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Abstract

Objective Acromegaly is a disease characterized by
GH hypersecretion, and is typically caused by a
pituitary somatotroph adenoma. The primary mode
of therapy is surgery, and radiotherapy is utilized as
an adjuvant strategy to treat persistent disease. The
aim of this study was to determine the efficacy and
tolerability of CyberKnife stereotactic radiosurgery in
acromegaly.

Design A retrospective review of biochemical and
imaging data for subjects with acromegaly treated
with CyberKnife stereotactic radiosurgery between
1998 and 2005 at Stanford University Hospital.
Patients Nine patients with active acromegaly were
treated with radiosurgery using the CyberKnife (CK).
Measurements Biochemical response based on ser-
um insulin-like growth factor-1 (IGF-1), anterior
pituitary hormone function, and tumor size with MRI
scans were analyzed.
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Results After a mean follow up of 25.4 months
(range, 6-53 months), CK radiosurgery resulted in
complete biochemical remission in 4 (44.4%) sub-
jects, and in biochemical control with the concomi-
tant use of a somatostatin analog in an additional
subject. Smaller tumor size was predictive of treat-
ment success: baseline tumor volume was 1.28 cc
(= 0.81, SD) vs. 3.93 cc (= 1.54) in subjects with a
normal IGF-1 vs. those with persistent, active dis-
ease, respectively (P = 0.02). The mean biologically
effective dose (BED) was higher in subjects who
achieved a normal IGF-1 vs. those with persistent,
active disease, 172 Gy; (+28) vs. 94 Gy; (£17),
respectively (P < 0.01). At least one new anterior
pituitary hormone deficiency was observed after CK
in 3 (33%) patients: two developed hypogonadism,
and one developed panhypopituitarism.

Conclusions CK radiosurgery may be a valuable
adjuvant therapy for the management of acromegaly.

Keywords Cyberknife - Acromegaly - Stereotactic -
Radiosurgery - Pituitary

Introduction

Acromegaly is characterized by growth hormone (GH)
hypersecretion and is caused, in the vast majority of
patients, by a pituitary somatotroph adenoma.
Acromegaly is associated with multiple medical
co-morbidities which predispose to premature mortal-
ity [1]. To prevent the long-term medical consequences
and mortality risk of acromegaly, it is critical to nor-
malize the GH secretion and insulin-like growth factor-
1 (IGF-1) level [2, 3]. Surgery is the primary therapy
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for acromegaly. Transsphenoidal surgery provides
biochemical cure in up to 30-70% of subjects with
pituitary macroadenomas, which occur in the majority
of cases [4, 5]. Therefore, active acromegaly persists in
a substantial number of patients following surgery. In
these cases, additional therapeutic options must be
considered.

Radiotherapy (RT) is frequently utilized as an
adjuvant treatment of acromegaly; and is indicated for
residual disease following surgery and in patients
poorly tolerant to or unresponsive to medical therapy
[6]. Studies using conventional RT for adjuvant treat-
ment of acromegaly show efficacy rates ranging from
5% [7] to greater than 75% [8-10]. Even if biochemical
control is attained, normalization of GH levels may
take a decade or more. Moreover, conventional frac-
tionated RT is associated with complications caused by
local tissue exposure to radiation, including hypopitu-
itarism, cranial nerve neuritis, visual-field defects,
possible cognitive disturbances or increased cerebro-
vascular disorders, radiation-induced gliomas, and
delayed brain necrosis [9, 21-30]. In summary, con-
ventional RT is effective in only a subset of patients,
and may cause significant short and long-term com-
plications.

Stereotactic radiosurgery (SRS), delivery of highly
focused radiation to stereotactically defined intracra-
nial sites, may be more effective and more rapidly
acting than conventional radiotherapy [11]. It is
unclear whether radiosurgery reduces the risk of local
tissue side effects that have been associated with
conventional radiation. The CyberKnife (Accuray,
Inc., Sunnyvale, CA), an image-guided frameless
robotic radiosurgical device, delivers highly conformal
radiation in one or more sessions with an application
accuracy equal to that of conventional stereotactic
frames [12, 13]. This study reviews the Stanford
University experience with the CyberKnife (CK) in the
management of acromegaly.

Methods
Patients

We retrospectively reviewed the medical records of
patients with acromegaly treated with CK SRS at
Stanford University Medical Center between Febru-
ary, 1998 and February, 2005. Study inclusion criteria
were active acromegaly, as determined by clinical cri-
teria and an elevated serum IGF-1 value using age and
gender normalized ranges, and availability of bio-
chemical and imaging data at least 6 months following
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radiosurgical treatment. This study was approved by
the Institutional Review Board for Human Subjects at
Stanford University.

Treatment intervention

The Cyberknife Robotic Radiosurgical System
(Accuray, Sunnyvale, CA, USA) was used. In this
frameless method, patients were immobilized supine on
the Cyberknife treatment table with an Aquaplast mask
(WFR/Aquaplast Corp., Wyckoff NJ, USA). A thin
slice (1.25 mm) high-resolution computed tomogram
(CT) was obtained with a GE Light Speed 8i Scanner
(Milwaukee, WI, USA) after the administration of 125
cc of Omnipaque intravenous contrast (iohexol, 350 mg
I/cc; Nycomed, Inc., Princeton NJ, USA). The acquired
scan was transferred by network to the Cyberknife
treatment planning workstation. Nonisocentric, intera-
tive inverse planning was performed to generate a
radiosurgical treatment plan. Digitally Reconstructed
Radiograms (DRRs) were constructed to allow real-
time patient tracking during treatment. Radiosurgery
was delivered as a single session (n = 5), two sessions
(n = 3) or three sessions (n = 1) in this study. Given the
range of marginal prescribed doses and number of
sessions, the Biologically Effective Dose (BED),
derived from the linear quadratic formula, was calcu-
lated [14-16]. Pituitary adenomas were assumed to
react as late responding tissue, therefore an o/ff ratio of
3 was used: BED (Gys) = nd (1 + d/(/f)), where n is
equal to the number of fractions of dose, d.

Hormonal and radiographic evaluation

Clinic notes, medication charts, laboratory studies, and
radiographic reports were reviewed. The primary
outcome endpoint was normalization of serum IGF-1
levels at least 6 months following CK SRS.
“Biochemical remission” was defined as a normal
serum IGF-1 level, using a gender and age-standard-
ized normal range without concomitant use of medical
therapy, such as a dopamine agonist or somatostatin
analog, for at least 12 weeks. Patients were considered
“biochemically controlled” if a normal serum IGF-1
was attained only when medical therapy with a
somatostatin analog was added. Active, residual dis-
ease was considered present if IGF-1 levels remained
elevated despite medical therapy. Serum IGF-1 levels
and anterior pituitary hormone function were assessed
at variable times following CK, depending on local
care. Hypopituitarism was defined as follows: gonado-
troph deficiency in men by low plasma testosterone in
the presence of low or inappropriately normal serum
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LH and FSH levels or the need for testosterone sup-
plementation; gonadotroph deficiency in premeno-
pausal women by amenorrhea and in menopausal
women by low or normal LH and FSH; corticotroph
deficiency by low morning cortisol (cortisol
level < 5 mcg/ml), a subnormal response to cosyntro-
pin (peak cortisol < 18 mcg/dl), or having initiated
glucocorticoid replacement since CK treatment; thy-
rotroph deficiency by low free plasma T4 with normal
or diminished plasma TSH, or having been placed on
thyroid hormone since CK treatment; and, somato-
troph deficiency by IGF-1 less than age or gender
adjusted normal range or having been placed on
recombinant human GH since CK treatment. Tumor
size was evaluated on contrast MRI performed before
and at variable times after CK treatment.

Statistical analysis

Data are shown as the mean + SD, with P < 0.05 taken
as statistically significant. Means were compared using
an unpaired Student’s t-test. Logistic regression was
used to analyze the effect of independent variables on
IGF-1. Maximum likelihood logistic regression was
used to avoid the need to assume that the distributions
of the independent variables are discrete or continu-
ous. This method instead assumes that the logarithm of
the odds of belonging to one population is a linear
function of the variables used for classification.

Results
Treatment group

Nine subjects with acromegaly, four men and five
women, met the inclusion criteria (see Table 1). Ages

Table 1 Baseline clinical characteristics

ranged from 22 to 60 years (mean, 43.3 + 11.6 years).
Eight were treated with CyberKnife because of resid-
ual disease after transsphenoidal surgery. The other
received a second CK treatment after failure of an
initial CK treatment used as primary therapy. No
patients had prior conventional external beam
radiation therapy.

Treatment parameters

The prescribed margin dose ranged from 18-24 Gy
(mean 21 Gy), and the BED ranged from 72 to 216 Gy;
(mean 137 + 47 Gys), administered over a range of one
to three sessions depending on several factors, includ-
ing tumor volume, distance to visual pathways, age,
and previous treatment with radiotherapy (see
Table 1). Three patients were receiving the somato-
statin analog, octreotide, at the time of CK treatment.

Follow-up

The average duration of follow-up after CK therapy
was 254 + 14.0 months (range, 6-53 mo); Four
patients were followed for less than 2 yrs, and the
remainder were followed for 2-5 yrs.

Biochemical response

At last follow-up, four patients (44.4%) achieved
biochemical remission (See Table 2). One additional
subject achieved biochemical control, based on
achievement of a normal serum IGF-1 with adminis-
tration of the somatostatin analog, octreotide. Four
patients (44.4%) had persistent, active disease follow-
ing CK administration. The mean time to biochemical
remission or control was 12 months (range, 3-19 mo),
although follow-up IGF-1 levels were drawn at vari-
able time points following CK, depending on local

Patient Age Gender Prior therapy OCT at CK  Tumor volume (cc) CK dose (Gy) Number of sessions BED (Gy)
1 56 M T N 0.41 20 1 153
2 49 M T Y 2918 22 2 103
3 48 M T N 1.96 23 2 111
4 60 F T Y 1.485 20 1 153
5 33 F T Y 5.159 24 3 88
6 39 F T N 0.682 24 1 216
7 43 F T N 1.1 22 1 183
8 40 F R(3.5) N 2.729 20 1 153
9 22 M T N 5.69 18 2 72

M, male; F, female; T, transsphenoidal surgery; R, radiation (years prior); OCT at CK, use of the somatostatin analog, octreotide, at
the time of CK (Y, yes, or N, no); Tumor volume, at time of CK administration; CK, CyberKnife; Gy, Dose of radiation in Gray; BED,

Biologically Effective Dose in Gray
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Table 2 Hormonal, radiographic, and adverse outcomes after
CK for acromegaly

Patient Biochemical Time to normal Pituitary

response IGF-1 or last hormone
value (months) deficiency

1 R 4 N

2 A 25 G

3 A 31 N

4 R 19 N

5 A 9 N

6 R 19 N

7 R 3 GH, A, T,G

8 C 15 N

9 A 6 G

CK, Cyberknife; Biochemical Response (based on serum IGF-1):
R, remission; C, controlled (normal IGF-1) but requiring ongo-
ing medical management; A, persistent, active disease. Pituitary
Hormone deficiency: G, Gonadal; A, Adrenal; T, Thyroid; GH,
Growth Hormone; N, normal

care. The mean duration of follow-up in patients
with persistent, active disease was 17.8 months (range,
6-31 mo).

In a regression analysis, no significant differences in
biochemical response were observed among patients
differing with respect to gender, age, or the use of
somatostatin analogs at the time of CK treatment. Of
the three subjects receiving octreotide therapy at the
time of CK, one was in biochemical remission after
CK, and two had persistent, active disease. Achieve-
ment of biochemical remission or control was more
likely with smaller tumors. The mean tumor size in
subjects with IGF-1 normalization was smaller than
that of subjects who had persistent, active disease at
last follow-up: 1.28 cc (x0.81) vs. 3.93 cc (x1.54)
(P = 0.02), respectively. The mean biologically effec-
tive dose (BED) was higher in patients achieving bio-
chemical remission or control vs. those with persistent,
active disease, 172 Gys (x 28) vs. 94 Gy; (= 17),
respectively (P < 0.01). A BED above or below 150
Gys separated subjects who attained IGF-1 normali-
zation from those with persistent, active disease,
respectively (see Fig. 1).

Radiographic response

MRI scan results were available for all patients at
follow-up with a mean duration of 25.4 months (range,
6-53 mo). None showed tumor enlargement.

Adverse effects

At least one new pituitary deficiency was observed
after CK in 3 (33%) patients: two developed new
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Fig. 1 A comparison of biologically effective dose (BED) of
CyberKnife received between patients who achieved biochem-
ical cure or control of acromegaly (Responders) and those that
had persistent, active disease (Non-Responders)

hypogonadism, and one developed new panhypopitui-
tarism (See Table 2). Growth hormone deficiency was
noted in one of the three subjects. Two of these three
patients with a new pituitary deficiency had active
disease at follow-up. At last follow-up, there were no
reports of cranial nerve neuritis, visual field defects,
stroke, a secondary malignancy, or brain necrosis.

Discussion

In acromegaly, radiation therapy (RT) is usually
reserved for subjects who have failed surgery and/or
medical therapy. Its utility, however, remains unclear
and controversial [7, 17]. First, rates of biochemical
cure following conventional, fractionated RT range
widely from 5% [7] to greater than 75% [8-10]. In a
recent study utilizing serum IGF-1 as the definition of
biochemical cure, normal IGF-1 was achieved in 44%
of 32 subjects who received conventional RT [18].
Several factors may explain the variable response rates
to conventional RT: use of different levels of GH or
IGF-1 to define biochemical remission, study attrition
rates, different durations of follow-up, variation in
surgical and medical therapy prior to RT, RT dose, and
selection bias [10, 19]. Second, it can take many years
(up to a decade or more) to achieve biochemical con-
trol following conventional RT [8, 10]. This is prob-
lematic, as persistently elevated GH levels may expose
patients to a higher risk of morbidity and mortality
[20]. Third, conventional RT is associated with
significant side effects including hypopituitarism
(in approximately 40% of subjects), cranial nerve
neuritis, optic neuropathy, cerebrovascular disease,
delayed brain necrosis with behavioral or cognitive
sequelae, and secondary tumors [9, 21-30].
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Stereotactic radiosurgery (SRS) enables precise
delivery of large, highly conformal doses of radiation in
one or more sessions. The smaller volume of normal
brain irradiated and the shorter course of treatment are
potential advantages of radiosurgery over conven-
tional, fractionated RT. Radiosurgical devices include
the conventional linear accelerator, proton accelerator,
stereotactic multiple arc radiation therapy (SMART),
Gamma Knife, and Cyber-Knife (CK) systems. Using
conventional linear accelerator based radiosurgery
with SMART to treat acromegaly not cured by con-
ventional radiation, Swords et al. [31] demonstrated
normalization of GH and IGF-1 in 58% of 13 subjects
at a median of 25 months after treatment, without loss
of anterior pituitary function. In a recent larger series
of Gamma Knife SRS in both previously treated and
naive acromegaly patients, 40% of 82 subjects were
biochemically controlled at a mean follow-up duration
of 49.5 months [32]. Factors such as gender, age, initial
tumor volume, tumor location, marginal dose, or use of
somatostatin analogs at the time of therapy did not
influence biochemical outcome. In this study, 14 (17%)
patients developed at least one new anterior pituitary
deficiency, but the incidence of other side effects was
rare [32]. Further studies using SRS (typically Gamma
Knife) on smaller numbers of subjects have shown
control rates ranging from 23 to 90% [33-37]. In
addition, Landolt et al. [11] showed that 16 patients
treated with adjuvant Gamma Knife radiosurgery
achieved rates of biochemical remission comparable to
those in 50 patients who received fractionated RT.
Moreover, the mean time to remission was 1.5 years in
patients after Gamma Kbnife therapy compared to
7.5 years in patients after conventional RT. These data
suggest that single fraction SRS may be associated with
a shorter time to biochemical remission, although other
studies have not confirmed this finding [35, 36]. The
cumulative conclusion from these studies is that SRS,
using Gamma Knife or SMART, has equal or greater
efficacy than conventional RT as an adjuvant treat-
ment for GH-producing pituitary tumors.

In this preliminary study, we used the CK system for
radiosurgery for acromegaly. An advantage of the CK
system over other SRS methods is that real-time image
guidance enables frameless treatment, thus avoiding
the painful invasiveness of frame application. It also
permits multi-session treatment of tumors whose
proximity to the optic nerve precludes the single frac-
tion radiosurgery to which the Gamma Knife is
restricted. A treatment plan of limited fractionation
(2-5 sessions) can combine the advantages of stereo-
tactic delivery with those of fractionation in preventing
damage to normal tissues.

In the only prior study of CK SRS for pituitary ade-
nomas, two patients with acromegaly achieved remis-
sion based on normalization of GH [38]. In our study of 9
subjects, CK SRS resulted in biochemical remission in
44% of patients, and in biochemical control using con-
comitant medical therapy (somatostatin analog) in an
additional patient. This suggests that CK SRS is an
effective adjuvant for acromegalic patients with persis-
tent, active disease following surgery or medical therapy.
The rate of biochemical remission or control achieved is
similar to that seen with other forms of SRS [31, 32,
34-36], and as recently well summarized by Sheehan
etal. [39]. The mean time to serum IGF-1 normalization
was 12 months. This suggests that CK, like other forms
of SRS, may produce results more rapidly than con-
ventional RT, though our study did not systematically
address this issue. Furthermore, as with conventional
radiotherapy, longer follow-up may reveal higher rates
of remission or control. Although tumor size was not a
primary endpoint of the study, it is noteworthy that no
tumors enlarged after CK treatment.

The small number of subjects in this study precludes
definitive identification of factors prognostic of out-
come. Nonetheless, we found that subjects who
achieved biochemical remission or control received
higher BED than those with persistent, active disease.
In this patient cohort, IGF-1 normalization was
achieved in those subjects who received a BED of >150
Gys. Though preliminary, this finding supports the
notion that the highest dose that can be safely deliv-
ered should be used in this disorder. Whether or not a
radioprotective effect is conferred by the use of
somatostatin analogs at the time of RT is controversial
[40]. In this limited study, we found no effect of
simultaneous use of a somatostatin analog.

Another proposed benefit of SRS over conventional
RT is a limited irradiation of surrounding tissues. The
incidence of a new anterior pituitary hormone defi-
ciency was 33% (3/9), comparable to that seen after
other forms of radiosurgery [32]. With conventional
RT, localized nervous tissue damage can occur several
years after radiation, and may include cranial nerve
neuritis, optic neuropathy, cerebrovascular disease,
delayed brain necrosis with behavioral or cognitive
sequelae, and secondary tumors [21-30]. In the present
study using SRS, no patient reported symptoms that
might be attributed to damage to local nerve tissue at a
mean follow up of 25.4 months. We recognize that the
length of follow-up in this study is insufficient to detect
these complications. Although SRS may limit local
tissue exposure to radiation, further studies are nec-
essary to determine the long-term risk to localized
tissue following radiosurgery.
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In summary, CK SRS is an efficacious and well-

tolerated adjuvant treatment for acromegaly. Larger
prospective studies are necessary to define more
clearly the long term efficacy and safety of CK radio-
surgery and to identify prognostic factors that may
guide its use.
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