materials and Methods
Patient Characteristics

Between April 1998 and December 2013, 101 children and
adolescents ages 3-17 years were treated with photon-based
conformal or intensity-modulated radiation therapy at St.
Jude Children’s Research Hospital (St. Jude). Pediatric pa-
tients (n = 76) were enrolled on a phase Il single institutional
protocol beginning 1998 or followed (n = 25) a nonprotocol
treatment plan. The median follow-up for survivors was
14.94 years (range 7.23-21.5 years). At the time of this report,
only two survivors had been followed for less than 10 years.
Clinical and treatment factors are presented inTable 1.

Protocol Enrollment, Treatment, and Follow-up

The RT1 protocol was a phase Il study of image-guided RT
for pediatric CNS tumors and quantification of radiation-
related CNS effects (NCT00187226). The protocol was ac-
tivated October 6, 1997 and enrolled the first patient with
craniopharyngioma on June 4, 1998. Patients diagnosed
with craniopharyngioma ages 1-25 years were eligible.
Histologic confirmation was not required and patients
with a prior history of fractionated irradiation were ex-
cluded. Adequate performance status (ECOG 0-3) and in-
formed consent signed by patient, parent, or guardian
was required. The study protocol was approved by the
institutional review board and was conducted in accord-
ance with the Declaration of Helsinki and the International
Conference on Harmonisation Guidelines for Good Clinical
Practice. All patients provided written informed consent. “If
the patient or their guardian were unwilling to participate
in the protocol-specified evaluations, they received iden-
tical treatment but were not enrolled on the phase Il study.”

Surgery, Radiation Therapy, and Follow-up

Surgery - Protocol accrual relied on referral of patients
diagnosed at outside facilities. Referred patients may
have undergone radical surgery with subsequent incom-
plete resection or had progression; most patients were
treated with limited surgery. There were 197 tumor dir-
ected procedures in 96 patients. This did not include
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Table 1. Clinical and treatment characteristics

Variable I\

Age
7.77 years (1.29-17.52)
8.98 years (3.20-17.63)

Diagnosis
At start of radiation therapy

Presentation

Headache 62
Visual disturbance 17
Growth delay 9
Emesis 4
Loss of consciousness 4
Head injury 3
Precocious puberty 2
Gender
Female 46
Male 55
Race
Asian/Pacific islander 1
Black 22
Hispanic 2
White 76

Extraventricular drain

Yes 23
No 78
CSF shunt
Yes 27
No 74
CTV margin
<0.5cm 76
1.0cm 25
PTV margin
0.3cm 58
0.5cm 43
Dose
54Gy 94
55.8Gy 7
Target volumes (mL)
GTV 12.28(0.42-64.66)
CTV 36.84 (5.20-176.7)
PTV 65.75 (17.31-257.5)
Target volume dose coverage (cGy)
D95GTV 5441 (5298-5740)
D95CTV 5415 (5031-5701)
D95PTV 5364 (5347-5691)

Planning and delivery method
Conformal radiation therapy 84
Intensity-modulated radiation therapy 17

Abbreviations: CSF, cerebrospinal fluid; CTV, clinical target volume;
PTV, planning target volume; GTV, gross total volume.

post-catheter placement cyst aspirations, or procedures
associated with CSF diversion, intra-cystic chemotherapy
or brachytherapy procedures, radiosurgery, radiosurgery,
revascularizations, and to treat post-surgical complications
or progression. Five patients were treated without tumor
directed surgery. Initial surgery was performed at an out-
side hospital (OSH) in 49 cases. Additional tumor directed
procedures were performed in 16 of these patients. In total,
18 of 49 OSH cases were subjected to a single procedure.
There were 31 OSH patients who underwent 2-11 tumor
directed procedures (median 2 procedures) prior to CRT.
Among the 47 patient who underwent their initial tumor
directed procedure at our institution, 32 had a single pro-
cedure and 15 had multiple procedures. The median was
2 (range, 2-5 procedures). All post-operative patients with
residual tumor received immediate post-operative RT at
the time of referral. Single tumor directed procedures were
performed in 50 patients including 2 patients treated with
transsphenoidal resection (tissue assessment was non-
diagnostic in both cases), 19 were treated with bur hole
procedures that included tumor/cyst decompression and
drainage with Ommaya catheter placement in 3 cases, and
29 were treated with craniotomy performed for tumor/cyst
decompression, drainage, and resection with Ommaya
catheter placement in 4 cases. The extent of these single
procedures may be further characterized based on tissue
diagnosis and post-operative diabetes insipidus. The pro-
cedures were diagnostic in 5/19 bur hole procedure cases
and 24/29 craniotomy cases (P-value < 0.001). Five of 29
craniotomy cases were non-diagnostic. Diabetes insipidus
resulting from surgery was noted in 1/15 bur hole cases,
17 of 26 craniotomy cases (P-value < 0.001) and was pre-
existing is 3 bur hole and 3 craniotomy cases.

CSF Diversion and Interventions during Treatment -
A total of 27 patients required shunt placement before or
during treatment and immediate post-treatment follow-up
and 23 patients required placement of an extra-ventricular
(n = 21) or lumbar (n = 2) drain. Cyst enlargement war-
ranting intervention such as adaptive replanning, cyst as-
piration, shunt revision, or partial resection occurred in 31
(30.7%) patients. Surgery during RT included partial resec-
tion for symptomatic hydrocephalus, facial numbness, and
visual impairment.

Radiation Therapy - Target volumes were defined using
CT and MR performed in the treatment position. The latter
was registered to the treatment planning CT. The gross
tumor volume (GTV) was the residual tumor or tumor
bed; the clinical target volume (CTV) margin was initially a
1.0 cm surrounding the GTV and later reduced to <0.5 cm.
The planning target volume (PTV) margin was initially a
0.5 cm margin surrounding the CTV and later reduced to
0.3 cm using daily image guidance. The CTV margin was
1.0 cm for 25 patients and <0.5 cm for the remainder. The
PTV margin was 0.5 cm for 43 patients and 0.3 cm for the
remainder. On treatment imaging using MR was performed
at weeks 3 and 5 of treatment and weekly after 2004. The
median number of MR evaluations during treatment was
4 (range 0-7). IV contrast was used as needed. Replanning
was performed when any margin of an enlarging GTV
approached the CTV margin. More than one plan was re-
quired for 43 (42%) patients. Three planning systems
were used during the protocol and collimation included
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customized Cerrobend apertures and multi-leaf collima-
tion with leaf widths of 1.0 cm, 0.5 cm, and 0.3 cm. Photon
beam energy was 6 or 15MV. Conformal and step-and-
shoot intensity-modulated RT methods were used. Median
(range) volumes and doses were as follows: GTV 12.3 mL
(0.4-64.7 mL), CTV 36.8 mL (5.2-176.7 mL), PTV 65.8 mL
(17.3-257.5 mL), D95%GTV 5440.9¢Gy (5298.0-5739.5cGy),
D95%CTV 5415.0cGy (5031.3-5700.5¢Gy), and D95%PTV
5364.4cGy (5350.0-5690.7cGy). Tumor volumes and dosi-
metric parameters were calculated by the treatment plan-
ning system.The protocol prescribed dose was 5400cGy at
180Gy per day, and 7 patients received 5580cGy.

Follow-up, Disease Control, and Survival

Dated from the start of RT, patients were followed every
3 months during the first year, every 6 months through
year 5, and annually through year 10. Follow-up included
physical and neurologic exam and contrast enhanced MR
imaging. MR angiography (MRA) was performed at base-
line and annually. Abnormal MRA evaluations were fol-
lowed by repeat MRA and the addition of MR perfusion
imaging. Cerebral angiography was performed for patients
with uncompensated perfusion deficits. Vasculopathy was
recorded for patients with an abnormal cerebral angio-
gram. Follow-up endpoints include last imaging study, last
clinic visit, or last contact. Patients were followed in the ra-
diation oncology clinic for a minimum for 10 years.

Statistical Analysis

The Cox hazard model was used to investigate the asso-
ciation of OS, event-free survival (EFS), and progression-
free survival (PFS) with variables of interest. The log-rank
test was used to compare the difference in survival dis-
tributions between groups. The level of significance was
P < 0.05. Gray’s method' was used to compare the cu-
mulative incidence of a particular type of failure among
different groups in the presence of competing risks. Fine-
Gray'® competing risk regression model was used to inves-
tigate risk factors associated with cumulative incidence of
vasculopathy. OS was calculated from the date of RT start
to the date of death or the last contact date. EFS was cal-
culated to the date of disease progression, the date of sec-
ondary tumor, date of death not associated with disease
progression, or last contact date. PFS was calculated to the
date of disease progression, date of death, or last contact
date, while the secondary tumor was censored if the date
of secondary tumor occurred prior to the date of disease
progression.The results from the phase Il study have been
reported, https://clinicaltrials.gov/ct2/show/NCT001872267t
erm=RT1&draw=2&rank=6

Results
Tumor Control

Twenty patients had tumor progression. The median time
to progression was 5.15 years (range 1.41-9.21 years).

Twelve patients died from tumor progression (n = 6), com-
plications related to tumor or treatment (n = 5) or both
(n = 1). The 10 year estimates (+SE) of PFS, EFS, and OS
were 78.84% + 4.10%, 77.12% + 4.19%, and 96.02% + 1.95%,
respectively (Figure 1). There were no marginal treatment
failures.

Overall Survival

Black patients had a higher risk of death compared to White
patients, (HR = hazard ratio of death) HR 6.2826 (95% CI
1.9861,19.8734, P = 0.0018). Shunted patients had a higher
risk of death compared to nonshunted patients, HR 3.4946
(95% CI 1.1056,11.0456, P=0.0331) (Figure 2) and those with
larger target volumes had a higher risk of death compared
to those with smaller target volumes. The risk of death as-
sociated with the GTV was HR 1.0845 (95% Cl 1.0497,1.1206,
P < 0.0001). Similar associations were found for the CTV
and PTV. OS estimates at 10 years were 86.12% (+7.44) for
Black and 98.68% (+1.31) for White patients, respectively
(P =0.0003), and 92.59 % (+5.04) for shunted and 97.28%
(£1.90) for nonshunted patients, respectively (P = 0.0232).
There were strong correlations between shunt and the
tumor volumes GTV, CTV, and PTV. Race was not signifi-
cantly associated with tumor volumes. Shunt was not
significantly associated with race. Multiple variable ana-
lyses were performed using variables that were not correl-
ated. OS was associated with race (P = 0.0016) and shunt
(P = 0.0314). OS was associated with GTV (P = 0.0001)
but not race (P = 0.0824). OS was associated with race
(P=0.0387) and CTV (P=10.0002), and race (P=0.0270) and
PTV (P=0.0002).

Event-Free Survival

Shunted patients had a higher risk of events, which in-
cluded progression, secondary tumor, and death, HR
2.2253 (95% Cl 1.062,4.6626, P = 0.0341). Estimated EFS
at 10 years was 62.96% (+9.29) for shunted and 82.28%
(+4.46) for nonshunted patients, respectively (P = 0.0295)
(Figure 2). Patients with larger GTV had a higher risk of
events, HR 1.0506 (95% Cl 1.0295,1.0722, P < 0.0001).
Similar associations were found for CTV and PTV. Patients
with larger PTV margins had a higher risk of events, HR
1.574 (95% CI 1.0643,2.328, P = 0.0231). For every mL
increase in GTV, the risk of an event increased by 5.06%,
and for every mm increase in PTV margin, the risk of
an event increased by 1.14%. Shunt was not associated
with PTV margin. In a multivariable analysis, EFS was
associated with PTV margin (P = 0.0421) but not shunt
(P=0.0700).

Progression

Black patients had higher risk of tumor progression com-
pared to White patients, HR 2.5694 (95% CI 1.1113,5.9407,
P = 0.0273). Shunted patients had higher risk of tumor
progression compared to nonshunted patients, HR 2.9252
(95% CI 1.2901,6.6327, P = 0.0102) (Figure 2). The risk of
progression associated with GTV was HR 1.051 (95% CI
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Figure 1. K-M estimates of progression-free (A), event-free (B), and overall survival (C) after conformal and intensity-modulated photon RT.
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Figure 2. K-M estimates of progression-free (A), event-free (B), and overall survival (C) after conformal and intensity-modulated photon RT by

race and shunt status.

1.0285,1.0739, P< 0.0001), and larger PTV margins were as-
sociated with a higher risk of tumor progression HR 1.5903
(95% Cl 1.0314,2.452, P=0.0357). Similarly, larger CTV and
PTV were associated with a higher risk of progression. PFS
estimates at 10 years were 62.78% (+10.47) for Black and
82.62% (+4.38) for White patients, respectively (P=0.0221),
and 65.38% (+9.33) for shunted and 83.57% (+4.34) for
nonshunted patients, respectively, (P = 0.0070). PFS was
associated with race (P = 0.0448) and shunt (P = 0.0210).
PFS was associated with GTV (P < 0.0001) but not race
(P = 0.2349). PFS was associated with CTV (P = 0.0016)
but not race (P = 0.1377). PFS was associated with PTV
(P =0.0002) but not race (P = 0.0993). When race, shunt,
and PTV margin were included in the model, PFS was as-
sociated with race (P =0.0279) and Shunt (P = 0.0431), but

not PTV margin (P = 0.0607). The time from initial imaging
diagnosis to RT start date was not associated with PFS,
EFS, or OS; 50% of patients started RT within 2.28 months
of diagnosis.

There was no difference in OS based on sex, age, and RT
parameters including target volume margin, dose, treat-
ment delivery type, number of treatment plans, or number
of surveillance imaging sessions. There was no difference
in EFS based on sex, age, and RT parameters including
dose, treatment delivery type, number of treatment plans,
or number of surveillance imaging sessions. There was no
difference in PFS based on gender, age, and RT param-
eters including dose, treatment delivery type, number
of treatment plans, or number of surveillance imaging
sessions.
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Salvage Therapy

Salvage therapy was successful in 13 patients given various
combinations of surgery and stereotactic radiosurgery.
Successful salvage regimens included a single neuro-
surgery procedure (n = 5), multiple surgery procedures
(n = 6), and multiple surgery procedures combined with
radiosurgery (n = 2). Among patients with progressive dis-
ease, 6 died from progressive disease or complications
after additional surgery and one died of a secondary malig-
nant brain tumor, 13.18 years after RT.

Death not Associated with Disease Progression

In addition to the single patient who had disease progres-
sion and secondary high-grade glioma, there were 5 other
deaths without evidence of tumor progression. Causes of
death included opportunistic infection (4.89 years), cere-
brovascular disease (11.13 years, 14.74 years), secondary
malignant brain tumor (13.11 years), and secondary malig-
nant craniopharyngioma (8.34 years).

Neurologic and Neuropsychologic Sequelae

Long-term neurologic and psychologic complications
were common and included hypersomnia, attention def-
icit disorder, depression, anxiety, headache, and seizure
disorder. Treatments included stimulants (46.5%), pre-
scription migraine medications (43.5%), and long-term
anticonvulsant therapy (19.8%). Four patients developed
autonomic dysfunction manifested by neurocardiogenic
syncope, temperature dysregulation, and cyclic vomiting.
Excluding seizure disorder, the cumulative incidence
of a permanent neurologic condition unrelated to
vasculopathy and necrosis was 6.17 + 2.46% at 10 years.
(Figure 3)

Vasculopathy and Brain Necrosis

MRA was performed during the first year of treatment
and annually thereafter in all patients. One patient could
not be imaged by MRI because of an incompatible aneu-
rysm clip placed during surgery. Forty patients had an ab-
normal MRA defined as vascular stenosis.The median time
to abnormal MRA was 1.57 years, range 0.2-10.85 years.
The MRA was abnormal in 15 cases <12 months, 22 cases
<24 months, and 31 cases <60 months after the initia-
tion of RT. Seventeen patients with abnormal MRA were
evaluated with CT (n = 4) and conventional (n = 13) angi-
ography to investigate neurologic symptoms or imaging
findings in these patients. Nine patients had abnormal
angiograms. The median time from abnormal MRA to ce-
rebral angiogram was 1.15 years (range 0.04-8.52 years),
and median time from radiation therapy to abnormal ce-
rebral angiogram was 1.05 years (range 0.56-4.86 years).
Three patients underwent revascularization surgery:
encephaloduroarteriosynangiosis was performed in
three patients 3.52, 3.69, and 4.24 years after RT. These
two patients treated with arteriosynangiosis had peri-
operative strokes involving middle cerebral circulation

and developed permanent deficits. Also, 23 patients were
treated with aspirin therapy. The indications included ab-
normal MRA (n = 15), venous sinus thrombosis (n = 1),
transient ischemic attack (n = 1), heart valve replacement
(n = 1), dyslipidemia (n = 1), and abnormal cerebral an-
giography (n = 2), empiric after stroke-like symptoms
without imaging correlate (n = 2). The cumulative inci-
dence of vasculopathy was 7.93 + 2.71% at 10 years. The
cumulative incidence of vasculopathy was higher in fe-
males (15.28 + 5.39) than males (1.82 + 1.82) (P = 0.0415).
(Figure 3) Using the Fine-Gray regression model, PTV was
significantly associated with vasculopathy HR 1.0095 95%
Cl 1.0016,1.1076, P = 0.0188). In a multivariable analysis
that included marginal variables, vasculopathy was asso-
ciated with PTV (P = 0.0222) but not sex (P = 0.0776) and
D95GTV(P=0.0677). When sex was removed, vasculopathy
was associated with PTV (P = 0.0232) but not D95GTV
(P = 0.0812). Vasculopathy was associated with D95CTV
(P=0.0366) and PTV (P = 0.0256) but not sex (P = 0.0713).
After removing sex, vasculopathy was associated with PTV
(P=10.0363) but not D95CTV (P = 0.0573).

Two patients had brainstem necrosis 4.67 and
5.75 months after RT. In the first patient, necrosis was ob-
served after cataract surgery in a patient with diabetes
mellitus who was noncompliant with his diabetes regimen.
In the second patient, necrosis was observed at the site
of ischemia after multiple neurosurgical interventions, in-
cluding resection. Both patients were successfully treated
with hyperbaric oxygen and are alive more than 10 years
after treatment. The cumulative incidence of necrosis was
1.98 = 1.39% at 10 years. (Figure 3)

Secondary Tumors

Six patients developed secondary tumors attributed to
RT: high-grade glioma (n = 2), meningioma (n = 2), ma-
lignant craniopharyngioma, and papillary thyroid car
cinoma. Those with high-grade glioma and malignant
craniopharyngioma died as noted earlier. Two patients
developed second tumors not attributed to RT; one de-
veloped osteosarcoma 1.11 years after RT and one patient
with type 1 neurofibromatosis developed acoustic neu-
roma. The cumulative incidence of the secondary tumor
was 1.99 + 1.40% at 10 years. The cumulative incidence
of the secondary malignant tumor was 1.00 + 1.00% at
10 years.

Discussion

Craniopharyngioma is a rare pediatric brain tumor with
fewer than 150 cases diagnosed each year in the US in
individuals under 19 years of age. The infrequent diag-
nosis of this tumor, the high rate of tumor control after RT,
and the need for long-term follow-up to observe enough
events associated with tumor progression and death have
impacted our ability to identify prognostic factors. Our
contemporary photon series with long-term follow-up at a
single institution of 101 patients provides new information
showing that race, shunt status, and tumor volume have
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a significant impact on PFS and OS and that PTV and sex
are associated with the incidence of vasculopathy. We pre-
viously showed, with limited follow-up, that shunt, race,
and number of imaging evaluations during treatment
were associated with PFS. We showed that CSF shunting
is associated with larger tumor volume and postulated
that it represented more extensive and aggressive dis-
ease.’”” We now suggest that the slightly higher incidence
of craniopharyngioma in Blacks? may be linked to bio-
logical differences in tumor etiology and requires further
investigation. Finally, larger tumor and target volumes,
like CSF shunting, indicate more aggressive tumors.
Those who treat craniopharyngioma have long held that
the volume of the irradiated tumor and other clinical and
treatment factors had no impact on outcome, although it
was suggested that subtotal resection largely included pa-
tients with minimal residual tumor.'®

Indeed, the small number of patients included in most
institutional reports have led to meta-analysis of sim-
ilar series.’20 However, these analyses focused on
documenting the equivalence of radical surgery to limited
surgery and RT. Although these reports have been valu-
able and improved patient selection, subgroup analysis of
prognostic factors has not been performed due to lack of
detailed information.

Investigators from the Necker-Enfants Malades Hospital®
reported on disease control and quality of life outcomes
comparing 103 patients from 1984-2002 when radical sur-
gery was the prioritized treatment to 22 patients treated
2002-2004 when the treatment goal was hypothalamic
preservation using more limited surgery and irradiation.
In the earlier era, 35% of patients received radiotherapy
whereas in the later era radiotherapy was administered
to 45% of patients. The major findings were lower peri-
treatment mortality, improved or stable vision, improved
post-operative BMI z-scores and improved health utility
index score.They also found that those treated with radical
surgery had behavioral problems associated with degree
of hypothalamic involvement and were less likely to have
normal social development. The results of their research
supported their early hypothesis that the quality-of-life out-
come correlated with the degree of hypothalamic damage
evident on post-operative imaging.®

Craniopharyngioma researchers in Germany' sum-
marized that OS and quality of life after treatment for
craniopharyngioma are impaired based on hypothalamic
involvement and by extension concluded that those with
hypothalamic involvement should not undergo attempted
gross-total resection. Their report did not provide modality
specific outcomes for weight, neuropsychological status
and quality of life, and psychosocial status, and only 40%
(90/223) of patients received radiotherapy.

There is an emerging trend toward noninvasive manage-
ment of craniopharyngioma.?"?? It has been established
that long-term survival is likely and that care should be
taken to minimize the sequelae of tumor and treatment. In
areview byYang et al.,?® there was no significant difference
in PFS and OS after radical surgery when compared to sub-
total resection and adjuvant RT.They concluded that lesions
involving the pituitary stalk, hypothalamus, and critical
cerebral vasculature may be best treated with intentional
subtotal resection and adjuvant CRT. In our experience,

disease control after limited surgery and RT yielded tumor
progression rates comparable to those offered by gross
total resection.?#?5 Only 6 patients in our study died from
tumor progression. The remaining deaths were due to
complications associated with tumor or treatment. Deaths
directly attributable to RT are secondary malignant neo-
plasms and cerebrovascular disease. The latter has multi-
factorial etiology including endocrinopathy?® and surgery.
The contribution of endocrinopathy, adherence to replace-
ment therapy, and the impact of surgery and surgical
approach to vasculopathy remain important research ques-
tions. We showed that larger tumor volume is a risk factor
for vasculopathy. This may be due to stretch induced endo-
thelial dysfunction.?”? There is increasing concern about
the critical transition of these patients to adulthood and
their adherence to hormone replacement regimens. The
chronicity of problems associated with craniopharyngioma
and its treatment parallels those observed for children
diagnosed with type 1 diabetes.?® Diabetes insipidus, when
not present at the time of diagnosis, is a surgical complica-
tion and may be used as a marker of extensive or extended
resection.

Investigators in Sweden?®® reported on outcomes from
a national health registry for those diagnosed between
1997-2011. In this primarily surgical series, where approx-
imately 30% (70/134) of patients were treated with radio-
therapy, they found that women more than men, children
more than adults, and those with diabetes insipidus more
than those with only hypopituitarism or no evidence of hy-
popituitarism or diabetes insipidus, had higher standard-
ized mortality ratios. And while their outcomes and prior
research suggest that patients treated with irradiation are
at highest risk of cerebral infarction, they acknowledge
that confounders when assessing outcomes based on RT
include tumor size and extent. Their report did not include
surgery specific outcomes and their database did not in-
clude individual patient clinical information such as tumor
size, extent, and obesity.

In the months to vyears following treatment for
craniopharyngioma, survivors require close surveil-
lance and strict management of tumor and wide-ranging
treatment-related complications including life-threating
endocrinopathy, vasculopathy, accelerated cardiovascular
disease, and/or nonalcoholic fatty liver disease leading
to cirrhosis. Herein, we showed that the PTV was asso-
ciated with a higher incidence of vasculopathy and that
females had a higher incidence than males. The larger
planning volume is likely associated with irradiation of
all central vessels, a larger volume of the vulnerable cere-
bral vascular tree, and supports efforts to reduce the tar-
geted volume, overall volume of irradiation, and dose to
the uninvolved brain using newer methods of irradiation
that spare normal tissues. The finding that females had a
higher incidence of vasculopathy than males was unex-
pected and requires further investigation, including treat-
ment of hormone deficiencies such as hypogonadotropic
hypogonadism. Our results suggest that limited surgery
and post-operative CRT are associated with excellent rates
of tumor control and acceptable toxicity profiles. Further
research is required to understand the contribution of
host and tumor biology to tumor control and treatment
complication rates.
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