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Purpose: To optimize and reduce the toxicity of pituitary adenoma irradiation by assessing the feasibility and
effectiveness of fractionated stereotactic radiotherapy (FSR).
Methods and Materials: Between 1990 and 1999, 110 consecutive patients, 47 with a functioning adenoma, were
treated according to a strategy of either early surgery and FSR (n � 89) or FSR only (n � 21). Of the 110 patients,
75 had persistent macroscopic tumor and 47 persistent hormonal secretions; 15 were treated in the prophylactic
setting. The linear accelerator-delivered dose was 50.4 Gy (5 � 1.8 Gy weekly), with a 2-mm safety margin.
Results: After a minimal follow-up of 48 months, only 1 patient had developed progression. Of the 110 patients,
27 (36%) had a complete tumor response, 67 (89.3%) had an objective tumor response, 20 (42%) had a hormonal
complete response, and 47 (100%) had a hormonal objective tumor response. The proportion of patients without
a complete tumor response, objective tumor response, complete hormonal response, and objective hormonal
response was 85.1%, 62%, 83%, and 59.3% at 4 years and 49.3%, 9%, 59.3%, and 10.6% at 8 years, respectively.
The sole unfavorable predictive factor was preoperative SSE >20 mm for tumor response (p � 0.01) and growth
hormone adenoma for the hormonal response (p <0.001). No late complications, except for pituitary deficiency,
were reported, with a probability of requiring hormonal replacement of 28.5% and 35% at 4 and 8 years,
respectivley. Nonfunctioning status was the sole unfavorable factor (p � 0.0016).
Conclusions: Surgery plus FSR is safe and effective. FSR focused to the target volume seems more suitable than
standard radiotherapy, and standard fractionation reduces the risk of optic neuropathy sometimes observed
after single-dose radiosurgery. Therefore, FSR allows us to consider combined transrhinoseptal surgery and
early radiotherapy, with a curative goal without patient selection. © 2005 Elsevier Inc.
Benign tumor, Fractionated stereotactic radiotherapy, Pituitary adenoma.
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INTRODUCTION

adiotherapy (RT) has been used for pituitary adenomas for
ears after failure or subtotal resection. Despite a maximal
5–55-Gy dose with optimal standard daily fractionation of
.8–2 Gy, few, but serious, complications (i.e., temporal
rain necrosis or optic neuropathy) have occurred (1, 2).
onsequently, endocrinologists and neurosurgeons have

ended to limit the use of RT.
The radiosurgery (RS) dose distribution, which is more

ppropriate for the small clinical target volume (CTV) of
ituitary adenomas, could be a solution, but the radiation-
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nduced optic neuropathy risk inherent to the use of single
ractions limits its indications (3–5). Hence, since 1990, we
ave chosen to combine surgery and fractionated stereotac-
ic radiotherapy (FSR), despite the absence of clinical data,
o ensure a dose distribution as optimal as with RS, while
aintaining standard fractionation (6–10).
The aim of this study was to show that FSR is as efficient

s, but less toxic than, standard RT and RS.

METHODS AND MATERIALS

Between January 1990 and November 1999, 110 consecutive
atients (age range, 6–83 years; median, 50 years) were analyzed

cknowledgment—We thank Diane Penet for her assistance with
anuscript preparation and translation.
Received May 3, 2004, and in revised form Sep 17, 2004.
ccepted for publication Sep 30, 2004.
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t our institution after a minimal follow-up of 48 months. No
atient was excluded from our study.
After a multidisciplinary session, 89 patients were treated ac-

ording to a strategy of early surgery and FSR combined (within 6
onths), and 21 patients were treated according to a strategy of
SR alone without previous surgery. The groups were not different

n terms of residual tumor and/or persistent hormonal secretion.
orty-seven patients had functioning adenomas and 63 had non-
unctioning adenomas. Suprasellar extension (SSE) �20 mm was
easured from the bicarotidian line in MRI coronal slices. The

atient and disease characteristics of the 110 patients treated by
SR are detailed in Table 1.
Between 1990 and 1995, we used a noninvasive stereotactic

rame, known as the Laitinen’s frame (8). Since 1995, a BrainLab
elocating stereotactic device has been used owing to its easy use:
n accurate heat-shaped frame keeps the patient in the stereotactic
ing, and stereotactic localization of the adenoma is obtained by
T scan with a stereotactic localizer followed by standard MRI
ith imaging fusion (BrainLAB Software; BrainLAB, Heimstet-

en, Germany). In our study, the CTV was equivalent to the gross
umor volume without margins, and the planned tumor volume
PTV) was defined as the CTV plus a 2-mm margin (Fig. 1).

Because quality control studies have shown a 1-mm mean
tatistical error in the three stereotactic planes resulting from the
adiologic location, patient positioning, and treatment modalities,
e chose a 2-mm safety margin around the gross tumor volume to
efine the PTV. No difference was measured in terms of reposi-
ioning accuracy between both devices. The technical details have
een previously reported (7, 9).
The three-dimensional dose distribution was calculated using a

omputerized BrainLab system. Each patient was treated with five
weeping convergent minibeams in arc therapy mode. According
o the shape of the adenoma, we used either circular focalized
ollimators of 15, 20, 25, 35, and 40 mm or the BrainLab micro-
ultileaf system. Irradiation was delivered by 25-MV photon

nergy beams using the linear accelerator Saturne 43 (General
lectric). The dose delivered was 50.4 Gy in five fractions of 1.8
y weekly within 5–6 weeks. Considering the low scanning

weeping speed in arc therapy and the linear accelerator dose rate,
e could only use two-arc therapy beams daily, with the other
eams used alternately. Dose–volume histograms showed that the
otal dose (by five-arc therapies) and daily dose distributions (by
wo-arc therapies) were similar for the CTV and close for normal
rain tissues (Fig. 2). The median PTV was 4.2 cm3 (range,
.5–22) on the 90% isodose line. Positioning control was pro-
rammed weekly using Digital Imaging Portal.
All resected tumors were assessed by systematic immunohisto-

hemical analysis in the same laboratory. Most nonfunctioning
denomas expressed follicle-stimulating hormone (FSH), luteiniz-
ng hormone (LH), or �-subunit immunohistochemical expression
nd were thus considered gonadotropic (FSH-LH) adenomas. In
unctioning adenomas, the immunohistochemical analyses re-
ealed that corticotropin (ACTH), growth hormone (GH), and
rolactin (PRL) expression always correlated with an abnormal
lood hormonal level. All patients underwent complete endocri-
ologic, ophthalmologic (with visual field and acuity studies), and
adiologic assessment before and after surgery and before and after
SR.
Radiologic monitoring was conducted exclusively by annual
RI. The global response to treatment was assessed by a neuro-

urgeon, an endocrinologist, and a radiation-oncologist in multi-

isciplinary sessions. r
The response to FSR was evaluated using the National Cancer
nstitute evaluation criteria. A complete tumor response was de-
ned by the lack of any persistent tumor on MRI, including
ost-FSR nonprogressive images. A partial tumor response was
efined by a minimal 30% reduction in the maximal size of the
denoma. The objective tumor response was defined by the com-
lete or partial response. In the case of SSE, the adenoma was
easured from the bicarotidian level line, because, after surgery,

ntrasellar residual images are hardly assessable.
A complete hormonal response was defined by the complete

ormalization of the hormonal level dosage and dynamic test,
ubject to no antihormonal treatment. A partial hormonal response
as defined either by a minimal 50% decrease of the initial level
r by normalization of the initial level with a pathologic dynamic
est or the need for antihormonal treatment. The objective hor-
onal response was defined by the complete or partial response.
rogression was defined as an increase of �20% of the maximal

umor size or hormonal secretion level and/or the subsequent need
or antihormonal treatment. Pituitary deficiency was defined by the
eed to receive hormonal treatment to substitute for the thyroid-
timulating hormone (TSH), FSH-LH, or ACTH axis. The GH axis
as not systematically assessed or substituted.
Visual assessment included visual field and acuity examinations.

ach eye was assessed separately, and the results are expressed as
he per-patient percentage of normalization, improvement (at least
ne eye), stabilization, and aggravation (at least one eye).
For statistical analysis, the estimates of the FSR responses (in

erms of complete tumor response and complete hormonal re-
ponse) and FSR toxicity were performed using the univariate
aplan-Meier method. Differences in the FSR response and FSR

oxicity were tested with the log–rank test. The starting point was
he date of the first FSR session and the cutoff date was set at
ovember 1, 2003. In the case of progression after an initial

esponse, patients were considered to have treatment failure from
he beginning.

The results are presented in terms of the hazard ratio (HR) and
5% confidence interval. The statistical analysis was performed
sing Statistical Analysis Systems, version 8.2, software (StatSoft
nc., Tulsa, OK).

RESULTS

A total of 110 consecutive patients underwent FSR. Of
he 110 patients, 89 (80.9%) underwent combined surgery
nd early FSR. These 89 patients were those found, after
RI assessment, to have an adenoma that was obviously

ot completely resectable. All 89 patients also had visual
ymptoms and, therefore, underwent transrhinoseptal sur-
ery before FSR to obtain optical chiasm decompression.
he median time between surgery and FSR was 3 months

range, 0–6 months).
The remaining 21 patients (19.9%) were treated with FSR

nly. Early combined surgery was not performed, either
ecause of contraindications (n � 2) or because of nonre-
ectable adenoma without visual symptoms (n � 19). These
9 patients had already undergone surgery 2–9 years before
SR. At that time, RT had not been used, despite the
ubtotal resection, because of the potential risk of toxicity.

Before FSR, 75 patients (68.2%) had persistent mac-

oscopic tumor (measurable by MRI), 48 (64%) without
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nd 27 (36%) with persistent hormonal secretions. Forty-
even patients (42.7%) had persistent hormonal secre-
ions, 20 (42.5%) without and 27 (57.5%) with persistent
acroscopic tumor. Fifteen patients with no persistent

ormonal secretions or persistent macroscopic tumor
13.6%) were treated in a prophylactic setting after sur-
ery of bulky FSH-LH adenoma with a high risk of
ecurrence. Table 1 describes the other patient character-
stics before FSR, and Table 2 presents the results after

Table 1. FSR indications and pre-FSR characteristics of 110
patients treated by FSR

ge (y)
Mean 50
Range 6–83

ender
Male 50 (45.5)
Female 60 (54.5)

erformance status
0–1 92 (83.6)
2–3 18 (16.4)

nitial hormonal status
Nonfunctioning 63 (57.2)
Functioning 47 (42.8)

ituitary deficiency
ACTH 12
TSH 14
FSH-LH 24
Panhypopituitarism 12

nitial tumor status
Macroadenoma 103 (93.6)
Microadenoma 7 (6.4)
Suprasellar extension 83* (75.4)
Cavernous sinus involment 51 (46.3)

isual status
Visual acuity injury 47 (42.7)
Visual field injury 45 (40.9)
Optic atrophia 10 (9.0)
Oculomotor nerve injury 6 (5.4)

Abbreviations: ACTH � corticotropin; FSH � follicle-stimu-
ating hormone; FSR � fractionated stereotactic radiotherapy; GH

growth hormone; LH � luteinizing hormone; PRL � prolactin;
SH � thyroid-stimulating hormone.
Data in parentheses are percentages.
* Median suprasellar extension 20 mm (range 0–40).
SR. 0
isease control
No progression was observed, except for in 1 patient. The

rogression-free survival rate was 99% from the 33rd
onth, and remained stable in plateau for the rest of the

ollow-up period.

umor response
After a median follow-up of 82 months (range 48–150),

f the 75 patients with persistent macroscopic tumor, 27
36%) had a complete response, 67 (89.33%) had an objec-
ive tumor response without progression, 7 (9.33%) had
table disease, and 1 (1.33%) developed relapse. The latter
atient was observed 33 months after FSR, and the relapse
as clearly explained by the use of an inappropriate CTV.
espite a persistent intra- and suprasellar tumor detected by
RI, the neurosurgeon asserted that resection had been

omplete (good sellar diaphragm visualization); therefore,
SR was limited to the intrasellar area, with relapse ob-
erved in the suprasellar area. This patient had had an
SH-LH adenoma and at last follow-up was in complete
emission after secondary surgery. Twelve patients with
easurable tumor were treated by FSR as their sole treat-
ent, 6 had a complete response and 11 an objective re-

ponse. The tumor response kinetics were slow; Fig. 3
hows the Kaplan-Meier curve for these 75 patients.

Univariate analysis revealed that only preoperative SSE
20 mm was an unfavorable predictive factor for obtaining a

omplete tumor response (p � 0.01; HR, 2.5; 95% confidence
nterval, 1.1–5.8). Other variables are detailed in Table 3.

ormonal response
After a median follow-up of 80 months (range, 48–157
onths), of the 47 patients with persistent hormonal secre-

ions, 20 (42%) had a complete response and all 47 (100%)
ad an objective response and remained free of progression
ith objective clinical improvement. Thirteen patients with
ersistent hormonal secretions were treated with FSR only,

ig. 1. Fractionated stereotactic radiotherapy (FSR) dose distribu-
ion of 50.4 Gy delivered on 90% isodose line, in five daily
ractions of 1.8 Gy, weekly, through five sweeping convergent
inibeams in arc therapy. Example of ACTH adenoma FSR dose

istribution. Red outline is residual tumor and defines gross tumor
olume (GTV) and clinical target volume (CTV) (CTV � GTV �

-mm margin); orange outline is optic chiasm.
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nd 8 had a complete response and all 13 had an objective
esponse. A complete response was observed in 9 (29%) of
1 patients, 10 (100%) of 10 patients, 1 (25%) of 4 patients,
nd 0 (0%) of 2 patients with GH, ACTH, PRL, and mixed
H-PRL adenoma, respectively. As with the tumor re-

ponse, the hormonal response kinetics were very slow; Fig.
shows the Kaplan-Meier curve for these 47 patients. The

inetics of the hormonal response were significantly slower
p �0,001) for GH than for ACTH adenomas (Fig. 5).

Univariate analysis revealed that only GH hypersecretion
vs. ACTH) was an independent unfavorable predictive
actor for obtaining a complete hormonal response (p
0.0001; HR, 6.7; 95% CI, 2.7–16.8). Other variables are

etailed in Table 3.

isual assessment
In patients with visual damage, FSR was begun after

isual recovery occurred following decompression of the
ptic apparatus. Consequently, no FSR effect was noted in
hese patients or in patients with no visual damage. The
haracteristics of the 47 patients with visual acuity and 37
ith visual field impairment are detailed in Table 2. There-

ore, after FSR, the visual assessment showed that com-
ined surgery and FSR improved visual acuity and the
isual field in 89% and 94% of the patients, respectively.
Only 2 patients without initial visual impairment pre-

ented with subsequent visual injury. For both patients (1
ith an ACTH adenoma and 1 with an FSH-LH adenoma),
e observed a mono-ocular visual acuity alteration 56 and
2 months after FSR. MRI showed a punctiform T1-
eighted gadolinium-enhanced hypersignal on one optic
erve, but no diffuse T2-weighted hypersignal or edema of
he optic apparatus. The occurrence of partial visual recov-
ry and analysis of the dose to the optic apparatus, MRI
spect, and vascular backgrounds (for both patients) defin-
tively ruled out radiation-induced damage. Finally, the
nterior ischemic optic neuropathy diagnosis was retained.

SR toxicity
Acute FSR toxicity was not frequent, with transient head-

che in 6 patients (5%). No late toxicity, such as brain
ecrosis, visual impairment, or radiation-induced tumor,
as reported, except for pituitary deficiency. Radiation-

nduced pituitary deficiencies were observed in 28 patients
28.6% of patients at risk), 31 patients (32.3% of patients at
isk), and 12 patients (13.9% of patients at risk) for the
CTH, TSH, and FSH-LH axis, respectively; the GH axis
as not systematically assessed. Finally, 36 patients (36.7%
f patients at risk) needed newly initiated hormonal replace-
ent after FSR. Figure 6 shows that the risk of pituitary

eficiency increased during follow-up, independently of the
xis, and seemed to stabilize in plateau after 8 years. Nev-
rtheless, after the addition of the pre- and post-FSR pitu-
tary deficiencies, the 4-year and 8-year proportion of pa-
ients free of at least one hormonal pituitary deficiency was
9.3% and 49.9%, respectively.
ig. 2. Comparison of dose–volume histogram of three-field stan-
ard radiotherapy (RT), five-arc therapy fractionated stereotactic
adiotherapy (FSR) (total dose 50 Gy), and three daily different
ombinations of two-arc therapy FSR (daily dose 1.8 Gy): (a)
denoma; (b) optic chiasm; and (c) temporal lobe normal tissue.
ose distributions planned for one persistent follicle-stimulating
ormone-luteinizing hormone adenoma, with 30 � 30-mm and
0-mm circular collimation for standard three-field RT and FSR,
By univariate analysis, only nonfunctioning status was a
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redictive factor of requiring newly initiated hormonal re-
lacement after FSR (HR, 2.34; 95% CI, 1.3–4.4; p
0.0016). Other variables are detailed in Table 3.

DISCUSSION

Radiotherapy is frequently indicated after transrhinosep-
al surgery for late relapse, macroscopic or microscopic
ersistent disease, and high risk of recurrence, particularly
or bulky FSH-LH adenoma, which has an 80% recurrence
ate at 10 years without elective RT (11–14).

Globally, long-term tumor control ranging from 80% to
5% at 10 years and 70% to 90% at 20 years can be
chieved with conventional fractionated RT using doses of
5–55 Gy given within 5–6 weeks (2, 12–17). Despite
ptimal fractionation of 1.8–2 Gy, 5 days weekly, rare, but
ramatic, late toxicity, such as temporal brain necrosis and
ptic neuropathy, has been observed after standard-dose RT
1, 10, 18).

Radiosurgery by Gamma Knife or linear accelerator de-
ivers more accurate and localized radiation, with a steeper
ose gradient between the high- and low-dose regions, and
ould be a solution to this problem. However, the use of a
ingle fraction is associated with considerable neurologic
oxicity to the optic apparatus, cranial nerves, and normal
rain tissue (3–5, 19–21). Therefore, RS requires a very
mall target, distant from the optic apparatus, and clearly
efined by MRI, with a target-missing risk (21–24). Pitu-
tary adenomas with suprasellar residual tumor or bulky

ig. 3. Proportions of 75 assessable patients, calculated by Kaplan-
eier method, with persistent tumor after fractionated stereotactic

adiotherapy (FSR) (patients not in complete response) and with
aximal tumor regression �30% of pre-FSR maximal diameter

patients not in objective response).
avernous involvement are very frequent and cannot be c
asily treated by RS. As have other authors, we have chosen
o treat our patients by FSR combining the stereotactic
ccuracy of RS and the radiobiologic principles of standard
ose and fractionation RT (10, 25). By comparing the
ose–volume histogram of standard three-field ballistic RT
nd FSR (Fig. 2), we obtained the optimal dose distribution
or adenoma and good protection of the optic apparatus and
ormal brain tissue of the temporal lobes. Despite the PTV
eduction and, consequently, target-missing risk, we ob-
ained a high 4-year and 8-year progression-free survival
ate of 99%, with only 1 case of tumor progression. How-
ver, the tumor kinetic response was very slow (Fig. 3), and,
t 8 years, only 9% of the patients had tumor regression of
30% of the pre-FSR maximal diameter. These long-term,

ersistent, MRI-defined images were not necessarily asso-
iated with persistent active adenoma, and no late progres-

Table 2. Results of response and toxicity of 110 patients treated
by FSR

n %

umor response
Assessable patients 75
Complete response 27 36
Objective response 67 89.3
Stabilization 7 9
Progression 1* 1

ormonal response
Assessable patients 47
Complete response 20 42.5

ACTH (n � 10) 10 100
PRL (n � 4) 1 25
GH (n � 31) 9 29
Mixed PRL-GH (n � 2) 0 0

Objective response 47 100
Stabilization 0 0
Progression 0 0

isual acuity assessment†

Assessable 46
Normalization 18/25 39/54
Improvement 20/16 43/35
Stabilization 8/5 18/11
Aggravation 0/0 0/0

isual field assessment†

Evaluable 37
Normalization 18/26 49/70
Improvement 15/9 40/24
Stabilization 4/2 11/6
Aggravation 0/0 0/0

oxicity
Neurologic 0 0
Visual 0 0
Pituitary deficiency‡

TSH axis 31 28.6
ACTH axis 28 32.3
FSH-LH axis 12 13.9
At least one axis 36 36.7

Abbreviations as in Table 1.
* Complete remission after secondary surgery.
† Data presented as number of percentage after surgery/after

urgery plus FSR.
‡ Percentage defined in pre-FSR nondeficient patients for con-
erned axis; GH axis was not systematically assessed.
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ion was observed. Preoperative SSE �20 mm was the
ingle unfavorable predictive factor for complete tumor
egression and may be linked to subtotal resection. The
olume of postoperative persistent tumor could be another
nfavorable predictive factor, but it was not analyzed be-
ause real active tumor and postoperative MRI changes
ere not easily discriminated and measured.
Fractionated stereotactic radiotherapy is also efficient

gainst persistent hormonal secretion, but good results by
tandard hormonal dosages are sometimes disappointing
fter more accurate hormonal assessment. The 8-year com-
lete response was greater for ACTH adenomas than for
H, with a significantly faster kinetic response for the

ormer (Fig. 5). Hence, with a probability of ACTH residual
ecretion of 40% and 0% at 4 and 8 years, our results are
imilar to those obtained by conventional fractionated RT
26).

The complete hormonal response analysis for GH ad-
nomas is difficult, according to the endpoint definition
GH or insulin-like growth factor-1 normalization), and
sually ranges from 40% to 70% at 5 and 10 years after
tandard RT (10, 15, 27, 28). In our study, the 8-year
omplete response rate of 25.1% was disappointing but
ould be explained by the strict response criteria used.
oreover, the pituitary adenoma kinetic response was

ery slow (Fig. 5), and longer follow-up could lead to a
etter complete response rate. Univariate analysis by
tratified log–rank test confirmed that GH hypersecretion

Table 3. Univariate analysis of unfavorable pr
initiated h

Variable

Unfavorable predictive factors
Tumor response

Preoperative SSE �20 mm
PTV �2.1 cm3 (vs. �2.1 cm3)
Combined surgery-FSR strategy (vs. FSR al
Functioning (vs. nonfunctioning)
Age (�50 vs. �50 y)
Gender

Hormonal response
GH hypersecretion (vs. ACTH)
Preoperative SSE �20 mm
Male gender
PTV �2.1 cm3 (vs. �2.1 cm3)
Macroscopic tumor before FSR

Newly initiated hormonal replacement
Nonfunctioning (vs. functioning)
Macroscopic tumor before FSR
PTV �2.1 cm3 (vs. �2.1 cm3)
Combined surgery–FSR strategy (vs. FSR alon
Gender
Age (�50 vs. �50 y)
Preoperative SSE �20 mm

Abbreviations: CI � confidence interval; HR �
suprasellar extension; other abbreviations as in T

* Linked to GH hypersecretion.
tatus was the single unfavorable predictive factor for a
aving a complete hormonal response for functioning
denomas.

The response rate of PRL adenomas cannot easily be
ssessed, because RT is rarely indicated owing to the high
ntidopaminergic treatment efficiency. In our study, FSR
as delivered only for patients resistant to, or intolerant of,

his medical treatment.
Finally, in our study, no hormonal progression was ob-

erved, and the objective response combined with medical
reatment (i.e., somatostatin analogs for GH adenomas)
lways allowed protection against life-threatening symp-
oms (i.e., arterial hypertension, diabetes).

For hormonal control, the RS results seem equivalent
o those of FSR and fractionated conventional RT (27–
0). A comparison with FSR is difficult because of the
mall study size, problems with differing methods of
eporting results, and differing patient selection (smaller
arget size for RS). The results of recent RS studies have
onfirmed the high response rates for ACTH adenoma
emission, ranging from 35% to 80% (33–35), and dis-
ppointing response rates for GH adenoma, ranging from
0% for the 5-year actuarial rate (36, 37) to 96% for the
-year crude rate (38). The kinetic response seems to be
reater with single-fraction RT and could result in a
uicker normalization of hormonal levels (27). To date,
o randomized study has compared fractionated and sin-
le-fraction RT. Nevertheless, for Cushing’s disease, in a
ecent study of 44 patients, failure seemed more frequent

e factors of complete response and for newly
l therapy

p

0.01 (HR, 2.5; 95% CI, 1.1–5.8)
0.11
0.43
0.45
0.49
0.59

�0.001 (HR, 6.7; 95% CI, 2.7–16.8)
0.39
NS8
NS8
NS8

0.0016 (HR, 2.34; 95% CI, 1.3–4.4)
0.067
0.09
0.18
0.22
0.55
0.7

rd ratio; PTV � planning target volume; SSE �
.

edictiv
ormona

one)

e)

haza
able 1
fter RS, with a 7% failure rate (34). Another study had
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n 18% failure rate for functioning adenomas after RS
33). This could be explained by the need for a smaller
nd well-individualized target with a target-missing risk.
or nonfunctioning adenomas, RS seems to be as effi-
ient as conventional RT or FSR, with a tumor control
ate of 93–100%, but the tumor kinetic response remains
nknown in the absence of actuarial calculation (23, 41).
Finally, single-fraction RT does not seem more effi-

ient than standard fractionation, and only one nonran-
omized study (42) has compared RS and FSR in the
ame center for functioning and nonfunctioning adeno-
as. Their 3-year disease-free probability was similar for
S and FSR with a hormonal control rate of 33% vs. 54%
nd a tumor control rate of 100% vs. 85.3%, respectively.
evertheless, the kinetics were different, with an 8.5-
onth median time to disease control for RS vs. 18
onths for FSR. RS was significantly more toxic than
SR, with a 72.2% 3-year probability of being free of
entral nervous adverse effects for RS vs. 100% for FSR
p � 0.02).

The endpoint of our study was to reduce the toxicity of
oth standard RT and RS without altering disease con-
rol. To date, no case of FSR-induced brain radiation
ecrosis has been described; such a complication is also
ery rare with modern standard RT, but optimization of
he dose distribution with standard fractionation, feasible
y FSR, probably cancels this risk. The most commonly
eported late toxicity of conventional RT is hypopituitar-

ig. 4. Proportions of 47 assessable patients, calculated by Kaplan-
eier method, with persistent hormonal secretion after fraction-

ted stereotactic radiotherapy (FSR) (patients not in complete
esponse) and with hormonal secretion reduction �50% of pre-
SR level (patients not in objective response).
sm, with a very wide range of incidence rates ranging f
a

rom 20% to �50% (1, 10, 16, 18). After RS, some
tudies showed very low rates of hormonal deficiency for
atients with nonfunctioning adenoma. In such cases, the
arget was clearly outside the pituitary sellar and resulted
n protection of the pituitary gland (23, 39). However, the
ole nonrandomized monocentric comparison between
S and FSR showed the same actuarial 3-year rates of

reedom from newly initiated hormonal replacement,
9.9% and 77.1%, respectively (42). In our study, the
-year probability of being free of pituitary deficiency
as within the conventional RT range and was 83.6% for

he FSH-LH axis, 70.4% for the ACTH axis, 67.4% for
he TSH axis, and 63% for at least one deficient axis, with

stable risk after 8 years. Univariate analysis showed
hat nonfunctioning status was the single significant fac-
or predictive of the need for newly initiated hormonal
eplacement.

Good visual results after combined FSR and surgery
re linked to surgical optic chiasm decompression, and
he post-FSR improvement of surgical results is also
inked with late surgery effects. Therefore, surgery is still
ecommended for suprasellar involvement and improves
he safety of FSR by avoiding the risk of optic neurop-
thy. Conventional fractionated RT doses of 45–50 Gy in
.5–5.5 weeks are usually associated with an optic risk of
–3% (1). RS using a single fraction of 10 –15 Gy on the
ptic apparatus gives a 27% risk of neuropathy and
equires very careful patient selection (3, 21). However,
ome recent RS studies have been associated with unex-
ected optic neuropathy cases, especially for ACTH ad-

ig. 5. Proportions of patients, calculated by Kaplan-Meier
ethod, with persistent hormonal secretion after fractionated ste-

eotactic radiotherapy (FSR) (patients not in complete response)

or corticotropin (ACTH) (10 patients) and growth hormone (GH)

denomas (31 patients). Comparison by log–rank test.
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noma (34). In our FSR study, the dose distribution to the
ptic chiasm, which was dramatically reduced (Fig. 2),
nd standard fractionation resulted in the absence of
adiation-induced optic neuropathy. Nevertheless, to in-
rease safety, we started FSR after postoperative visual

ig. 6. Proportions of patients, calculated by Kaplan-Meier
ethod, free of radiation-induced pituitary deficiency for follicle-

timulating hormone-luteinizing hormone (FSH-LH) (86 patients
t risk), corticotropin (ACTH) (98 patients at risk), thyroid-stim-
lating hormone (TSH) (96 patients at risk), and at least one axis
98 patients at risk).
ecovery. w
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