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The Asian Gamma Knife Training Program (AGKTP) was established in 2007 as the first and, at 
that time, the only international professional organization in southeast Asia that was specifically 
dedicated to intracranial radiosurgery. Its main goals included facilitation of the exchange of ideas 
and skills among practitioners in the field, continuing education of young neurosurgeons and their 
training in Gamma Knife surgery (GKS), and dissemination of knowledge about advances in 
contemporary Gamma Knife techniques to the medical communities in Asian countries. The first 
AGKTP Meeting was held in the same year at the Saitama Gamma Knife Center at the Sanai 
Hospital (Saitama, Japan), with subsequent events organized in Tokyo, Japan (in 2008); Busan, 
Korea (in 2009); Taipei, Taiwan (in 2010); St. Petersburg, Russia (in 2011); and Shanghai, China 
(in 2014). The unique features of these meetings, which made them somewhat different from typi-
cal professional conferences, comprised in-depth, up- to-date, and practice-oriented coverage of all 
main topics in modern GKS by educational lectures (instead of the usual scientific reports) fol-
lowed by wide and open critical discussions, and hands-on workshops with demonstration of real-
time radiosurgical treatment planning. To better reflect its educational and scientific objectives, the 
AGKTP was renamed as the Asian Gamma Knife Academy (AGKA) in 2009, although its activi-
ties have extended beyond the borders of Asia.

On October 31–November 1, 2016, the seventh AGKA Meeting was conducted at the 
Hawaii Advanced Imaging Institute (Honolulu, HI, USA) under the leadership of Dr. Stephen 
Holmes. Reflecting the specific geographical location of the venue, this event was attended 
mainly by experts from the USA and Japan. The highly advanced level of presentations and 
general success of this conference led to the decision to report its program in these proceedings 
under the title Gamma Knife Neurosurgery in the Management of Intracranial Disorders II, 
following the tradition of a similar volume published after the fifth AGKA Meeting held in 
St. Petersburg in 2011 (Acta Neurochirurgica Supplement Volume 116). After the preparation, 
collection, and thorough editing of all submitted manuscripts, herein you can see the results of 
our work.

The articles included in this book are dedicated to the management of benign tumors (with 
a special emphasis on the optimal combination of microneurosurgery and radiosurgery for 
attaining the best functional results in patients with vestibular schwannomas, craniopharyngio-
mas, and pituitary adenomas), intracranial malignancies (e.g., pituitary carcinoma and brain 
metastases from solid cancers), symptomatic cavernous malformations, medically refractory 
tremors, and intractable pain syndromes, as well as to the specific aspects of radiosurgical 
treatment planning and dosimetry, medical physics, neuroimaging, anesthetic support, and the 
history of psychosurgery. We hope that readers will find the materials presented herein scien-
tifically interesting and practically useful, and that our work will contribute to further progress 
in radiosurgery worldwide for the greatest benefit of all patients.

Mikhail F. Chernov Tokyo, Japan
Motohiro Hayashi Tokyo, Japan
Clark C. Chen Minneapolis, MN, USA
Ian E. McCutcheon Houston, TX, USA

Preface



xi

  Subtotal Resection Followed by Adjuvant Radiosurgery for Large 
Vestibular Schwannomas: Outcomes with Regard to the Timing  
and Regimen of Irradiation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1
Hesham Radwan, Tarek Elserry, Mark B. Eisenberg, Jonathan P. S. Knisely,  
Maged M. Ghaly, and Michael Schulder

  Preplanned Partial Surgical Removal Followed by Low-Dose Gamma  
Knife Radiosurgery for Large Vestibular Schwannomas. . . . . . . . . . . . . . . . .  7
Yoshiyasu Iwai, Kenichi Ishibashi, and Kazuhiro Yamanaka

  Outcome After Resection of Craniopharyngiomas and the Important  
Role of Stereotactic Radiosurgery in Their Management  . . . . . . . . . . . . . . . 15
Tomokatsu Hori, Kosaku Amano, Takakazu Kawamata, Motohiro Hayashi,  
Genichiro Ohhashi, Shinichiro Miyazaki, Masami Ono, and Nobuhiro Miki

  Gamma Knife Radiosurgery for Pituitary Adenomas Invading the 
Cavernous Sinus: Tokyo Women’s Medical University Experience . . . . . . . 29
Motohiro Hayashi, Mikhail F. Chernov, Ayako Horiba, Noriko Tamura, Kosaku Amano,  
and Takakazu Kawamata

  Stereotactic Radiosurgery for Pituitary Carcinoma  . . . . . . . . . . . . . . . . . . . . . 43
Gautam U. Mehta and Ian E. McCutcheon

  Evidence-Based Recommendations for Seizure Prophylaxis in  
Patients with Brain Metastases Undergoing Stereotactic  
Radiosurgery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
Arvin R. Wali, Robert C. Rennert, Sonya G. Wang, and Clark C. Chen

  Cumulative Intracranial Tumor Volume as a Prognostic Factor  
in Patients with Brain Metastases Undergoing Stereotactic  
Radiosurgery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
Brian R. Hirshman, Jason Compton, Kate T. Carroll, Mir Amaan Ali, Sonya G. Wang,  
and Clark C. Chen

  Treatment Options for Leptomeningeal Metastases of Solid Cancers: 
Literature Review and Personal Experience . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
Takeshi Kondoh and Takashi Sonoda

  Stereotactic Radiosurgery to Prevent Local Recurrence of Brain 
Metastasis After Surgery: Neoadjuvant Versus Adjuvant  . . . . . . . . . . . . . . . 85
Ian E. McCutcheon

Contents



xii

  Redistributing Central Target Dose Hot Spots for Hypofractionated 
Radiosurgery of Large Brain Tumors: A Proof-of-Principle Study  . . . . . . .101
Lijun Ma, Steve E. Braunstein, Encouse Golden, Shannon Fogh, Jean Nakamura,  
Michael W. McDermott, and Penny K. Sneed

  Possible Overcoming of Tumor Hypoxia with Adaptive  
Hypofractionated Radiosurgery of Large Brain Metastases:  
A Biological Modeling Study  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .107
Lijun Ma, Chia-Lin Tseng, and Arjun Sahgal

  Differentiating Radiation-Induced Necrosis from Tumor  
Progression After Stereotactic Radiosurgery for Brain Metastases,  
Using Evaluation of Blood Flow with Arterial Spin Labeling (ASL):  
The Importance of Setting a Baseline  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .113
Elle A. Lambert and Stephen Holmes

  Gamma Knife Radiosurgery for Symptomatic Cavernous  
Malformations: Tokyo Women’s Medical University Experience. . . . . . . . .121
Ayaka Sasaki, Motohiro Hayashi, Noriko Tamura, Ayako Horiba,  
and Takakazu Kawamata

  Gamma Knife Thalamotomy for a Medically Refractory Tremors: 
Longitudinal Evaluation of Clinical Effects and MRI Response  
Patterns  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .127
Taku Ochiai

  Pituitary Radiosurgery for Management of Intractable Pain:  
Tokyo Women’s Medical University Experience  
and Literature Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .133
Mikhail F. Chernov and Motohiro Hayashi

  Feasibility and Significance of Dose Adaptation via Linear Couch 
Translations to Correct for Rotational Shifts During Frameless Brain 
Radiosurgery with the Gamma Knife Icon™  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .145
Joey P. Cheung, Olivier Morin, Steve E. Braunstein, Penny K. Sneed,  
Philip V. Theodosopoulos, Michael W. McDermott, and Lijun Ma

  Impact of the Skull Size on the Normal Brain Radiation Dose During 
Gamma Knife Radiosurgery: Results of a Pilot Study. . . . . . . . . . . . . . . . . . . .151
Lijun Ma, Shannon Fogh, Steve E. Braunstein, Kurtis Auguste, 
Philip V. Theodosopoulos, Michael W. McDermott, and Penny K. Sneed

  Respiratory Monitoring During Gamma Knife Radiosurgery: 
Anesthesiological Aspects  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .157
Kotoe Kamata

  The Proud History of Psychosurgery in the USA. . . . . . . . . . . . . . . . . . . . . . . . .161
Joseph Galante and Michael Schulder

  Author Index  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .169
  Subject Index. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .171

Contents



1M. F. Chernov et al. (eds.), Gamma Knife Neurosurgery in the Management of Intracranial Disorders II,  
Acta Neurochirurgica Supplement 128, https://doi.org/10.1007/978-3-030-69217-9_1, © Springer Nature Switzerland AG 2021

Abstract Objective: To evaluate the results of combined 
management of large vestibular schwannomas (VS) with ini-
tial subtotal resection (STR) followed by adjuvant stereotac-
tic radiosurgery (SRS), with a particular emphasis on the 
timing and regimen of irradiation.

Methods: Seventeen patients underwent STR of a VS fol-
lowed by SRS, whereas five others were observed after 
STR.  Early SRS (<6  months after surgery) and late SRS 
(>6  months after surgery) were done in 8 and 9 patients, 
respectively. Single- and multisession SRS treatments were 
administered in 10 and 7 patients, respectively. The mean 
follow- up durations after surgery and SRS were 40 and 
28 months, respectively.

Results: The rates of radiological and oncological tumor 
control after SRS were 82% and 100%, respectively. The 
tumor volume at the last follow-up and its relative changes 
after SRS did not differ significantly on the basis of the irra-
diation timing (early versus late) or on the basis of the irradia-
tion regimen (single-session versus multisession). In no 
patient who was observed after STR of a VS was tumor 

regrowth noted during a mean follow-up period of 49 months. 
At 12 months after surgery, motor function of the ipsilateral 
facial nerve corresponded to House–Brackmann grades I, II, 
III, and IV in 16 patients (73%), 3 patients (14%), 1 patient 
(5%), and 2 patients (9%), respectively. Facial nerve function 
at the last follow-up did not differ significantly on the basis of 
the irradiation timing (early versus late) or on the basis of the 
irradiation regimen (single-session versus multisession).

Conclusion: The combination of initial STR followed by 
adjuvant SRS is an effective treatment strategy for patients 
with a large VS. Although the optimal timing and regimen of 
postoperative irradiation of the residual lesion should be 
defined further, our preliminary data suggest that either early 
or late SRS after surgery may provide good tumor control 
and optimal functional results.

Keywords Combined treatment · Facial nerve function  
Gamma Knife radiosurgery · Linear accelerator · Multisession 
radiosurgery · Stereotactic radiosurgery · Subtotal removal  
Surgery · Vestibular schwannoma
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 Introduction

Vestibular schwannomas (VS) are encountered with an 
incidence of 1  per 100,000 person-years and comprise 
75–90% of all cerebellopontine angle tumors [1, 2]. 
Management options include observation, microsurgical 
resection, stereotactic radiosurgery (SRS), and fractionated 
stereotactic radiotherapy (SRT). In particular, over the last 
30 years, SRS has become a standard treatment option for 
patients with small or medium-sized VS, and there is strong 
evidence that it not only provides effective tumor control 
but also allows more favorable results of facial nerve func-
tion preservation than microsurgical resection of the lesion. 
For example, in a prospective study performed by Pollock 
et al. [3], normal facial movements at follow-up were noted 
significantly more often in patients treated with SRS than 
in those who underwent surgery (100% versus 61% at 
3  months, P  <  0.001; 100% versus 69% at 12  months, 
P < 0.001; and 96% versus 75% at the last follow-up visit, 
P < 0.01). However, SRS in patients with a large VS results 
in lower tumor control rates (of around 82–88%) and is 
associated with a higher risk of complications (mainly, cra-
nial neuropathy) and a more frequent need for subsequent 
additional treatment [4–7]. On the other hand, surgery in 
patients with a large VS is rather challenging as well and 
often results in suboptimal functional outcomes [1, 8, 9]. 
Considering these limitations, our group has, during the 
last decade, adopted a novel combined treatment approach 
in cases of a large VS, comprising initial subtotal resection 
(STR) of the tumor, followed by SRS of its remnants. Our 
initial results with application of such a technique have 
been reported previously [10]. Herein, we present an addi-
tional analysis of the same clinical series directed at evalu-
ation of tumor control and facial nerve function with regard 
to the timing and regimen of adjuvant irradiation, and dis-
cuss provisional advantages of clinical application of such 
a treatment strategy in cases of a large VS.

 Patients and Methods

Demographic details of our study cohort have been presented 
before [10]. Briefly, our series comprised 7 men and 15 
women (mean age 56  years) who were diagnosed with a 
large VS (maximum diameter >4 cm) corresponding to Koos 
stage III or IV [11, 12]. All patients underwent STR of the 
tumor, which in 17 cases (77%) was followed by adjuvant 
SRS; five other patients (23%) declined postoperative irra-
diation and preferred to be observed pending any evidence of 
tumor regrowth.

 Stereotactic Radiosurgery

The mean interval between STR of a VS and SRS of the resid-
ual tumor was 9.5  months (median 7  months, range 
2–50 months). Eight patients were treated within 6 months 
after surgery (early SRS), and 9 were treated later on (late 
SRS). Overall, 9 patients underwent single-session Gamma 
Knife surgery (GKS) with a marginal dose of 12–14 Gy deliv-
ered at the 50% prescription isodose line.  Seven other patients 
who had either a prolonged (>3-month) postoperative recov-
ery from cranial neuropathy or a large residual tumor (vol-
ume >3 cc) received multisession SRS with a linear accelerator 
(LINAC); in 6 of them, the total dose at the 80% prescription 
isodose line was 25 Gy, being delivered in five fractions (5 Gy 
per fraction), and in one, it was 21 Gy in three fractions (7 Gy 
per fraction). One additional patient underwent single-session 
LINAC-based SRS with a marginal dose of 12 Gy.

 Follow-Up, Tumor Volumetry, and Outcome 
Measures

The mean lengths of follow-up after surgery and SRS were 
40 months (median 20 months, range 20–128 months) and 
28 months (median 22 months, range 17–77 months), respec-
tively. The lesion volumes both before and after treatment 
were calculated with the use of iPlan®  Net (Brainlab  AG; 
Munich, Germany), and decreases or increases of ≥1 cc dur-
ing follow-up were considered tumor shrinkage and tumor 
enlargement, respectively. Facial nerve function was assessed 
according to the House–Brackmann grading system [13]. In 
addition, trigeminal nerve function, lower cranial nerve 
function, vestibular function, and hearing were evaluated.

 Statistics

The Mann–Whitney test and Spearman correlation were 
used for data analysis. P values <0.05 were considered statis-
tically significant.

 Results

The mean VS volumes before surgery, at the time of SRS 
after STR, and at the last follow-up after SRS were 13.1, 2.9, 
and 2.8 cc, respectively. The mean extent of resection (EOR) 
was 77%. The tumor volume at the time of SRS did not differ 
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significantly on the basis of the irradiation timing (early ver-
sus late: mean 4.0 versus 2.0 cc, P > 0.05) or on the basis of 
the irradiation regimen (single-session versus multisession: 
mean 3.4 versus 2.2 cc, P > 0.1). In patients who declined 
SRS and were observed after STR, the mean postoperative 
tumor volume was 0.35 cc.

 Tumor Control and Volumetric Response 
to Radiosurgery

Tumor shrinkage, stabilization, and enlargement after SRS 
were noted in 1 case (6%), 13 cases (76%), and 3 cases (18%), 
respectively. No patient required additional treatment during 
follow-up. Thus, the radiological and oncological tumor con-
trol rates after SRS were 82% and 100%, respectively.

The mean lengths of follow-up in the groups of patients 
who underwent early and late SRS were 24 and 42 months, 
respectively. The tumor volume at the last follow-up did not 
differ significantly on the basis of the irradiation timing 
(early versus late: mean 3.6 versus 2.0 cc, P > 0.1) or on the 
basis of the irradiation regimen (single-session versus multi-
session: mean 3.3 versus 2.0  cc, P  >  0.1). The relative 
changes in the tumor volume after SRS varied from −83% to 
+193% (mean +9%, median 0%), did not demonstrate any 
correlation with the preradiosurgery tumor volume 
(Rs = −0.224, P = 0.3681) or the time interval between STR 
and SRS (Rs = 0.330, P = 0.1868), and did not differ signifi-
cantly on the basis of the irradiation timing (early versus late: 
mean −3% versus +20%, P > 0.1) or on the basis of the irra-
diation regimen (single-session versus multisession: mean 
+10% versus +7%, P > 0.1).

The mean length of follow-up in the group of patients 
who were observed after STR of a VS was 49 months, and in 
none of them was tumor regrowth noted.

 Preservation of Facial Nerve Function

Anatomical preservation of the facial nerve during surgery 
was attained in all patients. Immediately after STR of a VS, 
excellent-to-moderate (House–Brackmann grades  I–III) 
motor function of the ipsilateral facial nerve was noted in 15 
of 22 patients (68%), whereas in 5 others (23%), disfiguring 
facial weakness was obvious (House–Brackmann 
grades IV–V), and 2 patients (9%) had complete facial paral-
ysis (House–Brackmann grade  VI). The postoperative 
House–Brackmann grade inversely correlated with the vol-
ume of the residual VS after STR (Rs = − 0.63, P = 0.0039), 

and the best outcome was generally attained in cases with a 
residual tumor volume >3 cc [10].

Nevertheless, at 12-month follow-up after surgery, excel-
lent motor function (House–Brackmann grade I), good motor 
function (House–Brackmann grade II), and moderate motor 
function (House–Brackmann grade  III) of the ipsilateral 
facial nerve were noted in 16 patients (73%), 3 patients 
(14%), and 1 patient (5%), respectively, whereas in 2 others 
(9%), it corresponded to House–Brackmann grade IV. It was 
found that in patients with motor function of the ipsilateral 
facial nerve that corresponded to House–Brackmann 
grades III–V immediately after surgery, the probabilities of 
recovery to an excellent-to-good level (House–Brackmann 
grades I–II) within 6 and 18 months were >50% and approxi-
mately 80%, respectively [10].

All 8 patients (100%) who underwent early adjuvant SRS 
after STR had excellent (House–Brackmann grade I) motor 
function of the ipsilateral facial nerve at the last follow-up, in 
comparison with 5 of 9 patients (56%) in the late SRS group. 
However, statistical analysis showed that the House–
Brackmann grade at the time of the last follow-up did not 
differ significantly on the basis of the irradiation timing 
(early versus late: P > 0.1) or on the basis of the irradiation 
regimen (single-session versus multisession: P > 0.1).

 Other Outcome Measures

Temporary trigeminal neuropathy and dysphagia/dysarthria 
after surgery were noted in 4 patients (18%) and 2 patients 
(9%), respectively. Out of 7 patients who demonstrated ves-
tibular dysfunction preoperatively, slight symptomatic 
improvement during follow-up after STR of the tumor was 
marked in 3, whereas in 4 others, pre-existing symptoms 
remained stable.

Temporary trigeminal neuropathy after SRS was noted in 
1 patient (6%). Out of 8 patients with serviceable hearing 
before SRS, only one demonstrated a decline (from Gardner–
Robertson class II to class IV) after irradiation. No patient 
showed deterioration of vestibular function after SRS.

 Discussion

From the dawn of neurological surgery as a medical spe-
cialty, and for nearly a century thereafter, surgical tumor 
removal was the only treatment option available for patients 
with a VS. Novel technologies and technical developments 
introduced over the decades resulted in significant improve-

Subtotal Resection Followed by Adjuvant Radiosurgery for Large Vestibular Schwannomas: Outcomes with Regard to the Timing…
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ments in surgical results and declines in morbidity and mor-
tality [14]. Nevertheless, even today, gross total resection 
(GTR) of a VS is a highly challenging goal, and postopera-
tive complications in such cases are not uncommon [1, 8, 9]. 
This is particularly true in patients with large tumors, in 
whom the prevalence of excellent-to-good (House–
Brackmann grades  I–II) facial nerve function after surgery 
averages only 54%, although it has ranged widely from 44% 
to 94% [4]. Schwartz et  al. [8] reported that better facial 
nerve function preservation and a lower incidence of com-
plete facial paralysis (House–Brackmann grade VI) may be 
achieved after near-total resection (NTR) (78% and 2%, 
respectively) or STR (71% and 10%, respectively) of a large 
VS in comparison with GTR (53% and 24%, respectively). 
Although the impact of the EOR on postoperative facial 
nerve function remains debatable, it is evident that conserva-
tive (i.e., less aggressive) surgery is associated with reduced 
intraoperative mechanical stress on adjacent anatomical 
structures, including cranial nerves. In concordance, in our 
series, the House–Brackmann grade immediately after STR 
of a VS inversely correlated with the volume of the residual 
lesion [10]. The problem is that incomplete surgical removal 
is accompanied by high rates of tumor regrowth, which were 
22%, 21%, and 3% after STR, NTR, and GTR, respectively 
[8]. The optimal solution in such cases may be a combined 
treatment strategy, as was advocated in several previous 
reports [6, 10, 15–21] and has been presented herein.

Initial STR is directed at reduction of the VS volume and 
decompression of the brainstem, cerebellum, and cranial 
nerves, and it limits the risk of their anatomical injury so as 
to decrease the chance of permanent postoperative neuro-
logical deficits. The main question is when to stop resection. 
It should be emphasized that we are not advocating leaving 
large tumor remnants. Nevertheless, since the primary objec-
tive of conservative surgery in such cases is preservation of 
neurological function, a larger residual lesion volume (if it is 
small enough to allow postoperative SRS) may be consid-
ered an appropriate price for optimal functional outcome. In 
particular, anatomical preservation of the facial nerve is of 
paramount importance, but it is hardly possible to predict 
when it may be injured during tumor removal [22, 23]. In our 
experience, some patients developed postoperative facial 
palsy despite the absence of significant changes during intra-
operative electrical stimulation of the nerve. On the other 
hand, the results indicate that better facial nerve function 
after surgery may be observed in cases with a residual tumor 
volume >3 cc [10]. Thus, we recommend that the volume of 
a residual VS should be in the range of 3 cc if this can be 
achieved safely.

Subsequent adjuvant SRS of a residual tumor prevents its 
regrowth in the same way as occurs with a smaller VS. The 
questions are when to perform postoperative irradiation and 
whether it should be done for the management of a residual 

lesion or at the time of its progression. This issue clearly 
remains controversial. It is well recognized that a residual 
VS may be stable after surgery for a more or less prolonged 
period of time. None of the patients we observed after STR 
demonstrated tumor regrowth during a mean follow-up dura-
tion of 49 months, while other researchers have reported that 
progression of an incompletely resected VS usually occurs 
2–3 years after the intervention [1, 8, 22, 24, 25]. Although 
in the present series, early SRS was associated with the most 
prominent volumetric tumor response and better facial nerve 
function at the last follow-up, the statistical analysis did not 
reveal significant differences in comparison with delayed 
irradiation, which, however, was still done for a residual (i.e., 
nonprogressing) VS. Similarly, we did not find any advan-
tages of multisession SRS, which was arbitrarily selected for 
patients with prolonged postoperative recovery from cranial 
neuropathy or in cases of a relatively large residual lesion. It 
should be underlined, however, that our study was retrospec-
tive and based on a limited number of cases, and the short 
length of follow-up did not allow differentiation between 
true progression of a VS and pseudoprogression, which is 
typically observed between 6 and 18  months after 
SRS. Therefore, the optimal timing and regimen of adjuvant 
SRS after STR of a VS should be evaluated further. A ran-
domized, controlled trial could clarify these important issues 
but would be very difficult to complete, whereas use of reg-
istry-based data seems more achievable and could provide 
equally robust information.

In our opinion, the challenge of GTR for a large VS is an 
idea whose time has passed, given the benign nature of these 
slow-growing tumors, the high risks of facial nerve palsy and 
other cranial neuropathies after aggressive surgery, and the 
established role of SRS as a safe and effective treatment 
option. Several reports in the literature [6, 15–21], as well as 
our own results [10], indicate that in such cases, STR followed 
by adjuvant SRS may be quite effective and provides local 
tumor control rates similar to those observed after GTR, but 
with much more favorable functional outcomes. An important 
issue is that such a clinical strategy, and thus conservative sur-
gery, should be preplanned, since it provides a 95–100% rate 
of preservation of facial nerve function (and even hearing in 
some cases) in comparison with a 35–40% rate when the deci-
sion to perform combined treatment is done intraoperatively 
because of an inability to attain GTR of the tumor [5, 20].

 Conclusion

Patients with a large VS may be treated effectively with a 
combination of initial preplanned STR of the tumor followed 
by adjuvant SRS of its remnants. In such cases, the goal of 
conservative surgery is reduction of the mass lesion volume 
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and decompression of adjacent anatomical structures with-
out an excessive risk of injuring them, in order to prevent a 
permanent postoperative neurological deficit. The optimal 
timing (early versus late) and regimen (single-session versus 
multisession) of postoperative SRS should be defined in fur-
ther studies involving large numbers of patients, but our pre-
liminary data suggest that either option may result in good 
tumor control and an optimal outcome—in particular, pro-
viding high rates of ipsilateral facial nerve function 
preservation.
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Abstract Objective: The present study evaluated outcomes 
after preplanned partial surgical removal of a large vestibular 
schwannoma (VS) followed by low-dose Gamma Knife sur-
gery (GKS).

Methods: Between January 2000 and May 2015, 47 
patients with a unilateral VS (median maximum diameter 
32 mm) underwent preplanned partial tumor removal at our 
clinic. GKS for a residual lesion was done within a median 
time interval of 3 months. The median prescription dose was 
12  Gy. The median length of subsequent follow-up was 
74 months.

Results: The actuarial tumor growth control rates without 
a need for additional management at 3, 5, and 15 years after 
GKS were 92%, 86%, and 86%, respectively. At the time of 
the last follow-up, the function of the ipsilateral facial nerve 
corresponded to House–Brackmann grade  I in 92% of 
patients. Significant improvement of ipsilateral hearing was 
noted in two patients after partial tumor removal and in one 
after GKS. Among 16 patients who presented with ipsilateral 
serviceable hearing, it was preserved immediately after sur-
gery in 81% of cases and at the time of the last follow-up in 
44%. Salvage surgical treatment was required in 9% of 
patients.

Conclusion: Preplanned partial surgical removal followed 
by low-dose GKS provides a high level of functional preser-
vation in patients with a large VS.

Keywords Combined treatment · Facial nerve function  
Gamma Knife radiosurgery · Hearing preservation · Partial 
removal · Retrosigmoid approach · Surgery · Vestibular 
schwannoma

 Introduction

Gamma Knife surgery (GKS) has become a mainstream 
treatment option for patients with a small-to-medium-sized 
vestibular schwannoma (VS) because it offers minimal inva-
siveness, optimal tumor growth control, and beneficial long- 
term functional results—in particular, with regard to 
preservation of facial nerve function and hearing [1–3]. 
Nevertheless, in cases of large tumors, surgical resection is 
clearly indicated to relieve increased intracranial pressure 
and cerebellar dysfunction [4, 5]. A meticulous microsurgi-
cal technique and advanced intraoperative neurophysiologi-
cal monitoring allow good facial nerve preservation rates, 
but maintenance of serviceable hearing after tumor removal 
is still a significant challenge [6]. Since 1994, we have per-
formed preplanned partial surgical tumor removal followed 
by GKS to improve functional outcomes in patients with a 
large VS [4]. Steady gains in our clinical experience have 
allowed this management strategy to be upgraded and opti-
mized, and have clearly demonstrated its benefits and effi-
cacy [7]. The objective of the present study was evaluation of 
the results of such combined treatment in a recent cohort of 
patients.

 Patients and Methods

Between January 2000 and May 2015, 47 patients with a 
large unilateral VS (maximum diameter ≥25 mm) under-
went preplanned partial tumor removal followed by low-
dose GKS at our clinic (Table 1). This cohort comprised 22 
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men and 25 women aged from 30 to 82 years (median age 
60 years). The most common preoperative symptoms and 
signs were hearing impairment (in 43 patients; 91%), cer-
ebellar ataxia (in 37 patients; 79%), and trigeminal neu-
ropathy (in 36 patients; 77%), including 1 patient with 
trigeminal neuralgia. Ipsilateral facial weakness was noted 
in 14 cases (30%) and corresponded to House–Brackmann 
grades II and  III [8] in 12 and 2 patients, respectively. 
Before surgery, 16 patients (34%) had ipsilateral service-
able hearing (pure tone average (PTA) ≤50 dB), 19 (40%) 
showed some preservation of ipsilateral hearing (PTA >50 
to ≤110  dB), and 12 (26%) were considered deaf 
(PTA  >110  dB). The median maximum diameter of the 
tumor was 32 mm (range 25–52 mm). Eleven patients with 
smaller tumors (maximum diameter 25–29  mm) under-
went initial surgical resection instead of primary GKS 
because of the presence of cerebellar ataxia and/or trigem-
inal neuropathy.

 Surgical Technique

Our surgical technique for partial removal of a large VS and 
reduction of its size to make the mass suitable for GKS was 
described in detail previously [4]. In brief, the retrosigmoid 
approach was used in all cases, and the portion of the mass 
adjacent to the cerebellum was resected as much as possible, 
but the ventral and intracanalicular parts of the tumor were 
intentionally left in  situ. Opening of the internal auditory 
canal (IAC) was avoided. Spinal or ventricular drainages 
were never used either intra- or postoperatively.

 Radiosurgical Technique

The median interval between partial removal of a VS and GKS 
was 3 months (range 1–12 months). In cases of cystic tumors, 
GKS was done earlier (usually at 1 month after surgery) to pre-
vent re-expansion of the cyst. The median preradiosurgery lesion 
volume was 2.7 cc (range 0.4–10.4 cc). Treatment planning and 
radiation dosimetry were done with Leksell GammaPlan® 
(Elekta AB; Stockholm, Sweden). The median prescription dose 
was 12 Gy (range 10–12 Gy). Of note, a prescription dose of 
10 Gy was applied only once, for irradiation of the largest tumor 
in the present series, which had a volume of 10.4 cc.

 Follow-Up

All patients underwent clinical evaluations, PTA measure-
ments, and magnetic resonance imaging (MRI) examina-
tions every 6 months during the first 3 years after GKS and, 
in cases of tumor growth control, yearly thereafter. The 
median length of follow-up after irradiation was 74 months 
(range 24–180 months).

 Results

The rates of actuarial tumor growth control without a need for 
additional management at 3, 5, 10, and 15 years after GKS 
were 92%, 86%, 86%, and 86%, respectively (Fig.  1). 
Treatment failure was significantly associated with the lesion 
volume before irradiation (37.5% versus 3% in VS with pre-
radiosurgery volumes of ≥6 cc versus <6 cc, P = 0.01) and 
showed a statistically nonsignificant trend toward a higher 
incidence in younger patients (33% versus 6% in patients 
aged <50 years versus ≥50 years, P = 0.076). The sex of the 

Table 1 Clinical characteristics at presentation in 47 patients who 
underwent preplanned partial surgical removal of a large unilateral ves-
tibular schwannoma followed by low-dose Gamma Knife radiosurgery
Clinical characteristic Values
Sex (N)

  Male 22 (47%)

  Female 25 (53%)

Age (years)

  Range 30–82

  Median 60

Symptoms and signs (N)

  Hearing impairment 43 (91%)

  Cerebellar ataxia 37 (79%)

  Trigeminal neuropathy 36 (77%)

  Facial weakness 14 (30%)

  Headache caused by increased intracranial pressure 6 (13%)

  Hydrocephalus 2 (4%)

Pure tone average (N)

  0–30 dB 8 (17%)

  31–50 dB 8 (17%)

  51–80 dB 14 (30%)

  81–110 dB 5 (10%)

  >110 dB 12 (26%)

Maximum tumor diameter (N)

  25–29 mm 11 (23%)

  30–39 mm 27 (57%)

  40–49 mm 4 (9%)

  50–52 mm 5 (11%)
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patient and the presence of a tumor cyst were not associated 
with growth control of a VS after low-dose GKS.

 Preservation of Facial Nerve Function

Two weeks after partial surgical tumor removal, the motor 
function of the ipsilateral facial nerve corresponded to House–
Brackmann grade I in 37 patients (79%) and to grade II in 7 
(15%), but in 1 patient (2%), it deteriorated to grade IV and in 
2 (4%), it deteriorated to grade V (Table 2). At the time of the 
last follow-up after GKS, the motor function of the ipsilateral 
facial nerve corresponded to House–Brackmann grade I in 43 
patients (92%), to grade II in 1 (2%), to grade IV in 2 (4%), 
and to grade V in 1 (2%); in the latter patient, no substantial 
functional improvement was noted during the entire follow-up 
period after partial surgical tumor removal.

 Preservation of Hearing

After partial tumor removal, two patients (6%) experienced a 
significant improvement in their ipsilateral hearing, with 
changes in PTA from 115 dB to 59 dB in one case and from 
115 dB to 12.5 dB in another (Fig. 2). In addition, in one 
patient, a significant improvement in ipsilateral hearing with 
a change in PTA from 115 dB to 35 dB was noted 1.5 years 
after GKS.

Overall, out of 16 patients with ipsilateral serviceable 
hearing (PTA ≤50 dB) at presentation, 13 (81%) showed its 
preservation after partial tumor removal and 7 of them main-
tained the same level of serviceable hearing at the time of the 
last follow-up after GKS. Out of 35 patients with any degree 
of ipsilateral hearing preservation (PTA ≤110 dB) at presen-
tation, 25 (71%) showed the same level of hearing after par-
tial tumor removal (PTA changes within 20  dB but not 
exceeding 110 dB) and 11 of them maintained the same level 
of hearing at the time of the last follow-up after GKS.

 Salvage Surgery

Following preplanned partial surgical removal and subse-
quent GKS, 4 patients (9%) suffered from cerebellar or trun-
cal ataxia, which necessitated salvage surgery performed 
within a median interval of 31 months (range 12–42 months) 
after irradiation. In this group, the median VS volume before 
GKS was 6.6  cc (range 3.5–10.4  cc). In all cases, salvage 
surgery was directed at partial tumor removal with the pur-
pose of functional preservation. During subsequent follow-
 up (median 84  months, range 60–96  months), two VS 
demonstrated gradual shrinkage; one was stable, and in the 
other case, enlargement of the tumor cyst necessitated ste-
reotactic aspiration of its content via the transcerebellar 
approach 54 months after salvage surgery.

 Complications

There were no deaths in the present series. Four patients 
experienced complications after partial removal of a large 
VS: a lung abscess due to aspiration pneumonia, aseptic 
meningitis necessitating steroid therapy, a pulmonary embo-
lism, and venous infarction of the cerebellum requiring sur-
gery directed at external decompression of the posterior 
cranial fossa were each noted once. In none of these cases 
did the development of a complication affect the overall 
treatment strategy.

Table 2 Preservation of motor function of the ipsilateral facial nerve 
in 47 patients who underwent preplanned partial surgical removal of a 
large unilateral vestibular schwannoma followed by low-dose Gamma 
Knife radiosurgery (GKS)

House–Brackmann 
grade

Preservation of motor function (N)

Before 
surgery

After 
surgery

At last follow-up 
after GKS

I 33 (70%) 37 (79%) 43 (92%)

II 12 (26%) 7 (15%) 1 (2%)

III 2 (4%) 0 0

IV 0 1 (2%) 2 (4%)

V 0 2 (4%) 1 (2%)

Fig. 1 Kaplan–Meier curve demonstrating tumor growth control with-
out a need for additional management in 47 patients with a large unilat-
eral vestibular schwannoma after preplanned partial surgical removal 
followed by low-dose Gamma Knife surgery (GKS)
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