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Abstract
Purpose Stereotactic radiosurgery (SRS) is an important management strategy for residual and recurrent craniopharyngio-
mas. The current study evaluated the factors which affected tumor control and complications in craniopharyngioma SRS.
Methods This study includes 53 consecutive patients who underwent single-session SRS for recurrent or residual crani-
opharyngiomas. The median age was 41 years with 28 male and 25 females. The median tumor volume was 0.63  cm3 and 
median margin dose was 12 Gy (range 9–25 Gy).
Results The overall 3-, 5-, and 10-year survival rates were 97.8%, 92.7% and 88.5%. The overall 3-, 5-, and 10-year tumor 
control rates were 81.0%, 72.1%, and 53.4%. In univariate analysis, ≥ 3 mm distance from optic structures (p = 0.002), only 
solid or cystic tumor type (p = 0.037), and ≥ 12 Gy to ≥ 85% of the tumor (p < 0.001) were significantly associated with 
improved tumor control. In multivariate analysis, only solid or cystic tumor type, (p = 0.034), and ≥ 85% of the tumor receiv-
ing ≥ 12 Gy (p = 0.004) were significantly associated with better tumor control. When ≥ 85% of the tumor received ≥ 12 Gy 
the tumor control rates at 3-, 5-, and 10-year were 100%, 93.3%, and 93.3%. Higher conformity index was not associated 
with better tumor control.
Conclusions The tumor control rates after recurrent or residual craniopharyngiomas SRS were improved by ensuring that 
at least 85% of the tumor received ≥ 12 Gy even when the distance between the tumor and the optic system is < 3 mm. This 
concept refutes the conformity theory that a high conformity index is a critical feature of effective SRS.
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Introduction

Craniopharyngiomas are generally considered slowly pro-
gressive, relatively rare (1.2–4.6% of all intracranial tumors) 
growths arising from embryological remnants of the crani-
opharyngeal duct or Rathke`s cleft [1]. Although located in 
close proximity to the optic apparatus, pituitary stalk and 
critical vascular structures, surgical resection coupled with 

endocrine and visual preservation remains the optimal goal. 
Because some craniopharyngiomas are adherent to these 
surrounding structures residual and recurrent tumors are 
frequent [2]. Gamma knife stereotactic radiosurgery (SRS) 
had been used as a minimally invasive alternative for both 
newly diagnosed as well as residual or recurrent craniophar-
yngiomas. Published literature suggests that radiosurgery is 
associated with 5-years tumor control rates of 62.2–73.6% 
[3–8]. The present study assesses the outcomes of SRS 
and evaluates whether optimizing the dose delivered while 
minimizing radiation in adjacent critical structures improves 
tumor control.
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Methods

Patient population

From 1988 to 2019, a total of 91 craniopharyngioma 
patients were treated with Gamma Knife stereotactic radio-
surgery at the University of Pittsburgh Medical Center. We 
excluded patients without prior histological confirmation 
and those who had undergone prior radiation therapy or 
intracavitary radiation using instillation of the Beta emit-
ting isotope Phosphorus-32. We identified 53 patients eli-
gible for this retrospective study. A patient flow diagram 
is shown in Fig. 1. There were 28 males and the median 
patient age was 41 years (range 4–87 years). We included 
17 children (≤ 18 years) and 36 adults. Seven patients had 
normal endocrine function, 46 had anterior lobe hypopi-
tuitarism, and 36 had diabetes insipidus (DI) at the time 
of SRS. Twenty-six patients had normal visual fields, and 
27 had abnormal visual fields and optic neuropathy at the 
time of SRS. Two patients had tumor biopsy only before 
SRS, 47 patients had undergone surgical resection, one 
patient had biopsy and cyst aspiration, and one patient 
had biopsy, cyst aspiration, and surgical resection. We 
included two additional patients whose craniopharyngi-
oma was verified at the time of delayed progression after 
SRS. These 53 patients underwent a total of 73 gamma 
knife procedures, which included repeat procedures per-
formed after detection of tumor progression between 0.9 

and 25.6 years after the initial SRS procedure. At the first 
SRS, three patients had two tumors in different anatomic 
locations, and one patient had three tumors. During fol-
low-up, ten patients developed new tumors distinct from 
the initial tumor volume. A total of 68 tumors underwent 
SRS. At the time of SRS, 40 tumors were solid, four were 
cystic, and 24 were mixed tumors having both solid and 
cystic components. The patient characteristics are shown 
in Table 1. This retrospective study was approved by the 
University of Pittsburgh Institutional Review Board. 

Radiosurgery technique

SRS was performed in single procedure that began with 
stereotactic head frame application under conscious seda-
tion and local anesthesia. General anesthesia was used for 
children < 13 years. Patients then underwent thin slice MRI 
after frame application. During these three decades, SRS 
was performed using various models of the Leksell Gamma 
Knife [Model U, B, C, 4C, Perfexion and Icon (Elekta AB)]. 
Dose planning was performed using various versions of the 
Leksell dose planning software (KULA or Leksell Gam-
maPlan ®, AB Elekta). Our dose planning strategy was to 
encompass the 3D tumor volume at the 50% isodose line. 
In selected cases we purposefully reduced dose to por-
tions of the tumor adjacent to the optic apparatus. Thus, 

Fig. 1  Flow diagram of this study population

Table 1  Patient characteristics (n = 53)

Characteristics

Age
 Median (range) 41 (4–87)
 Child (≤ 18 years) 17
 Adult (> 18 years) 36

Sex
 Male 28
 Female 25

Pituitary function
 Normal 7
 Anterior dysfunction 46
 Diabetes Inspirus 36

Visual function
 Normal 26
 Visual defect 27

Previous management
 Surgical resection 47
 Biopsy 4
 Cyst aspiration 2
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majority of the tumor volume received a higher dose while 
only a small component near the optic structures received 
a lower dose. The median tumor volume was 0.63   cm3 
(range 0.03–7.61   cm3). The median margin dose was 
12.0 Gy (range 9.0–25.0 Gy), the median maximum dose 
was 24.0 Gy (range 14.3–50.0 Gy), and the median number 
of isocenters was 5 (1–19). The median maximum dose of 
optic nerve was 9.7 Gy (range 3.6–13 Gy) in 33 procedures 
measured the dose of optic nerve. All patients received an 
intravenous injection of 20–40 mg methylprednisolone or 
100 mg of hydrocortisone after SRS.

Follow‑up

Our follow up protocol recommended clinical and image 
evaluations at 3–6 months intervals for the first 2 years after 
SRS. The follow up interval was increased to every year 
for patients without tumor progression or new symptoms at 
2 years after SRS. MRI was recommended when new visual 
or endocrinological symptoms were reported. The median 
follow-up was 86 months (range 6–390 months).

Statistical analysis

Most craniopharyngiomas are adjacent to the optic nerve 
or chiasm. In order to reduce the risk of radiation related 
optic neuropathy, in selected patients the dose delivered to 
tumor adjacent to the optic nerve was reduced. In such cases 
the prescribed target volume is strategically less than the 
gross tumor volume. The tumor margin was defined with 
thin-slice MRI (Gadolinium enhanced T1 and/or T2 high 
signal volume) by the responsible neurosurgeon and radia-
tion oncologist. The percent tumor volume that received 
at least 12 Gy was calculated using Leksell GammaPlan® 
software. This data was available for 40 of 68 tumors. The 
median 12 Gy coverage was 94.3% (range 41–100%). The 
12 Gy coverage was used because it was the median margin 
dose in this study. Kaplan–Meier plots for overall survival 
rate were constructed based on the time of SRS and the date 
of death or last contact. Kaplan–Meir plots for tumor control 
rate were constructed based on the time of SRS and the date 
of tumor enlargement or last image evaluation if the tumor 
was controlled. Tumor volume enlargement was defined as 
increase of > 25% from baseline. The follow-up volume was 
determined by multiplying measurements for the maximal 
X, Y, and Z tumor dimensions multiplied by 0.5  cm3. Uni-
variate analysis was performed on the Kaplan–Meier curve 
using a log-rank test. Multivariate analysis was performed 
with Cox proportional hazard models. The factors studies for 
overall survival variable included age at first SRS (child vs. 
adult), sex, number of prior surgical resections (≤ 1 vs. 2 ≤), 
presence of visual deficits, presence of diabetes insipidus 

(DI), and presence of anterior hypopituitarism. The factors 
studied for tumor control included patient age at SRS, sex, 
tumor type (mixed tumor vs. cystic tumor or solid tumor), 
margin dose, tumor volume, distance between tumor and 
optic nerve, ≥ 12 Gy tumor coverage, and Paddick conform-
ity index (the coverage ratio at margin dose multiplied by 
selectivity ratio) [9, 10]. We investigated the factors related 
to higher 12 Gy coverage rate using the Mann–Whitney U 
test. The suggestive cutoff value for variables (tumor vol-
ume, margin dose, distance to optic nerve, 12 Gy tumor cov-
erage, and conformity index) were determined by Youden 
index based on receiver operating characteristic curve analy-
sis [11]. The data was analyzed using SPSS Statistics, ver-
sion 25.0 (IBM, New York, USA).

Results

Overall survival

At a median of 118 months (range 23–183), 45 patients were 
alive and eight had died. The overall survival rate after SRS 
was 97.8% at 3 years, 92.7% at 5 years, and 88.5% at 10 years 
(Fig. 2A). At the time of death of eight patients, four had no 
known tumor recurrence and had undergone no additional 
treatment for craniopharyngioma; three patients had tumor 
recurrence leading to death; one patient died related to status 
epilepticus. None of following factors were associated with 
overall survival: age at first SRS (p = 0.060), sex (p = 0.064), 
number of prior surgical resection (p = 0.225), presence of 
visual deficit (p = 0.658), presence of DI (p = 0.160), and 
presence of anterior hypopituitarism (p = 0.511).

Tumor growth control

The overall tumor control rate was 81.0% at 3 years, 72.1% 
at 5 years, and 53.4% at 10 years (Fig. 2B). Twenty-four 
patients (one patient had two tumors) underwent additional 
treatment during follow-up after SRS. The median interval 
between the date of SRS and additional intervention was 
48.2 months (range 4–297 months). Of 25 tumors, ten under-
went surgical resection, three had additional SRS, two had 
radiation therapy, two cysts were treated with P32 implan-
tation, four patients had surgical resection and additional 
SRS, one had resection and radiotherapy, one was managed 
with resection and bleomycin injection, one was treated 
with resection and P32 implantation, and one underwent 
cyst aspiration and P32 implantation. In univariate analysis, 
none of the following factors were associated with tumor 
control: age, sex, margin dose, maximum dose, tumor 
volume, and conformity index. Mixed solid-cystic tumor 
was significantly associated with lower tumor control rate 
(p = 0.037, Fig. 2C). Greater distance between tumor and the 
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optic nerve (≥ 3 mm, p = 0.002, Fig. 2D) and ≥ 85% volume 
of the tumor receiving at least 12 Gy (p < 0.001, Fig. 2E) 
were significantly associated with improved tumor control 
rates (Table 2).

Multivariate analysis confirmed that mixed tumors 
had worse tumor control (p = 0.034, HR 4.927, 95% CI 
1.13–21.51) and lower coverage with 12 Gy (≤ 85%) was 
associated with worse tumor control (p = 0.004, HR 22.633, 
95% CI 2.63–194.44) (Table 2). The tumor control rate of 
mixed solid-cystic craniopharyngioma was 65.2% at 3 years, 
59.3% at 5 years, and 44.5% at 10 years. In contrast the 
tumor control rate of patients with only solid or only cystic 
tumors was 90.1% at 3 years, 79.9% at 5 years, and 61.0% 
at 10 years (Fig. 2C). The tumor control rate of craniophar-
yngioma patients whose tumor was treated so that ≥ 85% 
received at least 12 Gy was 100% at 3 years and 93.3% at 5 
and 10 years. In contrast, the tumor control rate of tumors 
with 12 Gy coverage < 85% was 68.1% at 3 years, 56.7% at 
5 years, and 21.3% at 10 years. The cutoff value for tumor 
control that maximized the Youden index was 85% for the 
12 Gy coverage. This analysis suggests that tumor control 
can be optimized by strategic planning so that at least 85% 
of the tumor volume receives at least 12 Gy, even if the dose 
at the tumor margin near the optic nerve, chiasm or pituitary 
stalk received a reduced dose.

Distance between tumor and optic nerve, and 12 Gy 
coverage rate

Radiosurgery dose plans for 61 tumors were available for ret-
rospective review. This distance ranged from 0 to 35.1 mm, 
and 47 tumors were classified as close to optic apparatus 
(< 3 mm). Fourteen tumors with greater distance between 

optic nerve and tumor margin received a higher margin dose 
(median of 14.5 Gy, range 12–20 Gy) compared to tumors 
near the optic nerve (median margin dose of 12 Gy, range 
9–20 Gy) (p < 0.001). The only patient with no tumor-nerve 
gap and whose margin dose was 20 Gy was completely blind 
prior to SRS. Thirteen of 14 tumors with > 3 mm distance 
from the optic nerve were stable during follow up. Tumor 
type and tumor volume were not associated with higher per-
cent volume 12 Gy tumor coverage rate. Higher margin dose 
(≥ 12 Gy, p < 0.001) and enough distance to optic nerve 
(≥ 3 mm, p < 0.001, Fig. 2F) were significantly associated 
with higher 12 Gy coverage rate (Table 3).

In 24 tumors close to the optic nerve (distance to optic 
nerve < 3 mm), ≥ 85% percent volume coverage of 12 Gy 
was significantly associated with better tumor control 
p = 0.027). The tumor control rate can be estimated to be 
80% at 10 years by increasing the 85 percent volume of the 
tumor receiving at least 12 Gy (Fig. 2G).

Adverse radiation effect

Five patients had worsening of visual field defects at the last 
follow up. Four of five patients had tumor progression, but 
one had worse vision without tumor progression at 1 month 
after SRS. One patient with visual field deficit at SRS had 
an improved visual field deficit.

One patient had reduced anterior hypopituitarism, but 
one patient additional anterior endocrine function without 
tumor progression 24 months after SRS. Two patients devel-
oped delayed diabetes insipidus after additional resection for 
tumor progression.

Discussion

Craniopharyngiomas develop and grow in a narrow ana-
tomic space wherein lies structures that critically affect qual-
ity of life—the pituitary stalk and gland, the optic nerve 
and chiasm, and critical vascular structures that affect the 
hypothalamus and basal ganglia [12]. Gross total resection 
as the first line management option confirms the pathologi-
cal diagnosis and facilitates visual recovery in patients with 
symptomatic optic neuropathy related to tumor compression. 
The rate of gross total resection varies between 59 and 90% 
[2, 13–16]. Many patients require either additional resection, 
radiosurgery, intracavitary radiation for cyst progression, or 
in rare cases fractionated radiation therapy to achieve long 
tumor control [2, 17].

Overall survival

Previous studies reported overall survival for craniophar-
yngioma ranging from 91.5 to 97.1% at 5 years and from 

Fig. 2  A Kaplan–Meier plot demonstrating overall survival rate. B 
Kaplan–Meier plot demonstrating progression free survival rate. 
C Kaplan–Meier plot comparing progression free survival rates in 
patients with mixed type tumors and other type tumor (only solid 
and only cystic tumor). Mixed tumor type was significantly associ-
ated with a poor progression free survival rate (p = 0.037). D Kaplan–
Meier plot comparing progression free survival rate for craniophar-
yngioma close to the optic nerve and away from the optic nerve. 
Tumors away from the optic nerve were significantly associated 
with improved progression free survival rate (≥ 3  mm, p = 0.002). 
E Kaplan–Meier plot comparing progression free survival rate for 
craniopharyngioma treated with higher 12  Gy coverage and lower 
12  Gy coverage. Tumors treated with higher 12  Gy coverage were 
significantly associated with improved progression free survival rate 
(≥ 85%, p < 0.001). F Box plot illustrating the relationship between 
distance to the optic nerve and 12 Gy coverage. Tumors away from 
the optic nerve were significantly associated with higher 12 Gy cover-
age (≥ 3 mm, p < 0.001). G In tumors near optic apparatus, Kaplan–
Meier plot comparing progression free survival rate for craniopharyn-
gioma treated with higher 12 Gy coverage and lower 12 Gy coverage. 
Craniopharyngiomas which undergo SRS and ≥ 85% of the tumor 
volume receives 12 Gy or higher had improved progression free sur-
vival rates (p = 0.027)

◂
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82.0 to 91.0% at 10 years after SRS [4–6, 18]. Most long 
survival patients had multimodality management. Such strat-
egies should continue to focus on methods to improve qual-
ity of life, including visual, hormonal, and neurocognitive 
preservation. The use of SRS is an important option that 
can improve tumor control with reduced risks compared to 
additional surgical resection [15, 19].

Tumor control

In previous reports of craniopharyngioma patients who 
underwent SRS, tumor control rates varied from 73.1 to 
84.8% at 3 years, 60.8 to 73.6% at 5 years, and 42.6 to 60.2% 
at 10 years [4–8, 18]. Results of the current study are simi-
lar to prior publications. In previous reports, an adequate 
distance between the tumor and the optic nerve, smaller 
tumor volume, higher margin dose, and normal vision were 
reported as predictors for better tumor control [4, 6–8, 20]. 
In our univariate analysis, a greater percent of the tumor 
receiving at least 12 Gy, greater distance between the optic 
nerve and the tumor, and purely solid or cystic tumors were 
factors associated with better tumor control. In the multi-
variate analysis, greater percent receiving 12 Gy coverage 
and pure solid or cystic tumors again were significant. An 
increased distance between the tumor and the optic nerve 
was not significant in the multivariate analysis because a 
small number of patients who were blind at the time of SRS 
were treated with complete coverage and long-term tumor 
control. Of note a single patient whose tumor margin dose 
was 18 Gy and the 100% of the tumor received ≥ 12 Gy 
had a late progression at 164 months after SRS. This single 

example emphasizes the importance of long-term vigilance 
of such tumors.

Enhanced 12 Gy coverage improved tumor control

In order to prevent tumor growth while reducing the risk of 
optic neuropathy, we have advocated a prescribed margin 
dose of 12 Gy for better tumor control. Because of the ana-
tomic location of craniopharyngiomas, including those that 
are in contact with the optic system, dose reduction near 
such critical structures are needed to reduce the risk of fur-
ther optic neuropathy. This is the first study to suggest that 
strict conformity (100% of the tumor receives at least 12 Gy) 
may not be necessary. Instead we found that when ≥ 85% of 
the tumor volume receives 12 Gy or greater, tumor control 
can be maximized while reducing the risk of optic nerve 
injury. Risk in radiosurgery does not come from what the 
target gets but rather from what adjacent brain, cranial 
nerves, or pituitary gland receive. The cutoff value for tumor 
control that maximized the Youden index was 0.85 for the 
12 Gy coverage. Higher margin dose (≥ 12 Gy, p < 0.001) 
and greater distance from optic system (≥ 3 mm, p < 0.001) 
also were significant. For the tumors near the optic nerve, 
it is necessary to reduce the tumor margin dose so that the 
optic nerve receives a tolerance dose [21]. Although this 
study had only 24 tumors that were near the optic nerve, 
higher 12 Gy coverage rate was significantly associated 
with improved tumor control (≥ 85%, p = 0.027). Even if 
the craniopharyngioma is close to the optic nerve, the tumor 
control was improved by ensuring that ≥ 85% received at 
least 12 Gy. Dose fall off (selectivity) using the Gamma 
knife also is improved by using small isocenters with selec-
tive beam blockage.

SRS conformity and selectivity concepts

Since the advent of advanced dose planning strategies, vari-
ous authors have emphasized two critical aspects of SRS. 
First the tumor must be precisely defined (contouring) after 
which using either prospective or inverse dose planning, 

Table 2  Statistical analysis of 
tumor control rate (n = 68)

Variable Univariate Multivariate

P value P value Hazard ratio 95% CI

Age (≤ 18 vs. > 18) 0.159 NA NA NA
Sex 0.137 NA NA NA
Tumor type (mixed vs. others) 0.037 0.034 4.927 11.28–21.51
Margin dose (< 12.0 Gy vs. ≥ 12.0 Gy) 0.316 NA NA NA
Tumor volume (< 2.5  cm3 vs. ≥ 2.5  cm3) 0.074 NA NA NA
Distance to optic nerve (< 3 mm vs. ≥ 3 mm), n = 61 0.002 0.225 NA NA
12 Gy coverage rate (< 85% vs. ≥ 85%), n = 40  < 0.001003 0.004 22.633 2.63–194.44
Conformity Index (< 0.65 vs. ≥ 0.65), n = 40 0.673 NA NA NA

Table 3  Statical analysis of 12 Gy tumor coverage rate

Variable P value

Tumor type (mixed vs. others) 0.157
Margin dose (< 12.0 Gy vs. ≥ 12.0 Gy)  < 0.001
Tumor volume (< 2.5  cm3 vs. ≥ 2.5  cm3) 0.557
Distance to optic nerve (< 3 mm vs. ≥ 3 mm)  < 0.001



119Journal of Neuro-Oncology (2021) 154:113–120 

1 3

the tumor must have 100% conformity of the dose delivery 
[9]. Secondly, the dose outside the tumor must fall off as 
rapidly as possible to reduce injury to nearby critical struc-
tures (selectivity). Paddick et al. have developed conformity 
indices that are helpful guides to dose planning especially 
in less experienced planners [9]. As yet no data shows that 
both tumor response and risk reduction are improved by 
conformity concepts. It is important to understand that risk 
comes from what adjacent critical structures outside the 
target receive, not from what the target itself receives. The 
conformity index does not take into account the location 
of critical structures in relation to the tumor. In a study of 
brain metastases SRS, Aiyama et al. had reported that tumor 
control actually was reduced as the conformity index was 
increased [22].

The present study found that for tumors such as crani-
opharyngioma the conformity index had no relationship to 
tumor control or to adverse radiation effect. Instead when 
deliberately reducing the tumor dose near the optic system 
while at the same time ensuring that at least 85% of the 
tumor received ≥ 12 Gy, tumor control was improved and 
risk was low (Fig. 3). This finding parallels the report of 
Kano et al. who demonstrated that AVM obliteration results 
can be improved significantly when at least 63% of the AVM 
receives a dose ≥ 20 Gy; this also confirmed that margin dose 
critical predictor of successful obliteration [23]. Using the 
Gamma knife, we can increase the percent volume receiving 
higher dose by adding low weighted isocenters within the 
target volume while not changing the prescription margin 
dose or conformity [23].

Adverse radiation effect

In a previous large SRS craniopharyngioma series, the rate 
of visual field deterioration without tumor progression was 

0–2.2% [4, 5, 7]. In the present study, a single patient had 
visual field deterioration unrelated to tumor progression. 
The patient was treated with a margin dose of 9 Gy and 
the dose reduction to the optic nerve was performed by 
selective beam channel blocking of isocenters closer to the 
optic nerve. The cause of this presumed radiation related 
optic neuropathy is unclear. If the maximum point dose 
delivered to the optic nerve is 10 Gy and the average dose 
is < 8 Gy, the risk of optic neuropathy is < 1% in patients 
without prior radiation therapy [24, 25]. This is achieved by 
enhancing selectivity using only small isocenters near the 
target periphery and by selective beam channel blocking. 
Margin doses can be reduced to assist, as long as 85% of the 
tumor receives a dose of 12 Gy. This same concept applies 
to pituitary gland and stalk radiation dose.

In the current study, a single patient at 24 months devel-
oped additional hormone loss in the absence of tumor pro-
gression. This patient was treated with a margin dose of 
11 Gy.

Study limitations

This is a retrospective study. Since the clinical course of 
patients with craniopharyngioma is complex and their inci-
dence is rare, it is difficult to have a homogenous cohort. 
Both selection bias and prior treatment bias may interact. 
Since no patient in this study also had fractionated radia-
tion therapy, we cannot assess the benefit or the risks of this 
alternative strategy.

Fig. 3  Axial MRI (A) with 
coronal (B) and sagittal (C) 
reformatted images showing 
GammaPlan for a craniophar-
yngioma showing 91% tumor 
coverage with 12 Gy and 
conformity index of 0.66. Part 
of the tumor close to right optic 
nerve and optic chiasm was 
treated with doses less than 
12 Gy. Five-year follow-up MRI 
(with 12 Gy line projected from 
dose plan) shows significantly 
regressed and stable tumor. 
This figure illustrates the value 
of ≥ 85% coverage with 12 Gy. 
The CI is not clinically signifi-
cant for tumor control
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Conclusion

Craniopharyngiomas are complex tumors that often require 
multimodality management. Tumor control and risk reduc-
tion using SRS after initial surgery were improved by ensur-
ing that at least 85% of the tumor received ≥ 12 Gy while the 
optic apparatus dose is reduced to below 10 Gy. In this study 
the conformity index had no correlation with tumor control.
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