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Objective: Nonfunctioning macroadenoma is a commonly diagnosed pituitary
tumor. Resection is the favored treatment, with radiosurgery often utilized for
residual or progressing disease. Long-term outcomes are established in the
literature for single-fraction frame-based radiosurgery, but mature outcomes are
lacking for fractionated frameless radiosurgery. We report our institution’s 5-year
efficacy and toxicity results for unfavorable nonfunctioning pituitary
macroadenoma patients treated with 5-fraction robotic radiosurgery.

Methods: Between 2010 and 2020, patients who completed 5-fraction robotic
radiosurgery for the treatment of unfavorable nonfunctioning pituitary
macroadenomas were included. A tumor was considered unfavorable if the
gross tumor volume (GTV) was larger than 5 cc or if it closely approached a
critical structure (optic apparatus, brainstem, or pituitary gland). Local control
was calculated using the Kaplan—Meier method.

Results: Twenty predominantly female patients (60%), ages 21-77 (median: 53
years), were included in this study. All underwent primary resection at the time of
diagnosis. The indication for radiosurgery was tumor progression (n = 14, 70%) or
residual tumor after subtotal resection (n = 6, 30%). Eighty-five percent of patients
treated with radiosurgery (n = 17) had cavernous sinus involvement. Median GTV
was 3.4 cm® (range: 0.3-20.8 cm®), and 40% of the tumors had suprasellar
extension. A mean dose of 28.8 Gy (range: 25-30 Gy) was delivered to a median
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isodose line of 80% (range: 75%—-89%). The median optic chiasm maximum point
dose was 21.8 Gy (range: 12.0-25.0 Gy). Acute toxicity was minimal with eight
patients (40%) developing short-lived headaches and one patient (5%) developing a
brief ipsilateral sixth nerve palsy. There was no late radiation-induced neurologic or
optic dysfunction identified in this cohort. At a median follow-up of 5 years, local
control was 94%. There was one in-field failure pathologically confirmed following
surgery for pituitary hemorrhage and two radiographically confirmed out-of-field
failures in patients with larger tumors (>20 cc).

Conclusions: The treatment of unfavorable nonfunctioning pituitary
macroadenoma with 5-fraction robotic radiosurgery provides excellent local
control to date, with acceptable toxicity. However, tumors with GTVs greater
than 20 cc may still require conventionally fractionated treatment with a margin
to optimize local control.

radiosurgery, fractionated stereotactic radiosurgery, nonfunctioning pituitary

adenoma, local control, CyberKnife

Introduction

Pituitary adenomas represent 10%-20% of intracranial tumors
and can be hormonally active or non-functioning adenomas
(NFAs) (1). Most NFAs are macroadenomas (i.e., measure greater
than 1 cm in size at diagnosis) and are diagnosed after developing
tumor-related headaches, vision loss, and/or cranial nerve deficit.
Some cases are diagnosed incidentally when cranial imaging is
performed for other purposes (2).

Multiple treatment options exist for patients with newly
diagnosed NFAs, including observation, surgery, or radiation
therapy. Transsphenoidal resection is the treatment of choice for
patients suitable for surgery. Complete resection is achieved in more
than 50% of patients with a low rate of complications including
visual field deficits, pituitary dysfunction, cerebrospinal fluid (CSF)
rhinorrhea, meningitis, diabetes insipidus, and severe bleeding (3).
Unfortunately, complete resection is difficult to accomplish in
patients presenting with parasellar extension. Such tumors often
require radiation therapy following surgery (3-5).

Radiation therapy is an alternative to resection for patients ill-
suited for surgery, an adjuvant treatment for those who have
undergone a subtotal resection, or salvage treatment for those
who experience tumor recurrence or growth of residual tumor.
Multiple radiotherapy modalities are available for the treatment of
pituitary macroadenomas, including stereotactic radiosurgery
(SRS), multifraction SRS, also known as hypofractionated
stereotactic radiotherapy (HSRT), or conventionally fractionated
radiation therapy. SRS is a radiation therapy technique that
precisely delivers a high dose of radiation in a single fraction
while HSRT delivers treatment typically in 2-5 fractions. SRS is
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often delivered via the frame-based cobalt-60 Gamma Knife (GK)
or the image guided CyberKnife (CK) robotic radiosurgery system.
HSRT may be delivered using GK, CK, or a modified conventional
radiotherapy machine (linear accelerator, LINAC) (6).

SRS is the favored treatment for small pituitary adenomas (<2.5
cm or 5 cc). Multiple retrospective series have demonstrated
favorable control rates, often >90% at 5 years and toxicity is low
(7). Furthermore, if the pituitary gland can be excluded from the
irradiated volume, the risk of radiation-induced hypopituitarism
may be negligible with this approach.

However, for unfavorable tumors, i.e., larger tumors, or those in
close proximity to critical structures, conventional fractionated
radiotherapy uses the advantage of the variance in biologically
effective dose to tumors and normal tissue, a difference especially
amplified with fractionation, allowing protection of the optic chiasm,
proximal optic nerves, pituitary gland, and brainstem when
irradiated. This highly effective treatment, with greater than 90%
local control at 5 years, has typically been delivered in 25-28 fractions
to a total dose of 45-50.4 Gy using a conventional LINAC (8-10).

However, a traditional LINAC has intrafraction uncertainty
that necessitates a planning target volume (PTV) expansion, which
increases the treatment volume, delivering dose to a larger
component of the optic pathway, the pituitary gland, and brain
(9, 11). As an alternative, the robotic CK system is a frameless
radiosurgical technology with automated intrafraction kV imaging
used to assess and automatically adjust to any minimal cranial
motion in real time. This technique delivers a conformal radiation
dose with a steep dose drop-off like that of the GK and eliminates
the need for a margin accounting for intrafraction uncertainty.
Additionally, because of the precise intrafraction positional
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correction, patients do not require frame-based immobilization,
allowing for enhanced patient comfort (12-14).

A recent large meta-analysis confirmed that with single-fraction
SRS, approximately 8% of patients developed vision loss and
approximately 20% of all patients developed hypopituitarism. The
authors concluded that multifraction SRS delivered in 3 to 5
fractions is promising with high rates of local control and low
rates of treatment-related toxicity. However, they acknowledged
that mature outcomes are lacking for multisession radiosurgery and
therefore do not yet recommend it for routine clinical practice (7).
To our knowledge, only two studies thus far have specifically looked
at HSRT for non-functioning pituitary adenomas (15, 16).

Of these studies, one study reported outcomes using a
NovalisTX radiotherapy system and the other utilized CK.
Khattab and colleagues, treating on a NovalisTX radiotherapy
system, reported their outcomes with HSRT for large
nonfunctioning pituitary adenomas with chiasm involvement
showing over 92% local control in the cohort treated with HSRT
and with no optic neuropathies and similar endocrinopathies to the
single-fraction cohort (15). Iwata and colleagues reported their
outcomes on a CK treating 100 patients with NFPAs with HSRT
with 98% local control and very low toxicity, with only 1 patient
having grade 2 visual symptoms at a 3-year follow-up (16). In this
small retrospective study, we report our promising 5-year efficacy
and toxicity results for unfavorable NFPA patients treated with 5-
fraction robotic radiosurgery.

Materials and methods
Study design, setting, and participants

The Medstar Health Research Institute-Georgetown University
Oncology institutional review board approved this retrospective
analysis of an established departmental treatment approach. A
multidisciplinary neuro-oncology team evaluated patients. Patients
with unfavorable nonfunctioning pituitary macroadenomas who had
undergone surgical resection followed by 5-fraction robotic
radiosurgery from 2010 to 2020 were included in the present
analysis. A tumor was considered unfavorable if the gross tumor
volume (GTV) was greater than 5 cc or if the tumor closely
approached a critical structure (e.g., optic apparatus, pituitary
gland, or brainstem).

Treatment planning

Prior to treatment, a custom thermoplastic mask was fabricated.
A fine-cut (1.25 mm) contrast-enhanced treatment planning CT
scan was obtained in the supine treatment position for each patient
using a GE LightSpeed RT16. T1-weighted, contrast-enhanced
magnetic resonance imaging (MRI) with 1.25-mm slice thickness
was fused with the planning CT scans for target volume delineation.
Pituitary adenomas and organs at risk (i.e., optic nerve, optic
chiasm, and brainstem) were contoured without expansion on all
visualized image slices of the planning CT scan and/or fused MRI.
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The pituitary gland was contoured as an organ at risk when
identified. A treatment plan was generated using the Accuray Inc.
MultiPlan 5.2.1 non-isocentric inverse-planning algorithm.

Delivery of stereotactic
fractionated radiotherapy

Each patient underwent fractionated CK radiosurgery (Accuray
Inc.) (17). Treatment plans were composed of hundreds of pencil
beams delivered using a single 10- to 35-mm-diameter collimator.
Radiation was delivered in 5 fractions of 5 to 6 Gy prescribed to an
isodose line that covered at least 95% of the GTV. Patients were treated
in the supine position with a custom aquaplast mask for
immobilization and reproducible patient setup. The SRS treatment
was routinely delivered over five consecutive business days. Organ at
risk Dy, constraints were defined as 25 Gy for the optic chiasm, 28 Gy
for optic nerves, and 31 Gy for the brainstem. There was no dose
constraint placed on the pituitary gland.

Follow-up studies

Patients were followed with serial physical examination, pituitary
function tests, and MRI per routine institutional practice. Routine
visual field testing was not completed. Local tumor recurrence was
defined as progression of the treated tumor based on radiological
review of serial follow-up MRI. All cases involving a question of tumor
progression were discussed at a weekly interdisciplinary CNS tumor
conference. Progression was confirmed pathologically in those cases
requiring surgical intervention. Toxicities were scored according to the
National Cancer Institute Common Terminology Criteria for Adverse
Events, Version 5.0 (18). A patient was considered to have radiation-
induced pituitary dysfunction if they developed a new hormone
deficiency requiring medical treatment following radiosurgery. A
patient was considered to have radiation-induced vision loss if they
developed a new visual field deficit following radiosurgery confirmed
by formal visual field testing. Patients were followed until death. Cause
of death analysis was completed by the interdisciplinary CNS tumor
conference. Autopsy was not completed to confirm cause of death.

Statistical analysis

Data were analyzed and graphs were prepared with the SPSS 23
statistical package (IBM Corporation, Armonk, NY). The follow-up
duration was defined as the time from the date of completion of
radiosurgery treatment to the last date of follow-up or the date of
death. The treatment parameters assessed included treatment
isodose line, tumor coverage, and maximum radiation dose to
organs at risk. The conformity index (CI) is the ratio of the
treatment volume to the target volume.

The primary endpoint was local control defined as stable disease
or partial response as evaluated on serial MRI. These were
calculated using the Kaplan-Meier method. The secondary
endpoints were radiation-induced neurologic or optic dysfunction.
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Results

Patient, tumor, and
treatment characteristics

Twenty predominantly female patients (60%), ages 21-77 (median:
53 years), were included in this study (Table 1). All underwent primary
resection. One patient had panhypopituitarism, and two patients had
visual field deficits prior to radiosurgery. The indication for
radiosurgery was tumor progression in 70% of patients. The
remainder were treated following subtotal resection (30%). Eighty-
five percent of patients treated with radiosurgery had been deemed
unresectable due to cavernous sinus involvement. Pituitary gland
contouring for radiosurgery planning was feasible in eight patients
(40%). The median tumor volume was 3.4 cc (range: 0.3-20.8 cc).
Thirty percent of the tumors were greater than 5.00 cc and 40% of the
tumors were suprasellar (Table 2).

Stereotactic fractionated radiosurgery

A mean dose of 28.8 Gy (range: 25-30 Gy) was delivered to a
median isodose line of 80% (range: 75%-89%). The median tumor
volume (GTV) treated was 3.8 cc (range: 0.3-20.8 cc). The mean
GTYV target coverage was 99.88% (range: 97%-100%) and average
conformality index was of 1.63. The median optic nerve and optic
chiasm maximum point doses were 22.9 Gy (range: 10.8-27.9 Gy)
and 21.8 Gy (range: 12.0-25.0 Gy). The median pituitary gland
maximum point dose was 30.5 Gy (range: 23.8-35.1 Gy) and mean
dose was 20.2 Gy (range: 14.6-29.5 Gy) (Table 3).

Tumor control and survival

The 5-year tumor control rate was 94% at a median follow-up of
5 years (Figure 1). There were three local failures (Table 4). One was
an early in-field failure for a 1-cc tumor that received a dose of 30
Gy (Figure 2). It was pathologically confirmed following surgery for
pituitary hemorrhage (Figure 3). The other two local failures were
late radiographically confirmed out-of-field failures in patients with
large tumors (>20 cc) that had received a relatively low dose of 25
Gy (Figure 4). There were two reported deaths in this study that
were unrelated to the pituitary tumor or its treatment.

Toxicity

Toxicity was acceptable with eight patients (40%) developing
acute transient headaches and one patient (5%) developing an acute
brief ipsilateral sixth nerve palsy (Table 4) Two patients developed
chronic hypothyroidism, approximately 4 years after the
completion of radiation treatment that required hormone
replacement therapy (Table 4). The pituitary gland had been
contoured in one of these patients and had received high
maximum and mean pituitary doses of 31.28 and 26.35 Gy.
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TABLE 1 Patient characteristics.

Age
Median 53
Range 21-77

Sex, n (%)

Male 8 (40)

Female 12 (60)

Race, n (%)

Caucasian 9 (45)
African American 9 (45)
Hispanic or Latino 2 (10)

ECOG, n (%)
0-1 35 (70)

2-3 15 (30)

Discussion

Single-fraction SRS delivering doses of 14-16 Gy is a standard
treatment option for small (<2.5 cm) residual, recurrent, or
progressing NFAs, resulting in tumor control rates of 95% at 5
years and acceptable toxicity (i.e., ~20% chronic pituitary
dysfunction) (7, 14). Our results suggest that SRS delivered in 5
fractions to a total dose of 25-30 Gy may represent an alternative
treatment option for unfavorable nonfunctioning pituitary
macroadenoma with similar 5-year local control rates.

Our reported toxicities were minimal. Multifraction SRS
schemes allow for a high dose of conformal radiation to be
delivered to a pituitary tumor with a steep dose fall-off. The
pituitary gland was often in close proximity to the tumor and at
times was not discernable. In this situation, limited fractionation
allowed us to protect organs at risk including the pituitary gland.

TABLE 2 Tumor characteristics.

Indications for radiosurgery, n (%)

Subtotal resection 6 (30)

Tumor progression 14 (70)

Tumor extension, %

Suprasellar 8 (40)

Cavernous sinus 17 (85)

Gross tumor volume, cc

Median 3.4
Range (0.3-20.8)
Gross tumor volume < 5 cc, n (%) 14 (70)
Gross tumor volume > 5 cc but <20

cc, n (%) 4(20)
Gross tumor volume > 20 cc, n (%) 2 (10)
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TABLE 3 Treatment dose and maximum point dose of organs at risk.

Patient Total Isodose Optic chiasm Optic nerve Brainstem Pituitary Pituitary
ID dose (cGy) line (%) Dmax (Gy) Dmax (Gy) Dimax (Gy) Dmax (Gy) Dmean (GY)
Patient 1 2,500 86 25.00 26.12 13.16 Unknown* Unknown*
Patient 2 2,500 75 24.97 2232 23.51 Unknown* Unknown*
Patient 3 2,500 80 22.38 21.57 23.76 Unknown* Unknown*
Patient 4 2,500 82 22.88 27.92 28.25 Unknown* Unknown*
Patient 5 3,000 82 11.99 20.84 29.48 Unknown* Unknown*
Patient 6 3,000 80 15.37 21.07 2591 32.85 16.98
Patient 7 3,000 75 25.00 24.54 12.68 30.97 2242
Patient 8 3,000 84 2334 2591 8.39 31.28 26.35
Patient 9 2,500 83 24.42 22.19 12.55 Unknown* Unknown*
Patient 10 2,500 89 21.35 21.38 9.01 Unknown* Unknown*
Patient 11 2,500 87 18.87 18.25 18.62 Unknown* Unknown*
Patient 12 2,500 83 13.50 2371 2522 Unknown* Unknown*
Patient 13 2,500 78 13.50 23.71 2522 Unknown* Unknown*
Patient 14 3,000 88 21.58 24.82 18.56 23.76 14.57
Patient 15 3,000 80 24.12 24.72 22.16 3511 29.54
Patient 16 3,000 80 20.66 21.83 9.04 Unknown* Unknown*
Patient 17 2,500 83 21.32 2137 16.35 Unknown* Unknown*
Patient 18 3,000 77 15.23 10.75 7.61 31.86 18.76
Patient 19 3,000 86 21.98 26.96 23.99 24.29 15.92
Patient 20 3,000 80 22.74 23.54 26.96 34.10 21.58

*The pituitary gland was not always visible for contouring.

0.8

0.6

Local Control (%)

! J
Time (Years)

o+
-

10

FIGURE 1
Kaplan—Meier 5-year local control was 94% at a median follow-up of 5 years from completion of SRS radiotherapy treatment.
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TABLE 4 Tumor characteristics and fSRS outcomes.
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Unfavorable o
Radiation-
. Cavernous tumor :
Patient . . Suprasellar o Local Acute induced
D Presentation Approach sinus extension characteristic failure | toxicit ituitar
extension compelling Y P y
. : dysfunction
fractionation
. . Optic
Patient 1 Vision loss Salvage Yes Yes . No Headache Yes
apparatus proximity
. . . Optic
Patient 2 Incidental Adjuvant Yes Yes . Yes None No
apparatus proximity
. o, . Gross tumor vol
Patient 3 Vision loss Adjuvant Yes No .5 Yes Headache No
. . Gross tumor vol
Patient 4 Vision loss Salvage Yes Yes S5 e No Headache No
Patient 5 Amenorrhea Salvage Yes No Brainstem proximity No Headache No
Gross t 1 Cranial
Patient 6 Libido Salvage Yes No ross umor ve No ranma ne.rve No
>5cc VI deficit
Opti
Patient 7 Vision loss Salvage No Yes ptic L. No None No
apparatus proximity
. - Optic
Patient 8 Vision loss Salvage Yes Yes L. Yes None N/A
apparatus proximity
. . ) Optic
Patient 9 Vision loss Adjuvant No Yes L No None No
apparatus proximity
. . . Optic
Patient 10 Incidental Adjuvant Yes No L. No None No
apparatus proximity
. Gross tumor vol
Patient 11 Headache Salvage Yes No 5 No None No
Opti
Patient 12 Vision loss Salvage Yes No ptic . No None No
apparatus proximity
. . . Gross tumor vol
Patient 13 Vision loss Adjuvant Yes No .5 ce No Headache No
) . Optic
Patient 14 Vision loss Salvage Yes No L. No None No
apparatus proximity
Pituit: land
Patient 15 Galactorrhea Salvage Yes Yes e ar-y g an No Headache Yes
proximity
. Optic
Patient 16 Amenorrhea Salvage Yes No L. No Headache No
apparatus proximity
. o, Gross tumor vol
Patient 17 Vision loss Salvage Yes No .5 ce No None No
Pituit d
Patient 18 Vision loss Salvage Yes No 1 ar:y “?la" No Headache No
proximity
Opti
Patient 19 Vision loss Salvage Yes No ptic . No None No
apparatus proximity
C Pituit; land
Patient 20 . avernous Adjuvant No Yes H ar.y g an No None N/A
sinus syndrome proximity

Hypopituitarism remains the most commonly reported late
complication following pituitary tumor radiation treatment (7). In
our routine radiosurgery practice, we have now adopted a 5-fraction
treatment approach for all cases of pituitary macroadenomas to
minimize radiation toxicity.

We observed one in-field failure for a 1-cc tumor that received a
total dose of 30 Gy (Figure 2). It was pathologically confirmed

Frontiers in Oncology 06

following surgery for pituitary hemorrhage (Figure 3). Pituitary
hemorrhage following single-fraction radiosurgery is not an
uncommon phenomenon with a reported incidence of 7% (19-
21). We do not believe that this toxicity was a result of fractionation.
In fact, pituitary hemorrhage might also be decreased with
fractionation. Only one patient experienced pituitary hemorrhage
in our small series (i.e., 5% of patients). There were two
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FIGURE 2

One in-field failure. (A) Coronal radiation treatment image demonstrating the treatment volumes for an NFA. Red represents the gross tumor volume
(GTV), which is 1 cc in size. Yellow represents the pituitary gland. A prescription dose of 30 Gy was delivered to the 83% isodose line. (B) At 3 years,

pituitary hemorrhage was observed.

radiographically confirmed out-of-field failures in patients with
large tumors (>20 cc) treated with lower doses (25 Gy) (Table 3).
See tumor progression inferior to the prescribed dose (Figure 4).
Therefore, we believe tumors with GTVs greater than 20 cc may still
require conventionally fractionated treatment with a margin to
optimize local control (22).

Limitations of this study include the small patient population and
its retrospective design. Because of its retrospective design, we
recognize that we did not have baseline formal visual field testing or
a comprehensive pituitary function evaluation, prior to and after
treatment. Thus, our toxicity could be more significant than reported.
Future prospective research should continue to investigate the optimal
fractionation schedule for non-functioning pituitary macroadenoma.

Conclusion

Single-fraction radiosurgery is the favored treatment for small
(<2.5 cm or 5 cc) residual, recurrent, or progressing NFAs.

FIGURE 3

There was one early in-field failure pathologically confirmed
following surgery for pituitary hemorrhage. Microscopic evaluation
revealed residual pituitary adenoma with fibrosis and hemorrhage.
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FIGURE 4

Example of a radiographically confirmed out-of-field failure in a
patient with a large tumor (>20 cc) treated with a lower dose (25
Gy). Red: gross tumor volume (GTV) at the time of treatment.
Green: isodose line that indicates the prescribed dose of 25 Gy. See
tumor progression inferior to the prescribed dose of 25 Gy

(white arrow).

However, a recent large meta-analysis suggests that for tumors
that are >2.5 cm or 5 cc, or located in close proximity to the optic
apparatus, SRS delivered in 3 to 5 fractions may represent an
alternative treatment to single-fraction SRS. However, the absence
of mature outcome data has prevented this from becoming a
routine approach (7). We present the first 5-year outcome data in
a small series of patients that confirm that the treatment of
unfavorable nonfunctioning pituitary macroadenoma with 5-
fraction CK radiosurgery provides excellent local control, 94% at
5 years, with minimal acute toxicity and no late radiation-induced
neurologic or optic deficits. However, our small series also
suggests that tumors with GTVs greater than 20 cc may still
require conventionally fractionated treatment with a margin to
optimize local control. Prospective research is planned to confirm
our preliminary findings.
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