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Cushing’s disease (CD) is a rare disorder caused by 
autonomous secretion of adrenocorticotropic hor-
mone (ACTH) by a pituitary adenoma that results 

in cortisol hypersecretion by the adrenal glands. Com-
mon symptoms of CD include central obesity, diabetes, 
hypertension, mood changes, and accelerated cognitive 
decline.5,28 CD patients are at up to a fivefold increased 
mortality risk.3,5,13 Normalization of hypercortisolemia is 

the treatment goal, because prolonged hypercortisolemia,10 
persistent hypercortisolemia after pituitary adenoma re-
section,7 and higher number of prior treatments3 increase 
the risk for unfavorable outcomes.

The management of CD often requires multidisci-
plinary expertise that includes a neurosurgeon, endocrinol-
ogist, and often a radiation oncologist and medical physi-
cist. Surgical resection of an ACTH-producing pituitary 
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OBJECTIVE Stereotactic radiosurgery (SRS) is used for the management of residual or recurrent Cushing’s disease 
(CD). Increasing experience and technological advancements of Gamma Knife radiosurgery (GKRS) systems can impact 
the outcomes of CD patients. The authors evaluated the association of their center’s growing experience and the era in 
which GKRS was performed with treatment success and adverse events in patients with CD.
METHODS The authors studied consecutive patients with CD treated with GKRS at the University of Virginia since in-
stallation of the first Gamma Knife system in March 1989 through August 2019. They compared endocrine remission and 
complication rates between patients treated before 2000 (early cohort) and those who were treated in 2000 and later 
(contemporary cohort).
RESULTS One hundred thirty-four patients with CD underwent GKRS during the study period: 55 patients (41%) com-
prised the early cohort, and 79 patients (59%) comprised the contemporary cohort. The contemporary cohort, compared 
with the early cohort, had a significantly greater treatment volume, radiation prescription dose, maximal dose to the optic 
chiasm, and number of isocenters, and they more often had cavernous sinus involvement. Endocrine remission rates 
were higher in the contemporary cohort when compared with the early cohort (82% vs 66%, respectively; p = 0.01). In 
a Cox regression analysis adjusted for demographic, clinical, and SRS characteristics, the contemporary GKRS cohort 
had a higher probability of endocrine remission than the early cohort (HR 1.987, 95% CI 1.234–3.199; p = 0.005). The 
tumor control rate, incidence of cranial nerve neuropathy, and new anterior pituitary deficiency were similar between the 
two groups.
CONCLUSIONS Technological advancements over the years and growing center experience were important factors 
for improved endocrine remission rates in patients with CD. Technological aspects and results of contemporary Gamma 
Knife systems should be considered when counseling patients, planning treatment, and reporting treatment results. 
Studies exploring the learning curve for GKRS are warranted.
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adenoma is the central treatment of CD.21,23,31 However, in 
up to 35% of CD patients, remission after adenoma resec-
tion either fails to occur or tumor recurrence develops.25,26 
An important limiting factor influencing surgical remis-
sion is infiltration of the cavernous sinus by the adenoma. 
Stereotactic radiosurgery (SRS) is used when endocrine 
remission cannot be achieved after failed pituitary surgery, 
with recurrence, or when a patient is not deemed fit for or 
refuses surgical treatment.21 SRS is generally a safe treat-
ment method that results in a durable endocrine remission 
in up to 80% of CD patients.19

The Gamma Knife (Elekta) was invented in the 1950s 
by Dr. Lars Leksell.12 The first commercially available 
Gamma Knife radiosurgery (GKRS) system in the US 
was installed in 1987.32 GKRS was accepted and became 
an important part of treatments in the management of a 
spectrum intracranial lesions, including incompletely re-
sected or recurrent ACTH-producing pituitary adenomas. 
While the principles of GKRS remain largely unchanged, 
there have been numerous advances in the GKRS sys-
tems and planning software throughout its evolution, in-
cluding (but not limited to) an ability to deliver multiple 
isocenter plans, ability to use head CT and subsequently 
stereotactic MRI for treatment planning, introduction of 
an automated patient positioning system, as well as more 
efficient, user-friendly, and precise radiosurgery treatment 
planning software.6,9,14,20,29 These innovations improved 
the accuracy and precision of GKRS targeting and deliv-
ery. However, the association between these technological 
advancements of GKRS with treatment outcomes remains 
largely unstudied.

Increasing experience of a center with GKRS and other 
surgical and medical management options of CD are also 
important for optimal patient outcomes. Greater experi-
ence and the caseload of a neurosurgeon and a center are 
important predictors of better outcomes and lower com-
plication rates across neurosurgical procedures, including 
transsphenoidal resection of pituitary adenomas,4 excision 
of vestibular schwannomas,2,18 the clipping11 and coiling1 
of intracranial aneurysms, and scoliosis correction sur-
gery,8 among others. However, to the best of our knowl-
edge, there are no studies evaluating the possible associa-
tion of experience with GKRS and treatment outcomes of 
patients with CD.

The goal of this study was to evaluate the possible as-
sociation of the era of GKRS (as a proxy of the center’s ex-
perience and technological advancements) with treatment 
success and the risk adverse events of patients with CD. 
We hypothesized that because of technological advances 
and increasing center experience, patient outcomes would 
improve and the risk adverse events would decrease in pa-
tients treated at later time points compared with patients 
treated earlier.

Methods
Patients

The data were collected retrospectively with approval 
from the Institutional Review Board of the University of 
Virginia. Because of the retrospective study design, in-
formed consents specific to the data collection for this 

study were not obtained from patients included in the re-
port.

All patients diagnosed with ACTH-dependent CD and 
treated with GKRS at the University of Virginia since the 
inception of GKRS in 1989 up to August 2019 were iden-
tified from the institutional database. We considered only 
patients who were diagnosed with CD according to the 
existing guidelines. Also, patients were required to have 
at least one follow-up evaluation that should have included 
endocrine testing and neuroimaging after GKRS to be in-
cluded in the study. Individual patient data were de-identi-
fied and pooled for the analyses.

Data from 134 CD patients who met the study inclusion 
criteria were analyzed.

Patient Evaluation
The diagnosis of CD was established according to ex-

isting guidelines and included measurement of serum cor-
tisol, ACTH, and 24-hour urinary free cortisol (UFC), as 
well as other tests as deemed appropriate.19 All patients 
also had radiological confirmation of a pituitary adeno-
ma and endocrine confirmation of an ACTH-secreting 
pituitary adenoma. Patients who underwent pituitary ad-
enoma resection also had pathological confirmation of 
an ACTH-producing adenoma. Prior to radiosurgery and 
at follow-up visits, patients were subjected to neurologi-
cal, endocrinological, and ophthalmological assessments, 
as indicated. Patient demographic information and prior 
treatment details were also recorded.

Radiosurgical Approach
Single-session GKRS was performed using Gamma 

Knife unit models U, C, Perfexion, and Icon (Elekta AB). 
The first Leksell Gamma Unit at the University of Vir-
ginia was installed in March 1989. Leksell Gamma Knife 
model C was installed in 2001, Perfexion in 2007, and Icon 
in 2016. Radiosurgical techniques have been described 
in detail previously.19 In brief, SRS was performed with 
frame-based stereotaxy using the Leksell Model G frame 
(Elekta AB); the patient was placed under local anesthesia 
with conscious sedation. Initially, stereotactic CT scan-
ning was used for treatment planning, but around the year 
2000, high-resolution MRI became the standard of care. 
Currently, radiosurgical imaging typically includes high-
resolution 1-mm-thick pre- and postcontrast T1-weighted 
3-T MRI scans. GKRS dose planning was performed by 
a multidisciplinary team that included a neurosurgeon, 
radiation oncologist, and medical physicist. Planning was 
tailored toward individual patient needs and imaging find-
ings; however, the maximal radiation dose to the optic 
nerve, chiasms, and tracts was generally kept below 8 to 
12 Gy. Radiosurgical parameters, including the margin 
and maximum dose, optic apparatus maximal dose, the 
isodose line, the tumor volume, and the number of isocen-
ters were recorded in all cases.

Clinical and Radiological Follow-Up
Follow-up typically included 24-hour UFC (off medi-

cation affecting cortisol production or action) and MRI 
at 6-month intervals for the first 2 years and annually 
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thereafter. Endocrine remission was defined as normal-
ization of UFC or morning serum cortisol (as determined 
by institutional reference ranges) while off of medication 
to control hypercortisolism. The interval between GKRS 
and endocrine remission was recorded in all patients. En-
docrine recurrence was defined as increase of 24-hour 
UFC or serum morning cortisol concentration exceeding 
the reference ranges.

All patients were monitored with serial brain MRI or 
CT scanning. Tumor progression was defined as an in-
crease of adenoma volume by 20% on the most recent 
brain MR images when compared with adenoma size on 
the pre-GKRS MR image or CT scan.30 The interval from 
GKRS to the last brain MR image was recorded in all 
patients.

All patients were carefully monitored for adverse ra-
diation events (AREs), including visual complications and 
dysfunction of other hypothalamic-pituitary axes. Visual 
field deficits were identified during clinical examination 
and confirmed by formal visual field testing. Other cra-
nial nerve neuropathies were also documented. Pituitary 
insufficiency was defined as a new hormone deficit(s) af-
ter GKRS. Other treatments during the follow-up period, 
including repeat GKRS, pituitary adenoma surgery, and 
bilateral adrenalectomy, were recorded.

Statistical Analysis
Statistical analyses were performed with SPSS Statis-

tics for Windows software (version 25.0; IBM Corp.). For 
all statistical tests, a p value < 0.05 was considered as sta-
tistically significant. Categorical data were compared us-
ing the Pearson chi-square test, and continuous data were 
compared using ANOVA.

All patients were stratified into two cohorts based on 
the year of GKRS: 1) before the year 2000 and 2) year 
2000 or later. Kaplan-Meyer analysis with log-rank testing 
was performed to analyze the association of the GKRS 
era (in or after 2000 vs before 2000) with time to endo-
crine remission. A univariate Cox-regression analysis was 
performed to evaluate the association between the GKRS 
era (in or after 2000 vs before 2000) with endocrine re-
mission rates at 6 months, 1 year, 2 years, 5 years, and 
at last endocrine follow-up after SRS. Significant associa-
tion in univariate Cox regression analyses were adjusted 
for patient age (years), sex, pre-GKRS surgery (yes or no), 
pre-GKRS fractionated radiation therapy (yes or no), vol-
ume treated (in cubic centimeters [cm3]), prescription dose 
(Gy), treatment of the whole sella and cavernous sinuses 
(yes or no). Categorical variables were compared using the 
Pearson chi-square test and continuous variables with the 
one-way ANOVA. The results of Cox-regression analysis 
are presented as hazard ratios, 95% confidence intervals, 
and p values.

Results
Patient Characteristics

One hundred thirty-four patients underwent GKRS for 
CD between 1990 and August 2019. The number of pa-
tients treated each year ranged from 0 to 17. The mean 
age of the patients at the time of GKRS was 40.9 ± 12.7 

years (range 12–72 years), and the majority (77%) of pa-
tients were women (Table 1). Fifty-five patients (41%) were 
treated before 2000 and 79 (59%) patients were treated in 
2000 and later. Patients treated before 2000 were more 
likely to have undergone prior radiation therapy when 
compared with patients treated in 2000 and later (9% vs 
1%, respectively; p = 0.03). Pituitary deficiencies preced-
ing GKRS were more common in patients treated in 2000 
and later than in patients treated before 2000 (42% and 
20%, respectively; p = 0.008). Patient age, sex, indication 
for GKRS, histories of pre-GKRS surgery/medical thera-
py, and visual dysfunction rates were similar between the 
two groups.

Radiosurgical Parameters
SRS procedural parameters in the two groups of pa-

tients are presented in Table 2. Patients treated in 2000 or 
later, when compared with patients treated before 2000, 
had larger treatment volume (3.27 ± 1.51 cm3 vs 1.32 ± 
1.00 cm3; p < 0.001), higher radiation prescription dose 
(23.07 ± 2.53 Gy vs 20.30 ± 5.77 Gy; p < 0.001), and a 
greater number of isocenters per radiosurgical procedure 
(10.71 ± 4.21 vs 4.58 ± 2.49; p < 0.001). The cavernous 
sinus was more often included in the treatment plan in pa-
tients treated after 2000 (p < 0.001), while the suprasel-
lar component was more often targeted before 2000 (p < 
0.01). The maximal dose to the optic chiasm was greater 
in patients treated in the later GKRS group than patients 
treated earlier (6.36 ± 2.18 Gy and 3.32 ± 2.31 Gy; p < 
0.001).

Endocrine Remission
The mean duration of endocrine follow-up in the overall 

population was 63.8 ± 46.8 months (range 6–210 months). 
As expected, the duration of endocrine follow-up was lon-
ger in the early GKRS group than the late GKRS group 
(81.8 ± 57.4 months vs 51.3 ± 32.7 months; p < 0.001). 
Kaplan-Meier analyses showed a significant association 
between the GKRS era and endocrine remission rates (log-
rank test = 11.069, p = 0.01; Fig. 1). Specifically, endocrine 
remission rates at 1, 2, and 5 years and at last follow-up 
were higher in patients treated with GKRS in year  2000 
and beyond (44%, 63%, 82%, and 82%, respectively) than 
in patients treated with GKRS before 2000 (16%, 38%, 
64%, and 66%, respectively).

In univariate Cox regression analyses, patients who un-
derwent GKRS in 2000 or later had a significantly greater 
probability of endocrine remission at 6 months, 2 years, 5 
years, and at last follow-up when compared with patients 
who underwent GKRS before the year 2000 (Table 3). Af-
ter adjusting for patient age, sex, pre-GKRS surgery, pre-
GKRS fractionated radiation therapy, prescription dose 
(Gy), treatment volume (cm3), treatment of the sella, supra-
sellar area, and cavernous sinus, late GKRS was associated 
with greater probability of endocrine remission relative to 
early GKRS at the 1-year follow-up (HR 2.259, 95% CI 
1.219–4.186; p = 0.01), 2-year follow-up (HR 2.501, 95% 
CI 1.448–4.320; p = 0.001), 5-year follow-up (HR 2.021, 
95% CI 1.249–3.268; p = 0.004), and during the entire 
study period (HR 1.987, 95% CI 1.234–3.199; p = 0.005; 
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TABLE 1. Baseline clinical and demographic characteristics as a function of radiosurgery era

Characteristic Total Sample (n = 134)
Era of GKRS Chi-Square (p) or 

ANOVA F-Value (p)Before 2000 (n = 55) Btwn 2000 & 2019 (n = 79)

Sex
 Men
 Women

31 (23%)
103 (77%)

14 (26%)
41 (74%)

17 (22%)
62 (78%)

0.282 (0.595)

Age at GKRS, yrs 40.9 ± 12.7 38.7 ± 12.2 42.5 ± 13.0 2.963 (0.09)
Radiosurgery indications
 Residual
 Recurrent

2 (2%)
132 (98%)

2 (4%)
53 (96%)

0 (0%)
79 (100%)

2.916 (0.09)

Pre-GKRS transsphenoidal resection
 Yes
 No

132 (98%)
2 (2%)

53 (96%)
2 (2%)

79 (100%)
0 (0%)

2.916 (0.09)

Pre-GKRS craniotomy
 Yes
 No

3 (2%)
131 (98%)

2 (4%)
53 (96%)

1 (1%)
78 (99%)

0.833 (0.362)

Pre-GKRS fractionated radiation therapy
 Yes
 No

6 (5%)
128 (96%)

5 (9%)
50 (91%)

1 (1%)
78 (99%)

4.642 (0.031)

Pre-GKRS medical therapy
 Yes
 No

32 (24%)
102 (76%)

16 (29%)
39 (71%)

16 (20%)
63 (80%)

1.393 (0.238)

Pituitary deficiency before GKRS
 Any
 Hypothyroidism 
 Estrogen/testosterone deficiency
 Growth hormone deficiency
 Diabetes insipidus

44 (33%)
30 (22%)
13 (10%)
6 (5%)

10 (8%)

11 (20%)
8 (15%)
1 (2%)
2 (4%)
0 (0%)

33 (42%)
22 (28%)
12 (15%)
4 (5%)

10 (13%)

6.970 (0.008)
3.302 (0.069)
6.618 (0.01)
0.154 (0.694)
7.523 (0.006)

Visual deficits before GKRS
 None
 Visual field deficit
 Diplopia

125 (93%)
7 (5%)
2 (2%)

50 (91%)
5 (9%)
0 (0%)

75 (94%)
2 (3%)
2 (3%)

4.119 (0.127)

Pretreatment 24-hr UFC, μg* 281.9 ± 921.0 358.9 ± 1287.5 206.5 ± 240.4 0.745 (0.390)
Time btwn resection & GKRS, mos, mean ± SD 15.1 ± 25.7 15.3 ± 25.5 15.0 ± 25.9 0.003 (0.96)
Endocrine follow-up, mos 63.8 ± 46.8 81.8 ± 57.4 51.3 ± 32.7 15.201 (<0.001)

Values are presented as the number (%) or as the mean ± SD. Boldface type indicates statistical significance.
* Available for 109 patients.

TABLE 2. Tumor and treatment characteristics as a function of treatment time after surgery

Characteristics Total Sample
Era of GKRS Chi-Square Test (p) or ANOVA 

F-Value (p)<2000 2000–2019

Tumor not seen on pre-GKRS imaging 27 (20%) 1 (2%) 26 (33%) 19.484 (<0.001)
Volume treated, cm3* 2.58 ± 1.64 1.32 ± 1.00 3.27 ± 1.51 52.291 (<0.001)
Cavernous sinus targeted 92 (69%) 22 (40%) 70 (89%) 35.601 (<0.001)
Suprasellar component targeted 23 (17%) 15 (27%) 8 (10%) 6.705 (0.01)
Whole sella targeted 35 (26%) 16 (29%) 19 (24%) 0.427 (0.514)
Margin dose, Gy 21.93 ± 4.34 20.30 ± 5.77 23.07 ± 2.53 14.246 (<0.001)
Maximal dose, Gy 46.42 ± 7.64 46.49 ± 10.27 46.37 ± 5.14 0.009 (0.93)
Isodose line, % 47.49 ± 6.65 44.09 ± 9.31 49.85 ± 1.30 29.458 (<0.001)
No. of isocenters 8.19 ± 4.70 4.58 ± 2.49 10.71 ± 4.21 93.435 (<0.001)
Maximal dose to optic chiasm, Gy† 5.07 ± 2.69 3.32 ± 2.31 6.36 ± 2.18 58.861 (<0.001)
Values are presented as the mean ± SD. Boldface type indicates statistical significance.
* Available for 111 patients.
† Available for 131 patients.
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Table 3). Endocrine recurrence was significantly higher in 
the early group versus late group (36% vs 8%, respectively; 
p < 0.001; Table 4).

Imaging Outcomes and Adverse Events
The mean duration of imaging follow-up in the entire 

cohort was 52.9 ± 40.5 months (range 6–191 months). As 
expected, imaging follow-up was longer in early GKRS 
group (66.0 ± 46.44 months) than in the late GKRS group 
(43.83 ± 33.22 months) (p = 0.002). Only one patient treat-
ed before 2000 experienced tumor progression, and there 
was no documented tumor progression among patients 
treated in or after 2000.

In all, 47 patients (35%) had some degree of a new pitu-
itary deficiency at the last follow-up, and this rate was not 

different between the two groups. The incidence of new 
in estrogen/testosterone deficiency was higher in early 
than late GKRS patients (22% vs 8%, p = 0.018). The inci-
dence of new visual deficits (n = 2) and other cranial nerve 
deficits (n = 2) in the entire cohort was low and similar 
between the two treatment groups. The incidence of new 
visual deficits was greater in patients who received frac-
tionated radiation therapy before GKRS versus those who 
did not (33% vs 0%, respectively; p < 0.001). This was not 
the case for new pituitary deficiency (p = 0.334). 

Thirteen patients (10%) required a second GKRS treat-
ment after the original procedure, and this rate was higher 
in the early rather than late GKRS group (16% vs 5%, re-
spectively; p = 0.03). The need for additional adenoma re-
section, adrenalectomy, or medical therapy was not related 
to the era of GKRS.

TABLE 3. Association of GKRS era with endocrine remission

Time After GKRS
Endocrine Remission Cox Regression: GKRS at ≥2000 vs <2000

GKRS <2000 GKRS ≥2000 Univariate* Multivariate*†

1 yr after GKRS 16% 44% 2.012 (1.208–3.352), p = 0.007 2.259 (1.219–4.186), p = 0.01
2 yrs after GKRS 38% 63% 2.277 (1.438–3.606), p < 0.001 2.501 (1.448–4.320), p = 0.001
5 yrs after GKRS 64% 82% 1.961 (1.289–2.982), p = 0.002 2.021 (1.249–3.268), p = 0.004
Entire follow-up 66% 82% 1.939 (1.278–2.941), p = 0.002 1.987 (1.234–3.199), p = 0.005

* Values are presented as hazard ratios (95% CIs), with the respective p values.
† Adjusted for patient age, sex, pre-GKRS surgery, pre-GKRS fractionated radiation therapy, prescription dose, treatment volume, sellar treat-
ment, suprasellar treatment, and cavernous sinus treatment. 

FIG. 1. Association of GKRS era with endocrine remission. Log-rank test = 11.069, p = 0.01.
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Discussion
To the best of our knowledge, this is the first study to 

evaluate the association of the era of GKRS treatment (as 
a proxy of technological GKRS advancements and cen-
ter experience) with treatment outcomes. We found that 
the likelihood for endocrine remission was greater, time 
to endocrine remission was shorter, and the risk of endo-
crine recurrence was lower in patients treated with GKRS 
in 2000 and later than patients treated before 2000. Treat-
ment volume, number of isocenters, prescription dose, 
maximal dose to the optic chiasm and frequency of cav-
ernous sinus treatment were greater in the contemporary 
GKRS cohort than in the early GKRS cohort. Local tumor 
control rates and AREs rates were similar between the two 
groups.

The most important observation of our study is that en-
docrine remission results were better in the contemporary 
GKRS cohort (treated in 2000 or later) than in the early 
GKRS cohort (treated before 2000), suggesting that tech-
nological/procedural improvements and increasing clini-
cal experience are important for GKRS results in cases 
of CD. The year 2000 was previously shown to be pivotal 
for outcomes with GKRS for arteriovenous malforma-
tions.24 These findings contribute to the growing body of 
evidence that the greater experiences of a neurosurgeon 
and center (i.e., the treatment team) are associated with 
better treatment results across a spectrum of neurosurgical 

procedures, including transsphenoidal resection of pitu-
itary adenomas,4,16 excision of vestibular schwannomas,2,18 
intracranial aneurysm clipping11 and coiling,1 and scoliosis 
correction surgery,8 among others. Similarly, studies from 
the radiation oncology literature also indicate that there 
are both institutional and individual learning curves for 
radiation therapy planning when treating locally advanced 
head and neck cancer17 and primary lung cancer.15 Our 
findings remain to be replicated in independent studies. 
The current studies suggest that there is a learning curve 
for GKRS procedures, and this should be considered dur-
ing neurosurgical training and practice. Given the inter-
disciplinary nature of GKRS treatment planning and the 
often close proximity of GKRS radiosurgical targets (pi-
tuitary adenomas) to critical neurovascular structures, ad-
equate training is imperative before starting independent 
practice and after major upgrades to GKRS devices. Con-
tinuous quality control and knowledge updates should be 
considered during independent practice to ensure optimal 
patient care.

Since its widespread introduction in clinical practice in 
the late 1980s until now, there have been numerous de-
vices and software improvements in GKRS systems that 
advanced targeting precision, planning, delivery, and pro-
cedural workflow. For example, the first commercially 
available GKRS systems relied on relatively low numbers 
of isocenter targeting that were manually selected, and the 

TABLE 4. Imaging outcomes and adverse events after GKRS

Imaging Outcomes & Adverse Events Total Sample
Era of GKRS Chi-Square Test (p) or ANOVA 

F-Value (p)<2000 2000–2019

Imaging outcomes after GKRS 
 Stable
 Progression*

133 (99%)
1 (1%)

54 (98%)
1 (2%)

79 (100%)
0 (0%)

1.447 (0.229)

Interval from GKRS to last MRI 52.93 ± 40.53 66.0 ± 46.44 43.83 ± 33.22 10.392 (0.002)
New pituitary deficiency after GKRS
 Any
 Hypothyroidism 
 Estrogen/testosterone deficiency
 Growth hormone deficiency
 Diabetes insipidus
 Hypocortisolism

47 (35%)
30 (22%)
18 (13%)
23 (17%)

3 (2%)
22 (16%)

21 (38%)
16 (29%)
12 (22%)
11 (20%)
1 (2%)
8 (15%)

26 (33%)
14 (18%)
6 (8%)

12 (15%)
2 (3%)

14 (18%)

0.396 (0.529)
2.412 (0.120)
5.614 (0.018)
0.528 (0.468)
0.075 (0.784)
0.238 (0.625)

New visual deficits after GKRS 2 (2%) 2 (4%) 0 (0%) 2.916 (0.09)
New other CN deficits after GKRS
 CN III
 Multiple

1 (1%)
1 (1%)

0 (0%)
1 (2%)

1 (1%)
0 (0%)

2.134 (0.344)

Endocrine recurrence† 18/101 (18%) 13/36 (36%) 5/65 (8%) 12.776 (<0.001)
Time to endocrine recurrence, mos 34.61 ± 31.63 36.46 ± 35.79 29.80 ± 19.21 0.152 (0.702)
Additional treatments after GKRS
 Repeat GKRS 
 Pituitary adenoma surgery
 Bilateral adrenalectomy
 Fractionated radiotherapy
 Initiation of new medical therapy 

13 (10%)
14 (10%)
14 (10%)
0 (0%)
3 (2%)

9 (16%)
8 (15%)
9 (17%)
0 (0%)
0 (0%)

4 (5%)
6 (8%)
5 (6%)
0 (0%)
3 (4%)

4.727 (0.03)
1.674 (0.196)
3.589 (0.166)

NA
2.136 (0.144)

CN = cranial nerve; NA = not applicable. 
Boldface type indicates statistical significance.
* Tumor progression was documented as increase in volume by at least 20%.
† Data available for 101 patients.
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accuracy of target identification was limited by the avail-
able images at that time (generally CT based). At pres-
ent, however, contemporary GKRS systems allow multiple 
isocenter planning that results in more conformal dose 
plans, MRI-based planning for better target delineation, 
and composite isocenters for more elegant dose distribu-
tion and sparing of critical structures.

GKRS treatment planning parameters were different in 
early compared to the contemporary GKRS cohort. We 
observed that the treatment volume was larger in patients 
treated in 2000 and later, and this can be explained by a 
greater proportion of patients who had their cavernous si-
nuses treated for tumor infiltration and by a larger number 
of isocenters used, allowing for more conformal treatment 
target delineation. Improved imaging modalities allowed 
more reliable identification of residual adenoma tissue 
within the cavernous sinuses. Increasing neurosurgeon ex-
perience and better intraoperative visualization of residual 
and infiltrative adenoma at the time of microsurgery and/or 
radiosurgery allow the use of this information for GKRS 
planning purposes and more complete radiosurgical tar-
geting of the adenoma. The group from the University of 
Pittsburgh also found that a greater number of isocenters 
was used for treatment with GK model C unit with an au-
tomatic positioning system when compared with model U, 
which can result in a more conformal dose plan with new-
er GKRS technology.9 On the other hand, studies compar-
ing Gamma Knife models 4C with the the Perfexion did 
not find significant differences in the number of isocenters 
used per treatment session and dose conformity.22,27 These 
findings illustrate that technological advances of GKRS 
systems, improved neuroimaging methods, and surgical 
tools have changed GKRS treatment planning. Therefore, 
GKRS treatment planning paradigms that were based on 
early experiences with GKRS systems may need to be 
revised and carefully reconsidered before applying them 
to treatment planning with contemporary Gamma Knife 
systems. Furthermore, historical treatment results of CD 
using early GKRS systems might not accurately predict 
treatment results with contemporary GKRS systems. Con-
tinuous updating of research outcomes is needed to bet-
ter inform about optimal GKRS treatment strategies using 
contemporary GKRS system, and GKRS model/planning 
software should be carefully considered when reporting 
treatment results.

Imaging methods, surgical approaches to the sellar re-
gion, and intraoperative visualization have significantly 
evolved over the 30 years of the study.4 However, resec-
tion of adenomas was the preferred initial treatment op-
tion throughout the course of the study. The majority of 
CD patients (98%) treated with GKRS at the University 
of Virginia underwent adenoma resection prior to GKRS. 
GKRS was considered in cases of incomplete adenoma 
resection or at the time of CD recurrence. On the other 
hand, medical treatment options and follow-up strategies 
for CD remained largely unchanged during the course of 
the study, and imaging of ACTH-producing pituitary ad-
enomas can be challenging even using high- and ultra–
high-resolution MRI scans.

The incidence rates of cranial neuropathy and some 
degree of new anterior pituitary gland deficiency were 
similar between the two groups despite the greater mean 

radiation dose to the optic chiasm (6.4 ± 2.2 Gy in the 
contemporary cohort vs 3.3 ± 2.3 Gy in the early cohort), 
greater treatment volumes, and more common targeting 
of the cavernous sinus in the contemporary cohort. These 
findings can be attributed to increasing personal and pub-
lished experiences regarding optic chiasm tolerance lim-
its, advances in GKRS targeting capabilities, and imaging 
advances, allowing more confident and safe treatments of 
residual adenomas residing in close proximity to the ante-
rior optic apparatus.

Study Limitations and Strengths
This study has limitations that should be acknowl-

edged. First, the retrospective design and single-institution 
series are subject to selection bias. However, all patients 
were managed according to the prevailing guidelines at 
the time of treatment, and 98% of patients had prior at-
tempts at adenoma resection and underwent GKRS for 
residual or recurrent disease. Second, during almost 4 
decades of the study there have been numerous improve-
ments in surgical techniques and imaging methods, which 
might have affected treatment results above and beyond 
treatment with GKRS, but they were not systematically ac-
counted for in this series. Also, more subtle engineering/
software upgrades of GKRS systems might have affected 
the precision of planning and radiation delivery, and hence 
treatment results, but were not considered because of small 
sample sizes. Instead, we chose the GKRS treatment date 
cutoff at the year 2000 because, at that time, high-reso-
lution MRI became the standard of care, and there were 
significant improvements in GKRS systems. Finally, our 
results cannot be extrapolated to patients treated with 
fractionated radiation therapy because we studied only pa-
tients treated with GKRS.

The strengths of this study include inclusion of con-
secutive patients treated with GKRS at a single institution 
since the installation of the first commercially available 
GKRS system until the present day, allowing us to evalu-
ate the possible role of changing GKRS technology and 
other imaging/surgical improvements for treatment safety 
and efficacy while avoiding interinstitutional differences 
in treatment strategies.

Conclusions
Advancements of GKRS systems and a center’s grow-

ing experience are associated with improved treatment 
outcomes of patients with CD. Local tumor control rates 
and ARE rates were similar in the early and contemporary 
cohorts. There has been a shift in treatment planning pa-
rameters over time. Technological aspects and results of 
contemporary GKRS systems should be considered when 
planning GKRS treatment and counseling patients. Fur-
ther studies exploring a learning curve for GKRS should 
be considered, and such a learning curve for SRS should 
have implications for neurosurgical training.
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