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Abstract

Purpose To define the efficacy and complications of multisession Gamma Knife radiosurgery (MGKRS) delivered in three
consecutive sessions for the treatment of residual or recurrent pituitary adenomas (PAs).

Methods This was a retrospective study of data from the Neurosurgery and Gamma Knife Radiosurgery Department at San
Raffaele Hospital between May 2008 and September 2017. We recruited 47 consecutive patients undergoing MGKRS in
three consecutive fractions for residual or recurrent PA with a distance from the anterior optic pathway inferior to 2—-3 mm.
Results Thirty-eight (80.8%) patients had a nonfunctioning-PA (NFPA) while 9 (19.2%) had a hormone-secreting PA
(HSPA). Tumor control was achieved in 100% of patients. Tumor shrinkage was seen in 33 out of 44 (75.0%) patients with a
radiological follow-up. Mean tumor volume before MGKRS was 3.93 cm®. The mean tumor volume at last follow-up was
2.11 cm®, with a mean tumor shrinkage of 50.2%, as compared with baseline. One case of suspected radiation-induced optic
neuropathy (RION) was documented while new-onset hypopituitarism for any axis occurred in 12 of the 31 (38.7%) patients
at risk. The mean follow-up was 44.6 + 4.0 months (range, 6—111 months).

Conclusions MGKRS is a valid alternative to external fractionated radiotherapy and other types of stereotactic radiosurgery
for the treatment of PAs, achieving a high tumor control rate with a low risk of visual deterioration. Moreover, the majority
of patients showed a significant reduction of tumor size in the long term.
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Introduction

The treatment of pituitary adenomas (PAs) often requires a
multimodal approach, including medical therapy, surgery,
radiation therapy (RT), or stereotactic radiosurgery (SRS).
RT and SRS are frequently employed as an adjuvant
treatment in patients with residual or recurrent PAs fol-
lowing surgery or who fail to respond to medical therapy
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[1-3]. Nowadays, several radiation techniques are available
for treating such tumors and great effort is put into max-
imizing the local tumor control rate while minimizing
complications of treatment. Conventional RT has been
limited by the inaccuracy of the treatment fields causing
unpredictable irradiation of healthy tissues adjacent to the
tumor. The introduction of SRS, thanks to its steep falloff
dose outside the target volume, improved safety and effi-
cacy of irradiation of the sellar region. Gamma Knife
radiosurgery (GKRS) has gained widespread popularity as
an adjuvant treatment for both nonfunctioning PA (NFPA)
and hormone-secreting PA (HSPA) [4-8]. GKRS is tradi-
tionally delivered in a single session despite some limita-
tions, such as the requirement of a distance between tumor
margin and the anterior optic pathway of at least 2-3 mm to
minimize the risk of radiation-induced optic neuropathy
(RION). Indeed, visual preservation, together with tumor
control, is a major concern following irradiation of PAs [9-
11]. For this reason, fractionated stereotactic radiosurgery
(FSRS) has been recently proposed for PA treatment in
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order to combine advantages of both conventional RT and
SRS [12-15]. The principal aim of FSRS is to deliver more
localized radiation, leading to a reduction of the volume of
normal brain tissue that receives high radiation doses. The
same principle may apply to GKRS as well when the optic
pathway is too close to the tumor margin. Major studies on
this technique for the treatment of tumors of the sellar
region are lacking, probably because of its recent intro-
duction [16]. Therefore, advantages, drawbacks, and indi-
cations of this fractionation scheme remain a matter of
debate [17]. The aim of this report is to define the efficacy
and complications of multisession GKRS (MGKRS)
delivered in three consecutive sessions in the treatment of
residual or recurrent PAs.

Materials and methods
Patients

We conducted a retrospective analysis of a prospectively
maintained database of patients affected by PA and treated
by GKRS in our department. Between May 2008 and
September 2017, 47 consecutive patients affected by resi-
dual or recurrent pituitary adenoma located within 2-3 mm
from the anterior optic pathway underwent MGKRS in
three consecutive sessions at San Raffaele Hospital.

Standard informed consent relating to MGKRS proce-
dure was obtained from all patients. Ethics committee
approval was not sought because of the retrospective and
observational nature of the study.

Clinical evaluation

Hormonal evaluation, ophthalmological evaluation, and
magnetic resonance imaging (MRI) follow-up data were
obtained at baseline, 6-month intervals after MGKRS for
the first year and yearly thereafter for 5 years. After this
period, clinical control, including neuroimaging, was
scheduled at 2-year intervals or when clinically indicated.
Whenever possible, patients underwent follow-up exam-
ination at our center. Otherwise, patients were invited to
submit follow-up exams at our center. When available (30
patients), we imported the last follow-up MRI into the
GammaPlan software (Elekta Inc., Atlanta, GA, USA) and
co-registered it with the pretreatment stereotactic MRI in
order to measure the variation of tumor volume. This was
achieved through comparison of T1-weighted pre-contrast
and post-contrast coronal sequences, axial ones or both.
Tumor volume was evaluated as the percentage change
in comparison with baseline. A reduction of 10% or more of
tumor volume was considered as significant decrease of
tumor size, while an increase of 10% or more of tumor
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volume indicated progression of disease. Otherwise, tumor
size was considered to be stable. In those cases, in which we
failed to obtain the last follow-up MRI, we inferred tumor
behavior based on MRI reports.

Endocrinological status was investigated as previously
detailed [4, 5]. Briefly, baseline hormone values and need of
hormonal substitution therapy prior to MGKRS were eval-
uated at each follow-up. Radiation-induced hypopituitarism
was diagnosed when a new onset pituitary deficit occurred
during follow-up.

Neuro-ophthalmological examination included visual
acuity testing, computerized perimetry and oculomotor
function. Visual function was considered improved,
unchanged, or worsened as compared with baseline func-
tion. RION was diagnosed as a decrease in visual function
in the absence of evidence of tumor recurrence on MRI and
after exclusion of other potential causes of visual dete-
rioration (e.g., glaucoma).

Radiosurgical treatment

The phase of stereotactic headframe application and brain
imaging scans acquisition using MRI were previously
described [18]. Subsequently, a multidisciplinary team,
including a neurosurgeon, a medical physicist, and a
radiation oncologist supervised and approved the treatment
plan. Initially, gross tumor volume (GTV) and organs at risk
(OARs) were delineated. The GTV was represented by the
lesion visible on MRI. The entire residual or recurrent PA
was covered within the 50% isodose line (prescription
isodose). The clinical target volume (CTV) includes
microscopic disease and it is usually used for malignant
tumors. For this reason, additional margin expansion from
GTV to CTV was unnecessary in PAs. The OARs are the
anterior optic apparatus and pituitary stalk. As suggested by
the International Leksell Gamma Knife Society, right optic
nerve (RON), left optic nerve (LON), and chiasm were
outlined as separate structures so as to eliminate inade-
quacies in GammaPlan software, which may have led to
difficulties in rendering a three-dimensional volume as
complex as the optic apparatus [19]. Pituitary gland tissue
(excluding the adenoma) was not delineated because of low
signal contrast compared with surrounding tissues, even
though a correlation was established between doses to the
pituitary gland and risk for radiation-induced hypopituitar-
ism [20].

When the distance between the tumor and the optic
apparatus were <2-3 mm, GKRS was thus split into three
fractions, with an interval between each session of ~24 h.
This appNroach was supposed to allow enough recovery of
healthy tissue while maintaining efficacy on the target
lesion. A prescription dose around 7 Gy (range, 6.5-8 Gy)
and 10 Gy (range, 7-13 Gy) per fraction was selected for
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NFPAs and HSPAs, respectively. Multiple isocenters were
distributed throughout the GTV to conform the dose to the
tumor margins. We did not accept percentage of GTV
coverage inferior than 97%. Radiation physicists performed
the conversion of the total fractionated dose to the equiva-
lent single session dose to the tumor margin.

Radiation doses to OARs were monitored through the
analyses of dose—volume histograms. In general, when
maximum doses to the optic apparatus could not be kept
below 20 Gy in three fractions (empirically chosen as the
threshold for a high risk for RION), the prescription dose
was slightly reduced, or dose conformation was changed in
order to prevent potential damages. Evidently, a compro-
mise between an optimal coverage of the GTV and an
acceptable risk for RION was necessary.

Once the treatment plan was complete, MGKRS was
performed using the Leksell Gamma Knife Perfexion model
(Elekta Instruments AB, Stockholm, Sweden).

The frame was maintained until the last dose fraction was
delivered.

On the third day, after the entire prescription dose had
been delivered, the frame was removed, and the patient
could be discharged if no early complications occurred.

Statistical analysis

Statistical analysis was performed using the IBM SPSS
Statistics package (IBM Corporation, SPSS Statistics for
Macintosh, Version 20, Armonk, New York, USA).
Continuous data was expressed as mean + SE. Student’s
t-test was used to compare continuous variables. Cate-
gorical variables were compared with Pearson’s chi-
square test or the Fisher exact test. Bivariate analysis of
the independent variable was performed using the
Spearman Rank test. Overall survival, radiological
progression-free survival and recurrence-free survival
was calculated using the Kaplan—Meier method. A
probability value <0.05 was considered indicative of
statistical significance.

Results
Patient’s characteristics

The patient population consisted of 47 patients, including
21 women (44.7%), and 26 men (55.3%) with a mean age
of 589+1.8 years (range, 26-79 years). Thirty-eight
patients (80.8%) were affected by NFPA, while the
remaining 9 patients (19.2%) were affected by HSPA.
Patients with NFPA were older than patients with HSPA
(p<0.01). Forty-six patients (97.9%) had previously
undergone at least one surgical intervention. Only one

patient (2.1%) received MGKRS as primary treatment
because of refusal to undergo surgery.

Mean tumor volume before MGKRS was 3.93 +
0.46 cm® (range, 0.32-16.25 cm?).

Two patients (4.3%) with NFPA had previously received
radiation treatment (single session GKRS in one case and
conventional RT in the other case). The first one had an “out
of field” tumor recurrence nearby the optic pathway 6 years
after GKRS, while the other one had an “in field” tumor
recurrence 3 years after an external beam RT.

In the group of HSPA, one patient had Cushing’s dis-
ease, two patients had a prolactin (PRL)-secreting adenoma,
and six patients had acromegaly. Evaluation of pituitary
function before MGKRS disclosed a normal gonadal func-
tion in 18 of 47 patients (38.3%), 28 of 47 patients (59.6%)
had normal thyroid function, while 22 of 47 patients
(46.8%) had normal adrenal function.

Visual function before MGKRS was impaired in 26
patients (55.4%) and normal in 18 patients (38.2%). Three
patients (6.4%) did not had a formal recent neu-
roophthalmological examination but did not complain of
subjective visual disturbances.

Patients’ demographic, tumor characteristics, and
MGKRS variables are summarized in Table 1.

Clinical and radiological outcome

The mean follow-up after MGKRS in all patients was
44.6 £4.0 months (range, 6—111 months). Patients with
NFPA had a mean follow-up of 40.9 + 4.0 months (range,
6-111 months) while patients with HSPA had a mean
follow-up of 70.8 +10.1 months (range, 25-96, months).
Three patients (6.4%), one with NFPA, one with prolacti-
noma, and one with acromegaly, were lost to follow-up.
Among the 44 patients (93.6%) with radiological follow-up,
quantitative tumor volume data, performed by direct mea-
surement of the tumor volume on MRI before and at the last
follow-up, could be obtained in 30 patients (68.2%, 26
NFPAs and 4 HSPAs). Qualitative information on the
remaining 14 patients (31.8%) was inferred by MRI reports.
Forty-four patients (93.6%) were alive at the last follow-
up, whereas one patient (2.1%) with NFPA died for unre-
lated reasons; data is missing for 2 patients (4.3%).
Tumor size remained stable over the period of radi-
ological follow-up in 11 of the 44 patients (25.0%) and
decreased in 33 of the remaining 44 patients (75.0%).
Therefore, no patients experienced recurrence of disease.
Notably, when we had the possibility to directly measure
tumor volume on the last available MRI and compared it
with the baseline MRI (Fig. 1), we found a significant tumor
reduction (>10% decrease in tumor volume) in 29 of the 30
cases available for this analysis (96.7%). GTV before
MGKRS was 3.93 +0.46 cm® (range, 0.32-16.25 cm®) and
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Table 2 Outcome in 47 patients
treated for residual or recurrent
PAs by MGKRS

Fig. 2 a and b Pre-MGKRS
axial and coronal T1-weighted
MR images with contrast,
respectively, showing the
postoperative residual of a
NFPA with suprasellar
extension; ¢ and d Follow-up
axial and coronal T1-weighted
MR images with contrast,
respectively, obtained after

72 months from MGKRS
surgery demonstrating the
significant reduction in tumor
volume of PA

643
Type of  Mean FU Tumor Tumor size Mean tumor Mean percentage of
PA (n.) (months) = SE  control reduction shrinkage (cm®) tumor shrinkage (%)
(range) (n., %) (n., %) + SE (range) + SE (range)

HSPA 70.9 +10.1 /17 5/7 2.67+0.61 66.3+124

(C)] (25-96) (100) (71.4) (1.46-3.41) (41.6-79.9)

NFPA 409+4 37/37 28/37 1.74 +0.29 48.2+39

(38) (6-111) (100) (75.7) (0.18-5.3) (18.7-92.1)

Total 44.6+4.0 44/44 33/44 1.84+0.27 502+3.8

47) (6-111) (100) (75) (0.18-5.3) (18.7-92.1)

Data are expressed as number, mean + SE, or percentage

PA pituitary adenoma, HSPA hormone-secreting pituitary adenoma, NFPA non/functioning pituitary
adenoma, FU follow up, n number
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Table 3 New onset hypopituitarism in 47 patients affected by residual
or recurrent PAs and treated by MGKRS

Type of  New-onset New-onset New-onset
adenoma  hypothyroidism hypogonadism hypoadrenalism
(n., %) (n., %) (n., %)
NFPA 5/22 2/12 5/18
(22.7) (16.7) (27.8)
HSPA 2/6 1/6 0/4
(33.3) (16.7) )
Total 7/28 3/18 5/22
(25.0) (16.7) (22.7)

HSPA hormone secreting pituitary adenoma, NFPA nonfunctioning
pituitary adenoma, n number

Table 4 Ophthalmological outcome in 47 patients affected by residual
or recurrent PAs and treated by MGKRS

Type of Radiation-induced Improved visual  Stable visual
PA optic neuropathy function function
(n.,%) (n.,%) (n.,%)
NFPA 1/37 924 27/37
2.7 37.5) (73)
HSPA 0/6 0/1 6/6
© © (100)
Total 1/43 9/25 33/43
2.3) 36) (76.7)

Data are expressed as number or percentage

PA pituitary adenoma, HSPA hormone-secreting pituitary adenoma,
NFPA non/functioning pituitary adenoma, n number

Complications of MGKRS

No serious side effects occurred after MGKRS, except for
transient headache and local pain where the head-frame was
fixed to skull.

At the last follow-up examination, 7 of the 28 patients at
risk (25.0%) had a new onset hypothyroidism, 3 of 18
(16.7%) developed a new onset hypogonadism, and 5 of 22
patients (22.7%) developed hypoadrenalism (Table 3).

Of the 26 patients with visual dysfunction, we are not
able to have an ophthalmological follow-up in one patient.
Of the remaining 25 patients, 9 (36.0%) had an improve-
ment in visual function after MGKRS (Table 4). One patient
had deterioration of vision because of glaucoma but his
visual field and visual acuity were stable before the devel-
opment of the disease. Lastly, one patient (2.3%) had an
asymptomatic worsening of the left visual field, despite a
reduction of tumor volume. This patient was thus con-
sidered to have a suspected RION. Dosimetric analysis of
the treatment plan revealed that the RON absorbed a max-
imum dose of 6.7 Gy per fraction, the LON absorbed a
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maximum dose of 2.8 Gy per fraction, and the optic chiasm
received a maximum dose of 2 Gy per fraction. The radia-
tion doses to the optics apparatus are well within the widely
accepted safe limit of 20 Gy in three fractions. It is, there-
fore, uncertain whether the patient suffered a RION caused
by MGKRS.

Discussion

Our study includes 47 PAs (38 NFPAs and 9 HSPAs)
treated with MGKRS and constitutes, according to current
medical literature, the largest series described so far and
with the longest follow-up period.

Given its recent introduction, data assessing FSRS effi-
cacy and complication rate are still lacking and confusing.
We only found four studies regarding fractionated GKRS
for PAs in medical literature, among which the largest
number of patients recruited was 11 [16]; in addition, none
of them examined PAs as a separate entity, since they
included other perioptic tumors [16, 21-23]. Moreover,
there are studies reporting the results of other FSRS tech-
niques, such as LINAC-based systems, for the treatment of
perioptic tumors [12, 21].

Tumor control rate in our series of patients was 100%
with a mean follow-up period of 44.6 +4.0 months (range,
6-111). This result is comparable to other MGKRS series
where local control rate was found to be 100%, if one
extracts data separately for PAs. Kim et al. reported a local
control rate of 95.4% but the only tumor relapsed was a
craniopharyngioma (CPH). Median prescription dose was
20 Gy (range, 15-20) delivered in 3—4 sessions, with a
mean follow-up of 29 months (range, 14-44) [21]. The
same can be said for the study by the same group published
in 2014: a local control rate of 94.6% was due to recurrence
of two CPHs; in this case the median prescription dose was
20Gy (range, 16-20) with a mean follow-up of
38.2 months (range, 6-81). Of note, these studies included
only three and six PAs, respectively [22].

Among our 44 patients with a radiological follow-up,
tumor volume was either stable (25%) or reduced (75%).
Remarkably, reduction rate was significantly higher
(96.7%) when we manually compared pre-treatment MRI
with the last follow-up MRI. Although there is usually some
margin of error in comparing thin-slice (1 mm) MRI
sequences obtained for treatment plan with the standard
ones submitted by the patients, choosing a cut-off variation
of 10% from the baseline to diagnose a reduction in tumor
volume should minimize false positive cases [24]. Of note,
the minimum percentage of volume shrinkage was 18.7%
and only 2 of 30 patients (6.7%) had values below 20%.
These findings suggest that the overall 75% reduction rate
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reported in our series could be an underestimation because
progressive changes of tumor volume in official radiological
reports may be unrecognized. Nevertheless, the overall
tumor shrinkage rate in our study is clearly higher than in
other reports. No tumor size reduction was reported in the
two patients with PA, one NFPA and one GH-secreting PA,
7.1 and 6.6 months after MGKRS, respectively, in the study
of Nguyen and coworkers [23]. Given that our study found
a mean reduction interval of 13.0+2.3 months (range,
5-43 months), it is likely that the short follow-up precluded
the possibility to observe tumor shrinkage. In the report by
Jee and coworkers, 2 of 6 PAs (33.3%) decreased in size
[22]. Of note, they considered significant a 20% variation
from baseline; if this cut-off value was reduced to 10% (as
in our study), the reduction rate would rise to 3 of 6 PAs
(50%). The last study reported a decrease in tumor size in 2
of 3 (66.7%) PAs [21].

With regards to the Cyber Knife system (CK), Puata-
weepong and coworkers reported a tumor control rate of
97.5% in the treatment of 40 PAs with fractionated CK. The
tumor reduction rate was 20% [25]. Using the Response
Evaluation Criteria in Solid Tumors (RECIST) criteria [25],
Iwata and coworkers in their series of 100 NFPAs with a
median follow-up of 33 months (range, 18—118.5 months)
reported one case (1%) of complete response (defined as
disappearance of the target lesion), 29 cases (29%) with
partial response (defined as a decrease of at least 30% in the
sum of diameters of the target lesion), 65 cases (65%) with
stable disease, while the remaining 5 patients (5%) had
tumor recurrence, for an overall tumor control rate of 95%
[15]. All of the studies regarding fractionated LINAC
treatment for PAs reported a mean isodose line of around
80%. Unlike LINAC-based systems, in our study all
patients were treated with a prescription isodose of 50%.
This different setup allows GKRS to deliver a higher
maximum dose and greater dose heterogeneity to the tumor
volume with the same prescription dose compared to CK
[26]. Nevertheless, further research is needed to investigate
the biological differences between GKRS and LINAC-
based systems, especially in the setting of fractionated
treatments.

New-onset hypopituitarism during follow-up occurred
between 16.7% and 25.0% of patients at risk, depending on
the pituitary axis considered. These results compare favor-
ably with those in the SRS and FSRS literature, even though
the huge heterogeneity of the reported data (from 0% to
68%) must be underscored [12, 15, 22, 25, 27-31]. Several
studies regarding FSRS did not report endocrine data [13,
14, 16, 21, 23]. However, hypopituitarism is a late effect of
radiotherapy and may emerge several years after treatment,
especially when lower radiation doses or fractionated ther-
apy is used [3]. Some studies have documented up to an

80% incidence of newly arising hypopituitarism 10-15
years after conventional radiotherapy for sellar neoplasms
[32, 33]. Therefore, a continuous follow-up of our patients
is needed to fully evaluate the long-term risk of new-onset
hypopituitarism after MGKRS.

RION is a major concern for irradiation of the sellar
region. Tolerance dose for the optic pathway has recently
been well established for single fraction SRS and multi-
session SRS, except for patients with prior radiotherapy
[34]. In particular, Milano and coworkers recommend an
optic apparatus maximum dose limit associated with a
clinically reasonable RION risk of 10 Gy in one fraction,
20 Gy in three fractions, and 25 Gy in five fractions [34]. In
our series, we used a median prescription dose per fraction
of 7Gy (range, 6.5-13 Gy). According to Milano and
coworkers, whenever possible, we tried to keep the max-
imum dose to the optic pathway below 20 Gy in three
fractions. We paid great attention to the maximum doses to
the optic apparatus for patients who had previous radiation
treatment. In both cases the dose to the optic pathway was
below 17 Gy in three fractions.

Visual outcome in our patients was excellent. Only one
patient (2.3%) presented a new-onset visual dysfunction of
LON, but it is uncertain if it was due to MGKRS given the
low radiation dose received by the optic apparatus.

Out of six PAs that underwent MGKRS in the study by
Jee and coworkers, one patient experienced a mild dete-
rioration of visual function but the radiation doses to the
optic pathway were not reported [22]. Nevertheless, other
studies using MGKRS reported no visual deterioration in
patients treated for PA [16, 21, 23].

Interestingly, a study that included 100 patients with
NFPA treated by fractionated CK reported only one case of
visual deterioration, which was not clearly caused by
radiation toxicity [15].

These data support the hypothesis that the a/f ratio of the
optic nerves and chiasm is lower than that of PA [9]. If this
were the case, fractionation schemes would be reasonable
even on a biological basis. Unfortunately, there are no
definite data about a/f ratio of PA and further research is
needed to address this issue.

Limitations of this study include its retrospective nature,
which exposes it to errors of bias and confounding, and the
relatively short follow-up because some of the side effects
of MGKRS may develop in the long-term only. Gamma
Knife Icon model (frameless) was not available at our
department when we started to treat recurrent and residual
PAs with MGKRS. Our study results, therefore, arising
from the only use of Leksell Gamma Khnife Perfexion
model. Extended follow-up times and prospective studies
are thus needed to better characterize the virtues and lim-
itations of MGKRS for PAs.
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Conclusion

Our results in a large series of patients show that MGKRS is
a very effective adjuvant treatment for recurrent or residual
PA. We achieved tumor control in all cases and most
patients experienced a significant reduction of tumor size.
The safety profile of MGKRS is also very encouraging as
we found only one case (2.3%) of possible RION despite
the fact that patients selected for MGKRS are those with
tumor rest very near or in contact with the optic pathway.
New-onset hypopituitarism remains a concern of MGKRS,
as well as of all other types of fractionated radiotherapy in
the sellar region. Our study suggests that the main limitation
of GKRS in patients with PA, i.e., a distance of the tumor
margin from the optic pathway of at least 3 mm, can be
overcome by MGKRS.
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