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INTRACRANIAL RADIOSURGERY
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Radiotherapy as a treatment modality for
pituitary adenomas dates back a century
(3) and is currently recommended for

lesions that persist or recur in spite of surgical
and medical therapy. Conventional radiation
therapy has proven efficacy but has a long
latency period for treatment effect, carries a
high risk of hypopituitarism, and treats a wide
field with the risk of  radiation- induced tissue
injury and malignancy.

Stereotactic radiosurgery has improved on
these results with targeted therapy given in a

single dose that largely spares surrounding tis-
sue structures, and it has become an important
weapon in the armamentarium of the clinician
treating these lesions. There is extensive litera-
ture establishing the efficacy of  single- fraction
radiosurgery for pituitary adenomas delivered
by both the Gamma Knife (Elekta, Stockholm,
Sweden) (6, 8–11, 13, 15–22, 25, 28–30, 33–35,
38, 40–44, 46–53, 59, 60) and linear accelerator
(31, 54–58) systems, with  follow- up of patients
for up to 10 years. This modality is limited,
however, to lesions that are more than 3 to 5
mm from the optic nerves and chiasm and by
doses of 8 to 10 Gy to these structures. Current
recommendations are for  single- fraction

HYPOFRACTIONATED CYBERKNIFE RADIOSURGERY
FOR PERICHIASMATIC PITUITARY ADENOMAS:
EARLY RESULTS

OBJECTIVE: Radiation therapy is recommended for pituitary tumors that are refractory to
surgical and medical therapies. The efficacy of  single- fraction radiosurgery is established
for these lesions, but lesions within 3 mm of the optic pathway cannot be safely treated
with doses higher than 8 to 10 Gy. We hypothesized that the optic nerve will tolerate 5
consecutive daily radiosurgery fractions of 500 cGy with effective tumor control.
METHODS: We reviewed our first 20 patients with recurrent or residual pituitary ade-
nomas within 3 mm of the optic chiasm treated with the CyberKnife radiosurgery sys-
tem (Accuray, Inc., Sunnyvale, CA). Tumors were treated with a mean coverage of 97
� 2.2% (range, 89.8–99.7%), a mean conformity index of 1.3 � 0.2 (range, 1.1–1.6),
and a mean treatment isodose line of 74.5 � 6.6% (range, 60–86%). The primary end
point was an interim analysis of visual preservation, and secondary end points were
radiographic and endocrinological tumor control.
RESULTS: The mean  follow- up period for visual field testing was 26.6 � 10.5 months
(range, 10.6–41 months). The vision of all 14 patients with intact preoperative vision
remained intact. Of the 5 patients with impaired vision, 2 remained stable, and 3
improved. No patient’s vision deteriorated. The mean radiographic  follow- up was 29.3
� 8.6 months (range, 10.2–40.5 months). On magnetic resonance imaging, 12 tumors
were stable, 8 were smaller, and none enlarged.
CONCLUSION: This preliminary study establishes that the optic nerve and chiasm tol-
erate CyberKnife hypofractionated radiosurgery of 5 � 500 cGy to perichiasmatic pitu-
itary adenomas. Early data suggest that this dosing paradigm may achieve satisfactory
radiographic and endocrinological tumor control for these challenging lesions, but
longer  follow- up is necessary to confirm these results.
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 tumor- margin doses of 15 to 18 Gy for nonfunctioning adeno-
mas and doses of 20 to 30 Gy for functioning adenomas (34, 59,
60), although recent data bring into question the need for
higher doses in functioning tumors (33).

Fractionation is a  time- tested principle in radiation oncol-
ogy and takes advantage of the disparate biologies of normal
and neoplastic tissues, allowing preservation of the former and
cell damage to the latter. We hypothesize that hypofractionat-
ing radiosurgery should allow for the benefits of focused ther-
apy while preserving adjacent structures in treated pituitary
adenomas lying within 3 mm of the optic nerves or chiasm. The
CyberKnife radiosurgical system (Accuray, Inc., Sunnyvale,
CA) is ideal to this end in that its fitted mask allows multiple
treatment sessions using the same treatment plan without rigid
head fixation.

PATIENTS AND METHODS

Patients
Data were collected retrospectively from 20 consecutive patients who

underwent hypofractionated radiosurgery for recurrent or residual pitu-
itary adenomas with the CyberKnife at the Barrow Neurological
Institute between June 2004 and March 2006. All clinical information
was obtained within guidelines approved by the Institutional Review
Board at St. Joseph’s Hospital and Medical Center. At the time of treat-
ment, the patients’ mean age was 47.1 � 19.5 years (range, 12.2–78.8
years). There were 9 female patients and 11 male patients.

All patients had undergone previous operations: 10 patients had
single transsphenoidal resections, 5 patients had 2 previous transsphe-
noidal resections, 4 had a previous transsphenoidal resection as well as
previous craniotomy; and 1 patient had a single craniotomy. Nine
patients underwent CyberKnife radiosurgery for residual tumor within
6 months of their last operation (mean, 3.5 � 1.1 months; range, 1.7–5.6
months). Seven patients had radiosurgery after demonstrating postre-
section radiographic tumor progression, on average 26.5 � 33.7 months
(range, 7.7–35.1 months) after surgery. The remaining 4 patients were
referred directly for treatment with a mean interval of 80.5 � 63.5
months (range, 16.3–161.4 months) after surgery. Patient demographics
are presented in Table 1.

Tumors
All patients treated with the CyberKnife had tumors lying within 2

mm of the optic chiasm. All tumors had extrasellar extension: 14 had
unilateral cavernous sinus involvement; 3 had bilateral cavernous sinus
extension; 1 extended unilaterally to the cavernous sinus, Meckel’s
cave, and the posterior fossa (Fig. 1); 1 extended to the clivus and uni-
lateral cavernous sinus; and 1 had suprasellar extension. Fourteen
patients had nonfunctional adenomas, 4 had acromegaly, 1 had a pro-
lactinoma, and 1 had a  thyroid- stimulating hormone tumor. Tumor
characteristics are presented in Table 1.

Radiosurgery
All patients were treated using the CyberKnife system.  Thin- slice,

 high- resolution, computer tomographic scans with 1.25-mm slice inter-
vals and magnetic resonance imaging (MRI) scans with 2- to 3-mm slice
intervals, obtained after intravenous administration of gadolinium, were
used for treatment planning. The Accuray MultiPlan treatment soft-
ware was used to fuse these image sets to better visualize tumor and

neural structures (Fig. 2). The treating surgeon manually outlined the
lesion as well as critical structures, including the optic nerves, the chi-
asm, the brainstem, and the eyes. An inverse planning method was
used to deliver a tumor marginal dose of 500 cGy per session. Tumor
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TABLE 1. Summary of patient demographics at time of treatmenta

Patient Age at treat- Adeno- Previous CyberKnife
no. ment (y)/sex ma type operationsb dosing (cGy)c

1 32.6/F NF TS � 2 5 � 500

2 13.2/M NF TS 5 � 500

3 67.2/M NF TS � 2 5 � 500

4 49.2/M NF TS 5 � 500

5 48.9/F NF Crani, TS 5 � 500

6 20.4/M Acro TS 5 � 500

7 60.2/F TSH TS, crani 5 � 500

8 70.6/F NF TS � 2, crani 5 � 500

9 48.5/M NF TS 5 � 500

10 44.1/M NF TS � 2 5 � 500

11 78.9/F NF TS 5 � 500

12 46.2/F NF TS, crani 3 � 500

13 28.2/M PRL Crani 5 � 500

14 34.8/F NF TS 5 � 500

15 61.8/M NF TS � 2 5 � 500

16 33.9/M Acro TS 5 � 500

17 67.9/F NF TS 5 � 500

18 78.6/M NF TS 5 � 500

19 27.7/F Acro TS, crani 5 � 500

20 30/M Acro TS 5 � 500

a NF, nonfunctioning; TS, transsphenoidal; Crani, craniotomy; Acro, acromegalic; TSH,
thyroid-stimulating hormone; PRL, prolactinoma.
b Operations are listed in chronological order. 
c Treatment doses are minimal tumor margin dose.

FIGURE 1. Coronal (A) and axial (B)  gadolinium- enhanced magnetic
resonance imaging (MRI) scans demonstrating an adenoma with exten-
sion into the right cavernous sinus abutting the optic chiasm, Meckel’s
cave, and the posterior fossa. (Used with permission from Barrow
Neurological Institute.)
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FIGURE 2. Representative CyberKnife treatment plans showing solid isodose lines outlining the tumors and
dotted outlines of critical structures, based on computed tomographic scans (A) and  gadolinium- enhanced
MRI scans (B). (Used with permission from Barrow Neurological Institute.)

A margins were treated with a 6-MV  X-
 band photon source to a mean isodose
line of 74.5 � 6.6% (range, 60–86%) with
an average of 191 � 57 beams (range,
99–283 beams) with a single collimator
in all but 2 cases, in which a second col-
limator was used. All patients were
treated on consecutive days until their
radiosurgery was completed.

Clinical Evaluation
The pretreatment evaluation included

formal visual field testing with an oph-
thalmologist,  gadolinium- enhanced MRI
scanning, and an evaluation by an
endocrinologist. Our postradiosurgery
protocol included visual field checks
and  gadolinium- enhanced MRI scan-
ning at 6 months and 1 year posttreat-
ment and annually thereafter. Endocrine
 follow- up was at the discretion of the
patient’s endocrinologist and varied on
the basis of pretreatment endocrine sta-
tus and the adenoma’s functional status.

RESULTS

CyberKnife Treatments
All patients were treated with

500-cGy fractions. Nineteen of 20
patients received the full 2500-cGy
dose in 5 consecutive daily frac-
tions. One patient, who had received
 intensity- modulated radiotherapy 3
months previously (54 Gy in 25 ses-
sions), only received 3 fractions
(1500 cGy) as a boost. The mean
tumor coverage with the full pre-
scribed dose was 97 � 2.2% (range,
89.8–99.7%), with an average con-
formity index of 1.3 � 0.2 (range,
1.1–1.9) to an average gross tumor
volume of 17.5 � 12.6 mL (range,
2.3–42.3 mL). The mean maximal
dose to the tumor per fraction was
676 � 63 cGy (range, 581–833 cGy)
and 459 � 35 cGy (range, 365–501
cGy) to the optic chiasm, with an
average minimal dose of 420 � 62
cGy per fraction (range, 262–500
cGy per fraction). Treatment data
are summarized in Table 2.

Primary Outcome: Vision
 Follow- up data for more than 10

months were available for 19 of 20
patients for visual fields and acuity,
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with a mean  follow- up period of 26.6 � 10.5 months (range,
10.5–41 months). Before treatment, 14 patients had intact vision,
and 5 had impaired vision. At the most recent  follow- up exam-
ination, 14 of 14 patients with intact vision still had intact vision;
among the 5 patients with impaired vision, all were stable (2 of
5 patients) or improved (3 of 5 patients) at the time of  follow- up;
no patients had deterioration of their vision (Fig. 3). Figure 4
shows representative visual fields with corresponding MRI
scans (Patient 8).

Secondary Outcome: MRI Findings
Radiographic  follow- up with  gadolinium- enhanced MRI was

available for all 20 patients. Figure 5 shows representative pre-
and posttreatment MRI scans. The mean  follow- up duration
was 29.3 � 8.6 months (range, 10.2–40.5 months). All studies
were reviewed by radiologists who were not involved in the
investigation. Twelve lesions were unchanged, and 8 were
smaller at the time of  follow- up. No tumors increased in size.

Secondary Outcome: Endocrinological Status
Eighteen patients had close endocrine  follow- up available.

Of these, 10 patients had 1 or more hormonal deficiencies

before CyberKnife treatment. Among the 8 patients who had
no pituitary deficits before CyberKnife radiosurgery, only 1
developed any new endocrinopathy after a mean  follow- up
period of 25.2 � 7.3 months (range, 16.2–37.7 months).

 Follow- up was available for all 5 patients with functional
tumors (4 acromegalic tumors and 1 prolactinoma). The  insulin-
 like growth factor 1 levels of 2 of the acromegalic tumors nor-
malized at 4 and 23.5 months; they remained normal at 30.6
and 37.7 months, respectively. The latter patient remains on
somatostatin therapy, whereas the former has required no fur-
ther medical therapy. The other 2 acromegalic patients had sig-
nificantly reduced  insulin- like growth factor 1 levels at 23.5 and
24.2 months after CyberKnife radiosurgery, respectively; both
were able to discontinue  hormone- suppressive therapy. The sin-
gle prolactinoma patient in our series remains on cabergoline
therapy at 41 months.

Complications
One patient (Patient 10) had transient diplopia 3 months

after CyberKnife radiosurgery that resolved after a short course
of dexamethasone. There were no other significant morbidities
during the  follow- up period.
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a IDL, isodose line; max, maximum; min, minimum.

TABLE 2. Summary of radiosurgical treatmenta

Cyber- Treat- Gross % tumor Tumor dose/ Max chiasm
Patient Knife dosing ment tumor vol- covered with Conformity fraction (cGy) dose/

no. (cGy) IDL (%) ume (cm3) treatment IDL index
Max Min fraction (cGy)

1 5 � 500 80% 7.0 95.6% 1.3 625 444 501

2 5 � 500 71% 7.5 98.3% 1.4 702 471 487

3 5 � 500 80% 12.4 99.0% 1.1 625 463 426

4 5 � 500 74% 26.0 99.2% 1.5 676 446 468

5 5 � 500 70% 30.9 97.8% 1.3 714 500 469

6 5 � 500 73% 40.1 96.0% 1.5 685 384 497

7 5 � 500 77% 26.6 94.6% 1.1 649 370 431

8 5 � 500 75% 11.4 97.4% 1.2 667 407 500

9 5 � 500 82% 14.1 89.8% 1.2 610 262 365

10 3 � 500 70% 32.3 97.3% 1.5 714 393 464

11 5 � 500 60% 2.3 99.7% 1.0 833 467 445

12 5 � 500 75% 27.4 96.9% 1.6 667 307 444

13 5 � 500 78% 14.4 95.7% 1.2 641 404 491

14 5 � 500 77% 5.4 97.1% 1.1 649 442 488

15 5 � 500 65% 42.4 98.5% 1.3 769 354 445

16 5 � 500 64% 24.7 98.1% 1.5 781 500 424

17 5 � 500 86% 4.0 96.3% 1.3 581 448 484

18 5 � 500 80% 10.4 99.1% 1.4 625 463 442

19 5 � 500 81% 3.3 95.3% 1.9 617 455 493

20 5 � 500 72% 7.5 97.2% 1.3 694 417 431



DISCUSSION
Stereotactic radiosurgery delivered as a single fraction has  well-

 established efficacy for pituitary adenomas, with up to 10 years
of  follow- up for patients treated with the gamma knife (6, 8–11,
13, 15–22, 25, 28–30, 33–35, 38, 40–44, 46–53, 59, 60) or linear accel-
erator (31, 54–58) system. This modality is limited, however, to
lesions that are 3 mm or more from the optic nerves and chiasm
if visual preservation is desired. The work of Parsons et al. (36, 37)
established that fractions larger than 1.8 Gy led to an increased
risk of optic neuropathy when the total (external beam) radio-
therapy dose reached 60 Gy. Other authors (5, 12, 23, 24, 26, 27,
32) have extrapolated this strategy to linear  accelerator- based
dosing paradigms with encouraging results. More recent studies
support the use of hypofractionated CyberKnife radiosurgery
for these perioptic lesions, with doses of up to 8 Gy per fraction
achieving preservation of vision (1, 14, 39, 45).

CyberKnife accuracy has been proven equivalent to gamma
knife (4), with a potentially more uniformly sculpted dose to the
tumor (2). The CyberKnife system allows convenient dose frac-
tionation with a frameless delivery that can comfortably treat
patients on consecutive days in the outpatient setting without
reacquisition of imaging or reapplication of rigid head frame
fixation. To date, there are 4 publications reporting CyberKnife
radiosurgery for pituitary adenomas (1, 14, 39, 45). Adler et al. (1)
presented the most comprehensive analysis of perichiasmatic
tumors. Their study included 49 tumors, 19 of which were pitu-
itary adenomas. They used  single- fraction doses to the optic
nerve or chiasm as high as 8 Gy with a mean biological equiva-
lent  single- fraction dose of 20.3 Gy to the tumor margin, with a
variety of dosing schema. After a mean  follow- up period of 49
months, vision was unchanged in 38 patients, improved in 8,
and worsened in 3. The study by Pham et al. (39) was an earlier
analysis of the data of Adler et al. (1). Our series adds to this
work both by confirming vision preservation when these diffi-
cult lesions were treated with stereotactic radiosurgery and by
following a consistent dosing protocol for all patients. The re -
maining publications (14, 45) do not clarify the proximity of the
adenomas to the optic nerve/chiasm and include  single- fraction

Cyber Knife radiosurgery. There fore, they cannot be directly com-
pared with our series.

All patients in our series had pituitary adenomas that lay
within 2 mm of the optic chiasm. Therefore, the  tumor-
 marginal and maximal chiasm doses were essentially equiva-
lent. The accepted theoretical maximal tolerated  single- fraction
radiosurgery dose to the optic nerve and chiasm is 8 to 10 Gy.
We chose a dosing schema of 5 consecutive daily fractions of
500 cGy to theoretically safely spare the optic apparatus with a
com fortable margin while delivering an efficacious dose to the
tumor. Using the linear quadratic formula (7), and an α/β coef-
ficient of 10 Gy, this dosing is biologically equivalent to a
 single- fraction dose of 19 Gy (or 13.2 Gy with a coefficient of 3).
It is important to note that the α/β coefficient of pituitary ade-
nomas is unknown, and these calculations are not definitive.
Current recommendations are for  single- fraction stereotactic
radiosurgery doses of 15 to 18 Gy for nonfunctioning adeno-

NEUROSURGERY VOLUME 64 | NUMBER 2 | FEBRUARY 2009 SUPPLEMENT | A23

CYBERKNIFE RADIOSURGERY FOR PITUITARY ADENOMAS

FIGURE 4. Representative visual
field test showing modest improve-
ment without deterioration. A (left
eye) and B (right eye), tests per-
formed before CyberKnife treatment;
C (left eye) and D (right eye), tests
performed 10 months later. The
patient’s vision was stable after 24.8
months of  follow- up. E, correspon-
ding  gadolinium- enhanced coronal
MRI scan demonstrating a tumor
in the right cavernous sinus, cir -
cumferentially invested around the
carotid artery, and adjacent to the
optic chiasm. (Used with permission
from Barrow Neurological Institute.)

A B

C D

E

FIGURE 3. Visual field data before (A) and after (B) CyberKnife treat-
ment. No patient’s vision deteriorated. (Used with permission from Barrow
Neurological Institute.)
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mas and of as much as 30 Gy for functioning adenomas (34, 59),
although recent data call into question the need for higher dos-
ing for functional tumors (33).

Our current practice is to treat adenomas that lie at least 3
mm from the anterior optic pathway with  single- fraction
stereotactic radiosurgery. We prefer the Gamma Knife for rela-
tively spherical lesions, because of the convenience of  same- day
image acquisition, planning, and treatment, and we prefer the
CyberKnife for irregularly shaped lesions, because of superior
sculpting for these complex geometries. We strive to treat non-
functional and functional adenomas with a single dose of 18
and 24 Gy, respectively. Lesions within 2 mm of the optic
nerves or chiasm are treated with the described 5 � 500 cGy
protocol on the CyberKnife system. Consideration is being
given for a prospective protocol of 800 cGy per fraction, espe-
cially for functioning tumors.

After a mean period of 26.6 months, no patients in our series
had a decline in vision. Although a longer  follow- up period is
necessary to confirm these early results, this interim analysis is
very encouraging. In the Stanford stereotactic radiosurgery expe-
rience (1), involving more than 3500 patients, all significant radi-
ation injury was found to occur within 2 years of treatment.

Although radiographic  follow- up is also encouraging,  long-
 term conclusions about relatively  slow- growing lesions such as
adenomas with only 29.3 months  follow- up cannot be made.
These reservations are even more pronounced with regard to
the endocrinological data. Although only 1 patient developed
a new endocrinopathy during a mean of 25.2 months of  follow-
 up, patients have been known to develop endocrine deficien-
cies up to 10 years after radiotherapy. We were encouraged,
however, that 2 of 4 acromegalic patients had normal  insulin-
 like growth factor 1 levels within 2 years of treatment, and 1 of
these patients did so after just 4 months. This suggests that our
fractionating scheme may be adequate to treat functional ade-
nomas, even though its radiobiological equivalent dose falls
below most regimens described in the radiosurgical literature.

Nevertheless, the purpose of this preliminary study was to
establish vision preservation in patients with perioptic adeno-
mas treated with our dosing paradigm, not to evaluate its effi-
cacy in radiographic or endocrinological control.

CONCLUSIONS

CyberKnife hypofractionated radiosurgery of 5 � 500 cGy to
perichiasmatic pituitary adenomas is tolerated by the optic
nerve and chiasm. Our early experience suggests that this dos-
ing paradigm may achieve satisfactory radiographic and
endocrinological tumor control for these challenging lesions
while remaining below the threshold of radiation damage tol-
erance dose for the optic apparatus. Consideration is being
given to increase the  single- fraction dose to 800 cGy for func-
tional adenomas, although preliminary results are encouraging
for these tumors when treated with our current protocol.
Longer, close  follow- up is necessary to confirm these results.

Disclosure
The authors have no personal financial or institutional interest in any of the

drugs, materials, or devices described in this article.
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