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Abstract

Pituitary  radiotherapy (RT) has undergone
important progress in the last decades due to the development
of new stereotactic techniques which provide more precise
tumour targeting with less overall radiation received by the
adjacent brain structures. Pituitary surgery is usually first-
line therapy in most patients with nonfunctioning (NFPA)
and functioning adenomas (except for prolactinomas and
large growth hormone (GH) secreting adenomas), while
RT is used as second or third-line therapy. The benefits
of RT (tumour volume control and, in functional tumours,
decreased hormonal secretion) are hampered by the long
latency of the effect and the potential side effects. This
review presents the updates in the efficacy and safety of the
new stereotactic radiation techniques in patients with NFPA,
GH-, ACTH- or PRL-secreting pituitary adenomas.

Methods. A systematic review was performed
using PubMed and articles/abstracts and reviews detailing
RT in pituitary adenomas from 2000 to 2017 were included.

Results. Stereotactic radiosurgery (SRS) and
fractionated stereotactic RT (FSRT) provide high rates of
tumour control i.e. stable or decrease in tumour size, in all
types of pituitary adenomas (median 92 - 98%) at 5 years.
Endocrinological remission is however significantly lower:
44-52% in acromegaly, 54-64% in Cushing’s disease and
around 30% in prolactinomas at 5 years. The rate of new
hypopituitarism varies from 10% to 50% at 5 years in all
tumour types and as expected increases with the duration
of follow-up (FU). The risk for other radiation-induced
complications is usually low (0-5% for new visual deficits,
cranial nerves damage or brain radionecrosis and extremely
low for secondary brain tumours), however longer FU is
needed to determine rates of secondary tumours. Notably, in
acromegaly, there may be a higher risk for stroke with FSRT.

Conclusion. Stereotactic radiotherapy can be an
effective treatment option for patients with persistent or
recurrent pituitary adenomas after unsuccessful surgery
(especially if residual tumour is enlarging) and/or resistance
or unavailability of medical therapy. Comparison with
conventional radiation therapy (CRT) is rather difficult,
due to the substantial heterogeneity of the studies. In order

to evaluate the potential brain-sparing effect of the new
stereotactic techniques, suggested by the current data, long-
term studies evaluating secondary morbidity and mortality
are needed.

Key words: pituitary adenoma, stereotactic
radiotherapy, fractionated radiotherapy, hypopituitarism.

INTRODUCTION

Pituitary adenomas represent 10 - 20% of all
intracranial tumours and are classified into functional
(about 70% of the pituitary adenomas) and nonfunctional
(about 30%) (1). Surgery is usually recommended as
first-line therapy in most patients with nonfunctioning,
GH - secreting or ACTH-secreting pituitary adenomas,
while medical therapy with dopamine agonists (DA) is
indicated in patients with prolactin-secreting adenomas.
External pituitary radiation (RT) has traditionally been
used in the treatment of pituitary adenomas, usually as
an adjuvant to neurosurgery. Currently, RT is indicated
for patients with large residual or recurrent pituitary
adenomas after surgery, when medical therapy is
unavailable, unsuccessful, or not tolerated (2-5).

Radiation techniques

CRT, the method with the largest experience,
is administered by a linear accelerator (4-8 MeV) in
a total dose of 40-54 Gy, fractionated in at least 20
sessions (usually 1.8-2 Gy per day). Single beams
of high-energy radiation are focused onto a small
treatment area using either a single rotational field or
2-5 fields (6). CRT achieves tumour growth control
(i.e. stabilization or decrease in size) at 10 years in
80 — 98% of patients with either functioning or non-
functioning pituitary adenomas (7-9). CRT eventually
induces GH/IGF1 normalization in 60-80% of patients
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with acromegaly (10), cortisol normalization in 40-
80% of patients with Cushing’s disease (CD) (11) and
prolactin (PRL) normalization in 20 — 60% of patients
with prolactinomas (12). The benefits, especially
in hormonal hypersecretion, are hampered by the
very slow onset of effects (5—15 years until maximal
benefit) and the high risk of late toxicity, attributed
to the radiation of healthy surrounding brain tissues:
hypopituitarism in 30 - 80% of patients at 5 — 10 years
(7, 8, 12-14), radiation-induced optic neuropathy in
0-5%, cranial nerve deficit and brain necrosis in 0 —
3%, secondary brain tumours in up to 2% at 10 — 20
years (15-17), neuropsychological alterations (18). The
significant rate of cerebrovascular accidents (CVA) and
mortality after CRT have been of great concern: CVA
4% at 5 years and up to 21% at 20 years was noted in
334 patients with various pituitary tumours irradiated
with 3-field CRT in 1962 - 1986 (19). More recently,
other studies showed lower rates, varying between 0
— 11.6% (20, 21). Increased mortality has been also
reported in patients with acromegaly or NFPAs treated
with CRT: 1.6 — 4.1 times higher compared to general
population (22-27), mainly due to cerebrovascular
disease. The causal link between pituitary radiation
and mortality still remains a subject of debate, other
factors being also associated with increased mortality
in patients with pituitary adenomas (hypopituitarism or
vascular trauma after surgery) (28-32). The quality of
life (QoL) in patients with pituitary adenomas is low,
mostly related to hypopituitarism, but can be directly
related to radiation (33-35).

Stereotactic techniques including stereotactic
radiosurgery (SRS) and fractionated stereotactic
radiotherapy (FSRT) have been devised to ensure better
immobilization, imaging, planning and treatment than
CRT. They accurately deliver a high radiation dose to
a precisely defined target with a steep dose gradient at
the tumour margin, thus limiting the radiation and the
damage to the surrounding brain structures.

Stereotactic radiosurgery is applied using
photons (gamma knife (GK), cyberknife (CK) and
linear accelerator (LINAC) or using proton-beam
radiotherapy.

Gamma knife (GK) delivers the radiation in
a single session from a hemispherical array of 192 or
201 sources of radioactive isotope cobalt-60 which
focus on single or multiple central points (isocenters)
with the aid of a collimator metal helmet fixed on the
patient’s skull. Radiation is usually prescribed at the
50% isodose to obtain the maximum dose at the center
of each pinpointed target and the prescribed dose at

tumour margins(36).

Linear accelerator (LINAC) uses X-rays
obtained by colliding accelerated electrons with a target
metal. The treatment is delivered using multiple arcs
or beams shaped with a multileaf collimator, allowing
intensity modulation or volumetric arc therapy, to
conform to the shape of the tumour and shield the
normal structures. Two radiosurgical techniques use
LINAC, delivering radiation usually in a single-fraction
or in 3-5 fractions (hypofractionated SRS):

Modified LINAC machines have an improved
frameless stereotactic fixation system with sub-
millimeter accuracy (using orthogonal X-ray imaging
or cone-beam CT with infrared tracking or vacuum
detection for patient movement)(37, 38);

Cyberknife (CK) consists of a linear accelerator
mounted on a mobile robotic arm combined with an
image-guided robotic system, while the patient is fixed
in a more confortable thermoplastic mask (39, 40).

Fractionated stereotactic radiotherapy (FSRT)
is an improved conventional RT in which a total dose
of 45-54 Gy is delivered by a LINAC in 25 - 33 daily
fractions. Patient’s immobilization in a frameless
stereotactic mask and a SRS-like planning system
allow better accuracy compared to CRT (6).

Selection of the RT method should be
individualized; it depends on both tumour volume and
distance from the optic structures (nerves, optic chiasm).
The risk of visual complications is proportional with
the radiation dose that reaches the optic nerves; this
dose is larger when RT is delivered in a single session,
compared to fractionated sessions. Therefore, single
- session SRS is usually recommended for tumours
smaller than 3 cm, located more than 3-5 mm away
from the optic structures (2, 41). Fractionated RT
methods are indicated in large pituitary tumours or in
those that abut or invade the optic nerves.

Hypofractionated SRS (by CK or LINAC) has
been successfully used in perioptic tumors(38, 42).

The purpose of this review is to present updates
in the efficacy and safety of stereotactic radiation
techniques in patients with pituitary adenomas.

METHODS

An online search for journal articles relevant
to the topic was conducted using the PubMed Database
from 2000 up to 2017 by entering combinations
of the MeSH terms “pituitary”, “radiosurgery”,

”, “radiotherapy”, “fractionated”, “Gamma

“radiation”,
Knife”, “Cyberknife”, “proton beam”, “acromegaly”,
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“prolactinoma”,  “Cushing’s  disease”,  Nelson
syndrome’, “nonfunctioning adenoma”. Articles were
limited to the English language. Cited references within
articles were also searched for relevancy to the topic.
Combined data from multiple studies are calculated
as weighted means of the reported medians, but for

concision in text are presented as medians.
DISCUSSION

Nonfunctioning pituitary adenomas

Transsphenoidal surgery (TSS) is the treatment
of choice in NFPA. However, even after complete or
near complete surgical resection, NFPAs recur in 12%
to 58% of patients within 5 years (43, 44). According
to the latest neurosurgical guidelines published in
2016, RT is indicated in residual or recurrent NFPA
when the risk of a repeat resection is high, however,
neuroimaging surveillance is recommended for patients
with no or small intrasellar remnant (5). Adjuvant RT
for residual/recurrent NFPA, regardless of type of
administration, induces a lower rate of recurrence than
observation alone (5, 45)

Stereotactic radiosurgery (SRS) in NFPA

Efficacy

SRS in NFPA was evaluated in a recent review
of 1965 patients, most of them previously operated,
included in 23 studies from 2002 to 2016: 19 with GK,
3 with LINAC and 1 with CK (36).

Local tumour control has been achieved in 83
— 100% of patients (median 94%), at a median follow-
up (mFU) of 47.3 months (21.7 — 95) using a median
marginal dose of 16 Gy. Notably, doses delivered to the
tumour margin are lower for NFPA (10 — 20 Gy) than
for secreting adenomas (18 — 35 Gy)(36). In a large
study (512 patients), progression-free survival was
95% and 85% at 5, respectively 10 years FU (46).

Tumour shrinkage is seen in 20 — 60% of GK-
treated patients (36) and tumour control was better
in GK-treated patients compared to not RT-treated
patients (5-year progression-free survival 89.8% versus
51.1%) (47).

Unfavourable prognostic factors for RT
efficacy are larger tumour volume (eg. > 4 mL (48)),
suprasellar extension, radiosurgical marginal doses
below 12 Gy (49-51) and silent corticotroph tumours
(SCA), which are more aggressive and regrow more
frequently after surgery (52, 53). In a multicenter
study comparing 50 confirmed SCA with 307 matched
patients with non SCA NFPA, tumour control rate
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after SRS was lower in the SCA group (82% versus
94.1%, p < 0.01). A margin dose > 17 Gy significantly
influenced the adenoma progression rate in the entire
cohort (52).

Interestingly, an early transient increase of
the tumour volume post RT (> 15%) has been shown
in 62.5% of 34 patients treated with CK (93% having
NFPA), mainly in the first 4 months. Fortunately, this
was not predictive of the eventual tumour regression
or progression (54). The median time for a tumour that
initially progressed to tumour volume stability was 9.2
months (54). Transient swelling has also been reported
in 9% of 45 patients with NFPA treated with GK (55).

Early GK radiosurgery (< 6 months after
TSS) for NFPA macroadenomas was associated in
a multicenter cohort of 222 patients with mFU of
68.5 months with a lower risk of radiological tumour
progression compared with late GK in subtotally
resected adenomas (p < 0.05) (56). Though similar
results have been also shown in some studies using
CRT (53, 57), there is no consensus yet regarding the
optimal timing for postoperative RT.

There is limited data on use of GK as primary
treatment for NFPA. In a group of 41 NFPA patients,
median age 69 years and 48 months FU, the actuarial
tumour control rate was 94% and 85% at 5 and 10 years
postradiosurgery, respectively, using a median margin
dose of 12 Gy (6.2-25.0 Gy) (58). In another group of
16 NFPA patients with tumour in the suprasellar region
and slightly compressing or very close to the optic
apparatus, treated with median margin dose of 15 Gy,
tumour control was achieved in all patients, with tumour
regression in 15 /16, after a mFU of 98 months (59).

SRS side effects in NFPA

Radiation-induced hypopituitarism is the main
side-effect, occurring in 0-40% of patients with NFPA
(median 18%) at mFU of 47 months (6). In 2 studies
with GK as first-line therapy, hypopituitarism occurred
in 6 — 24.4% (58, 59). Since hypopituitarism can
appear up to 10-15 years after RT, yearly assessment
of pituitary function is recommended in all RT treated
patients (5).

Radiation-induced optic neuropathy and other
cranial nerve deficit (nerves III, IV, VI) occurred
in average in 2.4% (0 — 7.9%) (36). Maximum point
doses < 8-10 Gy to the optic nerves and chiasm are
recommended for single-fraction SRS in order to avoid
radiation-induced neuropathy (60). It has been shown
that 75% of patients post GK in which ophthalmological
complications were observed had received prior
fractionated radiation therapy (61).
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Radiation-induced neoplasia or cerebral
ischemia were not noted in the SRS studies on NFPA
(5, 6).

Secondary brain tumours after SRS have not
been observed in the large majority of studies, after
a mFU of 60 months (62). A recent review identified
137 secondary intracranial tumours that occurred
following RT to pituitary adenomas (48 neuroepithelial
tumours, 37 meningiomas and 52 sarcomas), published
in 1959-2017 (63). Only 4.3% of the tumours have
been associated with SRS, which is reassuring. Most
of the published tumours were described in patients
with NFPA (41.6% of cases) or acromegaly (27.7%),
more rarely in prolactinoma (7.2%) and CD (2.9%).
Longer latency between RT and diagnosis of the
secondary tumour was recorded in NFPA (14 years),
than in acromegaly (11 years, p < 0.05 compared to
NFPA), PRL- secreting tumours and CD (9 and 7 years,
respectively)(63).

Mortality rate and neurocognitive dysfunction
were not systematically studied in SRS-treated NFPA.
Long-term studies are needed in order to better evaluate
SRS potential late toxicity.

Types of SRS in NFPA

Gamma knife, cyberknife and LINAC seem
to have similar efficacy and safety in NFPA patients
(Table 1).

Fractionated  stereotactic
(FSRT) in NFPA

Few reports studied the outcome of FSRT
specifically for NFPA: 6 studies including 320 patients,
using median total doses of 45-54 Gy for mFU of 54
months (30 — 75 months)(64-69).

Efficacy. Local tumour control was reported in
90.4 — 100% of patients (median 95.4%), with 5-year
control rate of 90.4 — 98%. Tumour shrinkage was
shown in 65 — 72%.

radiotherapy

Safety. New hypopituitarism was recorded in 5
—40% of patients (median 15.5%) at median 54 months
FU. Visual deficits were noted in 0 — 5% (median 1.7%)
(64-69).

In a study including 68 patients with large
residual or recurrent NFPA treated with FSRT (median
dose of 45 Gy), the 5 and 10-year actuarial local
control after a mFU of 75 months were 97% and 91%,
respectively. However, the actuarial incidence of new
hypopituitarism was 40% and 72%, respectively (67).

Visual toxicity was shown in 0 — 5% of cases
(64-69). No stroke or brain necroses were recorded,
and a single tumour (glioblastoma) was described 2
years after FSRT in a 77 years old patient. A 2 -year
interval was considered too short to define this tumour
as clearly radiation-induced (70). Mortality rate was
not systematically studied in FSRT-treated NFPA.

Comparison SRS vs. FSRT in NFPA. A recent
meta-analysis (71) compared the safety and efficacy of
FSRT and SRS in 8 eligible studies of patients with
various pituitary adenomas (30 — 65% NFPA).

There were no significant differences in the
disease control rate, endocrine cure rate, new-onset
hypopituitarism rate, and rate of occurrence of visual
disturbances between SRS and FSRT.

Comparison FSRT vs. CRT in NFPA. In 3
studies with 406 patients (NFPA only) (72-74), treated
with CRT (median doses 45 — 46.7 Gy) with a mFU
of 8.4 years (7.5 — 9 years), local tumour control was
obtained in 89% (87 — 93%) at 10 years.

Data on new hypopituitarism were reported
only in 1 study, 23% (72); visual deficits in O — 1%.

Cerebrovascular accidents. There is an
increased risk of CVA in NFPA patients compared to
the general population, in non-radiated (20) as well as
in radiated patients (majority treated with CRT) (32).
A study including 806 patients with NFPA from the
Dutch national registry for GH treatment in adults

Table 1. Summary of efficacy and side effects of RT in patients with NFPA

Follow-up New Visual Brain Second brain
No of . Dose (Gy), . Tumor et es e . .
RT Type studies Patients median (median, control (%) Hypopituitarism defects radionecrosis tumor
months) ¢ (%) (%) (%) (%)
SRS type: 95
GK 19 1716 16 46.6 (88-97) 22 2.9 (0-7.9) 0-<1 0
CK 100 7x3 fr/5x5 fr 36 98at3y 4 1 0 0
LINAC 3 149 45 48-84 98-100 10.1 0-14 0-2.8 0
89 at 10y «
CRT 3 406 455 101 (8793 23 0-1 0-1 0-2 at 10-20y
FSRT [§ 320 45-54 54 95.4 15.5 1.7 (0-5) 0 0.3

Legend. The results are expressed in weighted means calculated from the published studies; SRS = stereotactic radiosurgery; CRT = conventional
fractionated radiotherapy; FSRT = fractionated stereotactic radiotherapy; GK = gamma knife radiosurgery; LINAC = linear accelerator radiosurgery; CK =
Cyberknife radiosurgery; y = years; fr = fractions; * actuarial rates in 331 various pituitary adenomas (17).

479



M.L. Gheorghiu and M. Fleseriu

revealed a three times higher (95%-CI 1.31-6.79)
risk of stroke in radiated, compared to non-radiated
men (32). A Swedish nationwide study reported an
increased incidence of ischemic stroke in patients with
NFPA compared to the general population, higher in
women than men, but no significant difference was
identified in patients treated with RT (20).

Mortality after RT in a Swedish population of
2473 NFPA patients was increased to 2 — 3 fold over
general population, mainly due to cerebrovascular
disease: SMR 4.57 (1.24 —-11.7) in RT treated and
1.55 (1.13-2.08) in patients not treated with RT (26).
However, other studies including 546 NFPA patients
from UK and 806 from the Dutch national registry for
GH treatment have shown that RT did not influence
the mortality rate (30, 32, 75). The frequency of
secondary intracranial tumours did not differ between
radiated and non-radiated patients in one NFPA
study(32).

Neurocognitive impairments have been
attributed to CRT - induced dysfunction on hippocampus
and temporal lobes (18). Other studies did not find
neuropsychological impairments, nor alterations in the
hippocampus or differences in white matter lesions or
brain atrophy in radiated NFPA patients compared to
non-radiated ones (76, 77).

Overall, current data suggest a brain-sparring
effect of SRS compared to CRT, but the duration of FU
is shorter in SRS than in CRT - treated patients (median
4 years compared to over 10 — 20 years).

GH-secreting pituitary adenomas
A recent review summarized outcomes of
radiation in patients with acromegaly (62).

Stereotactic radiosurgery (SRS)

Efficacy. SRS was evaluated in 35 studies in
acromegaly (1876 patients): 26 studies using GK, 4
with LINAC SRS, 3 with CK and 2 with proton SRS
(cited in (62)). The median doses delivered to the
tumour margin ranged from 15 to 35 Gy.

Local tumour control was recorded in 93 —
100% of patients (median 98%) at a mFU of 59 months,
similar to CRT-induced tumour control (95 — 100% at
mFU 129 months)(62); tumour shrinkage occurred in
about 50-75% of cases (78-81).

Biochemical control. In SRS, the remission
rate ranges from 44-52% at 5 years, at a median dose
of 23.5 Gy (36, 62). Notably, patients with acromegaly
seem to have longer latency before achieving hormonal
remission than patients with CD: 41.5 months (12 - 144
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months), versus 12 - 25 months (80, 82). However, the
greatest effect of SRS in acromegaly occurs within the
first 2 years from RT (83, 84). Overall, biochemical
control does not seem significantly higher in SRS than
in CRT (52% versus 36%, at 5 years), but might be
different at a longer FU (85).

Higher margin radiation dose (> 25 Gy), higher
maximum dose and lower initial GH/IGF-1 level are all
favourable prognostic factors for GH/IGF-1 remission
after SRS (79, 80). Interestingly, in contrast to their
response to medical therapy, both densely and sparsely
granulated GH-secreting tumours seem to have a
similar response to SRS (86).

Treatment with somatostatin analogs at the time
of GK may decrease efficacy, as suggested by some
authors (84, 87, 88), but not all (80, 83, 89, 90). Therefore
temporary withdrawal of medical treatment before and
during RT was suggested (2); medication should be
resumed after RT and RT efficacy evaluated annually.

SRS Side effects

Radiation-induced hypopituitarism occurred in
median 22% of patients with acromegaly (0-66%) at
mFU of 60.5 months. The risk is apparently lower than
in CRT treated patients (33%) (85), but increases over
time as in patients treated with CRT (91).

Radiation-induced optic neuropathy occurs in
0-4.2% of patients usually during the first 3 years after
SRS (81, 88).

Cranial neuropathies and brain radionecrosis
have been reported in 0-5% of patients (92, 93).

CVA and mortality after SRS have not been
systematically studied in acromegaly. CVA have been
described in only 2 out of 23 studies (median 0.3% of
patients)(62): 2 transient ischemic attacks at 72 and 132
months(94) and one coronary artery stenosis (84).

In older studies using CRT, the mortality rate
was higher in irradiated patients (who usually did not
receive medical therapy afterwards) as compared to the
general population (95) or to non-irradiated patients
(24). In more recent studies, the mortality rate was
similar in irradiated and not irradiated patients with
acromegaly (31, 96, 97), although the overall mortality
rate in acromegaly is still increased compared to general
population (HR: 1.3 in a Danish population)(97).

The current data support the expected brain-
sparring effect of SRS, compared to CRT, but longer
FU prospective studies are still needed.

Quality of life in patients with acromegaly
treated with stereotactic RT has not been studied.
Recently, RT (of unknown type) was a predictor of
poor mental QoL and depression, described in about
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one-third of 165 patients with acromegaly operated in
a single center in Germany from 2000 to 2012 (98).
An association of CRT with reduced QoL, even after
disease remission, was also found in previous studies
in acromegaly (33-35). More aggressive tumours and
higher incidence of hypopituitarism in patients postRT
could also contribute to this effect.

Neuropsychological performance after
SRS was not studied. A dose and field-size related
impairment on verbal memory and executive function
was associated with postoperative pituitary CRT in
patients with acromegaly (most affected were patients
with CD, then acromegaly, followed by NFPA) (18).

Types of SRS in acromegaly

The current data suggest that all the SRS
techniques (GK, CK, LINAC, proton beam) achieve
similar results (Table 2).

Fractionated stereotactic radiotherapy (FSRT)

Efficacy was evaluated in a review including
261 patients irradiated with median total dose of 49 Gy
(range 45-54 Gy) (62).

Local tumour control was achieved in 97% (92
—100%) of patients after mFU of 71 months, similar to
SRS or CRT. Tumour shrinkage occurred in 48 -53 %
(99, 100). Biochemical control rate: median 35% (18 to
75%) at mFU of 71 months.

Side effects: new hypopituitarism in 29.4%
of patients, visual defects in 0 — 5%, secondary brain
tumour (meningioma) in 1 patient (1.3%), no cranial
neuropathies or brain necrosis were reported at mFU
of 71 months (62). In 2 FSRT studies the rate of stroke
was 8.2 — 9% (100, 101), while in other study was 0%
at more than 10 years of FU (99).

Overall, FSRT seems to have a similar
efficacy with SRS and risk rate for hypopituitarism and
neuropathies, but the risk of stroke may be higher and
should be further evaluated.

Comparison between SRS and fractionated RT
in acromegaly

In a systematic review of 30 heterogeneous
studies including 2464 patients with acromegaly (FU
between 12 — 240 months, different remission criteria),
SRS was associated with a nonsignificant trend of
higher IGF-I-based remission rate (52% vs. 37%, P =
.14) or GH-based remission (49% vs. 36%) at the latest
FU period, compared to fractionated RT (including
FSRT and CRT) (85). Interestingly, the length of FU
did not significantly affect remission rate.

SRS had a lower incidence of hypopituitarism
than RT with borderline statistical significance (32%
vs. 51%, p = 0.05), the difference being largely due to
hypogonadism. The authors concluded that SRS may
be more efficient than fractionated RT, but the strength
of evidence was very low, mainly due to the substantial
heterogeneity among studies (85).

A faster decline in serum GH concentration
after GK SRS compared with fractionated CRT was
observed by some authors (83, 92, 102); others did not
confirm this finding (78, 89, 103-105).

Overall, current data suggest a slightly increased
benefit of SRS in acromegaly compared mainly to
CRT, regarding biochemical remission and side effects
(radiation-induced hypopituitarism, secondary tumour
formation, perhaps also for cerebrovascular disease, as
the latter seems more frequent in FSRT treated patients
than in SRS). Longer FU studies are needed in order to
elucidate these effects.

Cushing’s disease

TSS is the recommended first-line therapy in
patients with CD, unless surgery is not possible or is
unlikely to significantly reduce glucocorticoid excess.
Medical therapy, repeat surgery, radiotherapy or bilateral
adrenalectomy are possible second-line therapies after
failed surgery or in recurrent CD (4). Pituitary RT is

Table 2. Summary of efficacy and side-effects of radiation therapy methods in patients with acromegaly

No of Dose (Gy) Follow-up Tumor Hormonal New Visual Brain Second brain
RT Type studies Patients me dial)l] > (median, control remission Hypopituitarism  defects radionecrosis tumor
months) (%) (%) (%) (%) (%) (%)
SRS type: 98 46 (17-65)
GK 26 1536 23 58 (93-100) 52 at Sy 22 (2-58) 1.5 (0-4) 0.5 0
CK 3 67 22.5 33 99 22.5 (17-44) 6.5 (0-33) 0 0 0
LINAC 4 193 19 69 96 39 (23-68) 20.5 (12 - 46) 1.8(0-3) 33 0-1
Proton 2 72 20 58 98.5 51 (50-67) 51 (62 at 5y) 0 1.4 0
CRT 9 1383 46.5 99 98 56 (36 at Sy) 33 (35 at 5y) 0.8 (0-5) 2.5(0-3) 0-2 in 20 years*
97
FSRT 8 261 49 71 (92-100) 35 (25 at 5y) 29 (22-39) 1.8 (0-5) 0 0.3 (0-1)

Legend. The results are expressed in weighted means calculated from the published studies; SRS = stereotactic radiosurgery; CRT = conventional
fractionated radiotherapy; FSRT = fractionated stereotactic radiotherapy; GK = gamma knife radiosurgery; LINAC = linear accelerator radiosurgery; CK =
Cyberknife radiosurgery; y = years; * actuarial rates in 331 various pituitary adenomas (17).

481



M.L. Gheorghiu and M. Fleseriu

also recommended in aggressive tumours. There is an
increasing role for medical therapy to control cortisol
excess (4, 106, 107), thus radiation use in CD is
diminishing overall. Notably, medical therapy is needed
while awaiting radiation effects on cortisol levels.

SRS Efficacy

Local tumour control. A review of 21 studies
(from 2000 — 2015) included 706 patients with CD (15
studies with GK, 4 with LINAC and 2 with protons,
cited in (36)), with a mFU of 56 months (range 2 — 17
years) and a margin dose of 18 —29.5 Gy (median 22.8).
Median tumour control rate was 95% (83.3 - 100%) at a
mFU of 56 months (36). In a study of 49 patients with
visible tumours, shrinkage occurred in 80% of them
after GK (108) but no correlation between change in
tumour volume and hormone response to GK has been
described (14).

Biochemical remission. With SRS, the
remission rate is most probably 54% - 68% at 5 - 10
years at a mean dose of 23.6 Gy (36,109,110). There
is a large heterogeneity in the methodological criteria
and cutoff points used to define biochemical remission
and recurrence in these studies. The most commonly
used diagnostic tests included morning serum cortisol
level, urinary free cortisol (UFC), or a combination of
tests. In one review, weighted median cortisol control
rate was 54% (range 17 — 80.7%) with a median time to
hormone normalization from 12 to 25 months (36).

In a meta-analysis including 571 patients with
SRS in CD, 65% of them previously operated (109),
biochemical remission was 68% (95% CI, 61 to 77%)
at the longest FU. Most likely biochemical control is
higher at short-term FU (<1-2 years) than later, due
to recurrences in some patients. Another review of 35
studies published from 1986 (including 5 with LINAC,
3 with protons), totalizing 850 patients, showed median
remission rate of 57.2% (0 - 100%) during a mFU of
47.2 months (2-264) (110).

Interestingly, similar to TSS, disease recurrence
in CD is also high after RT and may occur in up to 20-
32% after an initial remission after SRS (95% CI, 16
to 60%). The median time to recurrence was 25.5-37
months (range 6-60) (49, 108).

Although late-night cortisol levels (LNSC)
seem to be the best early predictor of recurrence after
TSS (111), a normal diurnal rhythm is rarely achieved
after RT, so increased LNSC may persist in patients
with normalized UFC. It is currently unknown if this
represents persistence of mild residual hypercortisolism
(4). Long-term monitoring with cortisol or UFC off-
medication at 6- to 12-month intervals after RT is
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recommended; adrenal insufficiency symptoms while
on stable medical therapy should prompt immediate
work-up (4).

Prognostic factors for RT outcome in CD are
not clearly defined. There is no correlation between
SRS margin dose and remission rate (36), however,
higher radiation doses (> 45 Gy) were associated with
better remission and lower recurrence rates than lower
doses (< 40-45 Gy)(14,109). Postoperative GK seems
more effective than primary GK, with a remission rate
57.2% (16.7 - 100%) compared to 50% (10 - 83.3%)
(110). Although it has been suggested in some GK
studies, the role of anticortisolemic medication use in
the outcome of SRS or RT is not well-defined (108,
112, 113).

No study is available on the utility of SRS in
the treatment of patients with tumours not visible on
imaging, although SRS has been used by targeting the
whole sella turcica in such cases, albeit with lower-
dose radiation (4).

Repeated SRS irradiation after CRT or FSRT
is possible in selected cases of pituitary adenomas of all
types (salvage therapy), improving rates of hormonal
normalization or tumour control, but with a higher
rate of neurological complications, visual defects and
hypopituitarism (114, 115). It was suggested that 50%
of the original radiation dose, recalculated as a single-
fraction dose, remains active in occulomotor nerve
(115) and 40% in the optic nerve (116).

SRS side effects in CD

Radiation-induced  hypopituitarism  rate,
evaluated in 706 CD patients with a mFU of 56 months,
varied from 0 to 66% (median 26.7%)(36). In 9 studies
with mFU around 5 years, hypopituitarism ranged from
12.3 to 52% (median 22.6%).

Radiation-induced visual toxicity occurred in
0 — 3.9%. Cranial nerves neuropathy was reported in
0 — 5.5% (exception: 15.4%, i.e. 2 patients in a study
with 13 patients (117). As expected, incidence was
increased in patients previously irradiated before SRS
(108,117). No secondary brain tumour was reported
after SRS in CD yet and brain toxicity was very rare,
0-2% (108,118). CVA, mortality and neurocognitive
side effects after SRS have not been systematically
evaluated. A small study on 14 patients (9 with CD
and 5 NFPA,) found no evidence that GK impairs the
neurocognitive functioning of patients with pituitary
disease above any impairment caused by the disease
itself (119).

SRS types in CD

The SRS methods used in patients with CD
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(GK, LINAC and proton beam) show similar efficacy
and safety (Table 3).

GK efficiency in CD was recently evaluated in
a multicenter retrospective study including 278 patients
(92% previously operated) with a mean FU of 5.6 years
(0.5 — 20.5) and a mean margin dose of 23.7 Gy (120).
The rate of durable UFC normalization was 64% at 10
years (68% in those with primary SRS). Recurrences
occurred in 18% of patients. The reported side effects
were hypopituitarism in 25% and cranial neuropathy in
3% (120).

FSRT in CD

Data is limited. One study in 12 previously
operated patients with CD, mFU of 29 months, reported
complete hormonal remission in 9/ 12 patients (75%),
with an actuarial remission rate of 56% at 3-5 years. No
new hypopituitarism or neurologic or optic injuries were
noted, but FU was short (124).

Another study with modern conformal LINAC
fractionated RT in 20 patients with persistent CD after
TSS, treated with 45 Gy in 25 fractions, mFU 37.5
months (range 12—-144), reported tumour control in 95%
of patients. Remission (based on suppressed cortisol
level after 2 mg LDDST) was noted in 75% after 20
months mFU (125). No recurrences were seen, but 1
tumour progressed. Post RT, new pituitary deficiencies
were seen in 40% of patients, but no other side effects
were noted (125).

Comparison between SRS and fractionated RT
in CD

No direct comparison can be made between
SRS and CRT, due to large heterogeneity of studies.
Local tumour control after CRT in CD patients at mFU
of 8 years was 97% (93 — 100%) (14).

Biochemical remission. A recent meta-analysis

evaluated 21 studies with SRS and 29 studies with
fractionated RT. CRT studies, all but one published
after 1975, enrolled 721 CD patients (109). Overall
biochemical remission rate after SRS was 68%
and recurrence rate of 32% at the last FU, while for
fractionated RT were 66% (95% CI, 58 to 75%), and
26% (95% CI, 14to 48%) respectively. Higher remission
rates were observed in patients who received TSS prior
to RT. However, the authors state that the quality of
the evidence for recurrence and remission outcomes
was low due to high risk of bias, heterogeneity, and
imprecision (109).

A review including 15 CRT studies published
between 1971 and 2007 (110), with 341 CD patients
treated with median dose 45 Gy (range 20 — 54) showed
a median biochemical remission rate of 60% (19.6 to
100%) after mFU of 86.2 months (1 — 300) (110). The
rate was 60.8% in first-line RT and higher, 80.8% in
adjuvant RT. Median time to remission was 6.5 — 16
months. Recurrences were described in 16% of cases
(0 — 62.5%) and seemed higher after primary CRT than
adjuvant CRT (but no statistical comparison was done).

Sideeffects. Radiation-induced hypopituitarism
in CRT studies occurred in median 30% of patients
(FU 1 - 300 months), increasing to 48.3% (range 0 —
100%) in series with at least 5 years FU (110). Visual
deficits were usually 0%. Secondary tumours: a
fibroblastic meningioma developed 25 years after CRT
(121) and an optochiasmatic glioblastoma developed
6 years after CRT (122). Mortality in patients with
CD is increased, compared with patients treated for
NFPA macroadenomas and compared to the general
population, but there was no difference in RT treated
vs. not treated patients in a study (126).

Overall, SRS appears to have similar efficacy to
CRT in CD, with no clear difference in the time-line of

Table 3. Summary of efficacy and side-effects of stereotactic radiation therapy methods in patients with Cushing’s disease

Follow-up Tumor

New Visual Brain Second brain

RT Type ;:::;ifs Patients D::IS: d(i(:r)l] » (median, control ]:(l)(r)lctl;zilzl‘;;l Rec1(1117‘: )e nee Hypopituitarism defects radionecrosis tumor
months) (%) (%) (%) (%) (%)
Cushing’s disease
SRS type: GK 15 494 24.6 574 96.5 55 (647) 0-18 22 (25%) 3.3(0-5.5) 0-3 0
LINAC 4 105 173 475 92 43 0-23.5 22 1.4 0-2 0
Protons 2 107 20 51.6 97 62 0-15 59 (52-62 at 5y) 0.7 0-2 0
CRT 15 341 45 86 92.5-100 60 1563*5§0 30 0-1.4 NA 2 tumours #
FSRT 2 32 45 29-37.5 95  75(56 at 3-5y) NA 0-40 0 0 0
Nelson’s syndrome
GK 3 51 25-28 116.8  92.5-100 10-30 NA 7-40 0-7.1 NA 1 tumour ##

Legend. The results are expressed in weighted means calculated from the published studies; SRS = stereotactic radiosurgery; CRT = conventional fractionated

radiotherapy; FSRT = fractionated stereotactic radiotherapy; GK = gamma knife radiosurgery; LINAC = linear accelerator radiosurgery; y = years;

Nina

multicenter study with 278 patients, at 67 months mFU (120); * mean; # a fibroblastic meningioma at 25 years after CRT (121) and an optochiasmatic
glioblastoma multiforme at 6 years after CRT (122); ## a glioblastoma at 14 years after GK (123).
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cortisol levels decline compared to CRT. The incidence
of second brain tumours appears to be lower in SRS than
CRT, but longer FU is needed to evaluate this potential
benefit.

Cushing’s disease in children

Data on SRS efficacy in children is scarce.
Higher remission rates were recorded in children
(100% in 5 children) compared to adults (84.7% in 59
adult patients) in a study using protons or helium ions
(marginal doses of 30 — 150 Gy, divided in 3-4 daily
fractions in most of the patients, with FU of more than
10 years) (127).

In a review of CRT studies in children with CD,
biochemical remission rate after RT was 82% (95% CI,
68 to 99%), and recurrence was 55% (95% CI, 28 to
100%) at the longest FU, while in adults the remission
rate was 70% (95% CI, 60 to 83%), and recurrence 31%
(95% CI, 13 to 77%) at the longest FU (109).

Four studies including 43 children with CD
(usual RT dose 45 Gy in 25 fractions) show biochemical
remission in 50 — 100% of cases (79% of all cases),
usually during the first 1-2 years after RT (128-131).
Interestingly, remission after RT in children may occur
earlier than in adults (130). New pituitary deficits,
mainly GH and gonadotropin deficiency, were seen in
up to 83% of patients, but GH deficiency was transient
in 3 of 4 children retested 9.3 years later (129).

Nelson syndrome (NS)

NS, i.e. corticotroph tumour progression, may
occur after bilateral adrenalectomy (BLA) for CD
in 0 to 34.6% of patients (up to 47% if evaluated by
pituitary MRI) and may be diagnosed at 0.5-24 years
after BLA, but usually within the first 3 years (132).
RT could be indicated in cases with significant pituitary
tumour progression, especially after incomplete
surgical excision. In selected cases, RT can be used
prophylactically before BLA.

SRS efficacy was evaluated in 3 studies with
GK, including 51 patients with NS, treated with median
doses of 25 — 28 Gy and with a mFU of 116.8 months
(84 — 144) (123, 133, 134).

Local tumour control was achieved in 92.5
— 100% (median 94.1%), but in one study 2 patients
underwent repeated GK during FU (133). Tumour
shrinkage was recorded in 63.6% (at 5-10 years in (133)
-90% (123).

Effect on ACTH secretion: reduction was
reported in 67 — 100%, with normalization in 10 — 30%
of cases. A shorter time to remission was associated with
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a shorter duration between TSS and RT (123, 134), but
not with the margin dose or prior ACTH level (134).

In a small LINAC study applying SRS in 5
patients and FSRT in 2 patients, tumour control was
recorded in 3 / 5 patients with SRS and in 1 / 2 with
FSRT (total 57%) (135). In a study using protons in 17
NS patients, tumour control was achieved in 94%, but
ACTH normalization in none (127).

SRS side effects. In GK studies, RT-induced
hypopituitarism occurred in 7.1 - 40% of cases (123,
133, 134, 136). Permanent cranial nerve toxicity
occurred in 0% up to 4.5 — 7.1% of patients (133, 136).
A glioblastoma was noted in a patient 14 years after GK
(123). CRT has been demonstrated to decrease plasma
ACTH levels and induce tumour shrinkage in 93.3% of
15 patients with NS at 9.6 years mFU (137).

Prophylactic pituitary RT in patients with CD
immediately after BLA or prior to BLA is controversial.
Some studies show a reduction in the risk of developing
corticotroph tumour progression and NS after
prophylactic RT. None of the radiated patients developed
NS, compared with 50% of those who did not receive
prophylactic RT in a relatively large study (39 patients
followed over 15 years after BLA) (138). In another study
of 56 patients, 25% of the patients receiving prophylactic
pituitary RT developed NS, compared with 50% of
those who did not receive RT (139). Furthermore, RT
prior to BLA might have prevented corticotroph tumour
progression in another study on 20 patients, too; during
mFU of 5.4 years (0.6 — 12 years), only 5% developed
progression (140). Despite these suggestions, use of
prophylactic RT is not recommended in every patient,
and the potential benefits should be carefully weighed
against the high probability of hypopituitarism and other
possible side effects of RT (110,141).

Prolactinomas
Radiotherapy is  usually reserved for
prolactinomas with DA resistance or intolerance

(10-18%) or in patients with invasive or malignant
prolactinomas, typically as an adjuvant to surgery (3, 142).

SRS efficacy

Eighteen studies including 623 patients, from
2000 — 2015, treated with GK in 15 studies, LINAC in
2 studies and with protons in 1 study at median dose
24.7 Gy (15 - 34 Gy) were reviewed (36).

Local tumour control was reported in 94% (83 —
100%) after mFU of 53 months (25 — 75.5)(36).

Biochemical remission. Normalization of serum
PRL after mFU of 50 months has been seen in 31.4% of
patients (range 0 — 60%, frequently around 20 - 30%).
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Latency to PRL normalization ranged from 1 - 2 years,
apparently shorter than after CRT, where it requires
several years (143). In primary GK therapy, 20.8% of 77
patients were cured after more than 2 years FU (144).

Landolt er al. and Pouratian et al. (145,146)
reported lower remission rates in patients who were on
DA at the time of GK, therefore DA withdrawal at the
time of RT is recommended.

SRS Side effects in prolactinomas

New hypopituitarism developed in median
14.8% (0 — 57% of patients) after mFU of 50 months -
42% at 4 years (36, 147). Visual damage occurred only in
6 / 16 studies, in median 1% (0 to 4.2%, except in 1 GK
study of 11 patients (followed for 48 months) where rates
were much higher, 9.1%). Cranial nerve deficit was noted
in 0 — 5% of patients. There were no reported cases of
secondary intracranial malignancies (12) or brain lesions.
Mortality, cerebrovascular disease and neurocognitive
impairments were not studied in these patients.

SRS types in prolactinomas

Overall, the 3 SRS methods (GK, LINAC and
proton beam RT) show relatively equal efficacy and
safety, but there is a large heterogeneity among studies
(Table 4).

FSRT in prolactinomas

Efficacy. Two series including 34 patients after
unsuccessful TSS achieved PRL normalization rates
of 36.3% and 25% (148, 149). This was comparable
to those obtained by CRT: 34.1% success in a series
of approximately 250 patients who have undergone
treatment with CRT alone or after failure of medical and/
or surgical therapy, mean FU 3 - 13 years (143); or 28% in
a Romanian series of 7 DA-resistant prolactinomas (150).

Side effects. New hypopituitarism was recorded
in 20 — 28.5% of FSRT treated patients (in series with
various pituitary tumours ) and no central nervous
system adverse effects or visual deficits were recorded at
3-4 years FU (148, 149).

Overall, RT seem to induce a lower biochemical
remission in prolactinomas than in other functional
tumours (61,151), with perhaps just a slightly better
efficacy in SRS compared to fractionated RT. RT is
indicated just in resistant or invasive prolactinomas,
where it can control tumour growth, reduce PRL and
thus DA dosage, increase the PRL normalization rate
on medical treatment and allow pregnancy in some
cases (142, 146, 152, 153). However, an individualized
approach should evaluate the benefit risk ratio, especially
hypopituitarism for each patient.

Trends in radiotherapy use for pituitary
adenomas

In patients with NFPA, a recent analysis in
Swedish population shows a stable use of RT since
1997 until 2014 (in 4.6% - 5.9% - 3.6% of the patients,
evaluated at 5 year intervals) (154). In contrast, the
advances in medical therapy in acromegaly for the last
20 years (new drugs acting at tumour level or growth
hormone receptor) were followed by a progressive
decline in the use of RT: from 62.8% of patients treated
prior to 1980, to 11.9 % in 2000 (p < 0.001) in an analysis
of the Spanish national registry (155); a similar decrease
was shown in a Greek center, from 57.8% of patients
with acromegaly treated with RT before 1990 to 16.8%
after 1990, p <0.001)(156).

In CD, the increasing medical armamentarium
addressing the ACTH-secreting adenoma as well as the
adrenal cortisol secretion and glucocorticoid receptor
blockers will potentially reduce use of RT over time.
Notably, with RT use restricted for aggressive or drug
resistant tumours, biochemical cure for secreting
adenomas could be even lower in future studies.

CONCLUSION

Stereotactic radiotherapy remains an effective
treatment option for patients with persistent or recurrent

Table 4. Summary of efficacy and side effects of radiation therapy methods in patients with prolactinomas

. Follow-up Tumor . . New Visual Brain Second brain
No of . Margin dose . Biochemical e e . . .
RT Type studies Patients (Gy), median (median, control control (%) Hypopituitarism  defects radionecrosis tumor
months) (%) (%) (%) (%) (%)
SRS type: GK 15 588 254 524 93.7 32.6 (18-83) 13.8 (0-42) 1(0-9.1) 0 0
LINAC 2 26 20 64 100 7.7 (0-15.4) 18.3 at 5y 0 2.8% 0
Protons 2 29 20% 60%* 98 48.2 (22-60) 30-57 1% 1% NA
CRT 11 250 45-50 3-13y 967 34.1 (40 at 10y) 357 at 10y NA NA NA
FSRT 2 34 45 3-4 NA 25-36 20-28.5" 0 0 0

Legend. The results are expressed in weighted means calculated from the published studies; SRS = stereotactic radiosurgery; CRT = conventional fractionated
radiotherapy; FSRT = fractionated stereotactic radiotherapy; GK = gamma knife radiosurgery; LINAC = linear accelerator radiosurgery; y = years, # in a series
with 175 various tumors; * in 20 patients the reported dose was 50 — 150 Gy in 4 fractions, in a cohort of 475 patients with various tumors (127); ** 20
patients had > 1 year follow-up (127); in series with various pituitary tumors.
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pituitary adenomas after unsuccessful surgery and
resistance, intolerance or unavailability of medical
therapy in some countries. Comparison of SRS with
fractionated RT (either conventional or stereotactic)
is rather difficult, due to the substantial heterogeneity
among studies, risk of bias and imprecision. Systematic
reviews have suggested that SRS may potentially be more
effective than conventional RT regarding biochemical
remission in acromegaly, but not in Cushing’s disease.
Long-term studies evaluating cerebrovascular disease
and mortality rate after the new stereotactic techniques
are needed, in order to evaluate their brain-sparing
effects.
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