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Abstract
Background: In cases of meningioma surrounding the optical apparatus, this study sought to reduce the incidence of radiation-induced optical
neuropathy resulting from gamma knife surgery (GKS) by dividing the treatment volume into 2 or 3 fractions.
Methods: Four patients with a large skull base meningioma (1 male and 3 females; median age: 42 years; range: 33e43 yrs) were treated using
volume-staged GKS. In stage I, the large basal part of the tumor (13.2 mL; range: 3.9e54.7 mL) was treated with a marginal dose of 13.5 Gy
(range: 12e15 Gy). In stage II, treatment focused on the smaller upper portion of the tumor located close to the optical apparatus (4.3 mL; range:
1.5e16.2 mL), and the marginal dose was 9 Gy (range: 8e10 Gy).
Results: All patients tolerated the treatments well, and tumors regressed over a median follow-up period of 100.5 months (range: 42e122 mos).
Specifically, a 34e46% reduction in tumor volume was observed. All four patients presented improvements in the neurological deficits observed
prior to GKS treatment, albeit to varying degrees. No adverse effects of radiation or new visual deterioration were observed during the follow-up
period. Furthermore, no evidence of new endocrine dysfunction or new cranial nerve neuropathy was observed within a follow-up period of
100.5 months.
Conclusion: The application of volume-staged GKS using snowman-shape design appears to be an effective approach to control tumor growth
when treating benign meningiomas surrounding the optical apparatus. This approach enables the application of higher radiation dosages to
facilitate tumor control while still preserving optic nerve function.
Copyright © 2017, the Chinese Medical Association. Published by Elsevier Taiwan LLC. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Despite recent advances in the surgical treatment of skull
base meningioma, this disease is still associated with high
rates of morbidity.1e5 In contrast, radiosurgery is able to
control the growth of tumors in 80e100% cases of skull base
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meningioma,6e10 and GKS can reduce morbidity rates among
meningioma patients. For example, Kondziolka et al. reported
long-term tumor control in 91% of 290 consecutive patients
who underwent GKS for a meningioma between 1987 and
1997.11 However, in cases where the tumor is large and close
to the optical apparatus, surgeons face a clinical dilemma as
high-dose radiation exposure can lead to optic neuritis and
irreversible deterioration in visual function.

Vision can be preserved by limiting the maximum radiation
exposure of the optic pathway to 8e10 Gy per stereotactic
radiosurgery (SRS) session12e15; unfortunately, the minimum
effective dose for the treatment of benign skull base menin-
gioma is 11e13 Gy. To address this dilemma, we developed a
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volume-staged SRS strategy, referred to as the snowman-shape
design, that enables tumor control while also protecting the
optical apparatus from radiation damage. Using the technique,
the basal portion of the tumor (distal to the optical apparatus)
is first treated with a regular (high) dose of radiation, and the
upper portion of the tumor (proximal to the optical apparatus)
is treated at intervals of 3 months or more. This paper reports
on four cases in which the snowman-shape volume-stage
treatment was implemented. We provide a detailed account of
the techniques employed as well as resulting treatment
outcomes.

2. Methods
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Four patients with a benign meningioma at the base of the
skull were subjected to volume-staged GKS (Elekta In-
struments, Inc., Stockholm, Sweden) using the snowman-
shape design between Nov. 2005 and Sep. 2012. The Institu-
tional Review Board of the Buddhist Tzu Chi Medical Center
approved the research protocol. Three female patients and one
male patient met the criteria for inclusion in the study. The age
range of participants was 33e43 years (median: 42 years). The
tumors were located in either the tuberculum sellae, the
cavernous sinus, the suprasellar or retrosellar region, the pet-
roclivus, or in all of the aforementioned locations. In all cases,
the optical apparatus was compressed or encased by the tu-
mors. Preoperative neurological deficits are presented in
Table 1. All patients underwent microsurgery prior to GKS,
and all of their histologies presented WHO grade I
meningioma.
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Each treatment session began by fixing a rigid Leksell
frame (Model G, Elekta Instruments, Stockholm, Sweden) to
the head of the patient after local anesthesia had been applied
to the scalp (5% bupivacaine and 2% xylocaine). The frame
was tilted anteriorly approximately 30�, which aligned the
frame parallel to the plane of the optic nerves and chiasm,
thereby ensuring that the optic nerve and chiasm were
positioned along the same plane in axial MR images. MR
stereotactic images acquired using a fiducial system attached
to the stereotactic frame were transported through a fiber
optic Ethernet cable to a GammaPlan (Elekta Instruments)
computer, where images were checked for distortion/accu-
racy. Axial MR images using coronal and sagittal recon-
struction with a slice thickness of 1 or 2 mm were required
for the planning of treatment. After optimizing the plan, the
marginal and maximum doses were determined for the target.
Radiosurgery was performed using a 201-source, cobalt-60
gamma knife, and both the head of the patient and the ste-
reotactic frame were immobilized within a collimator helmet.
The automatic positioning system (APS) automatically
moves the stereotactic frame until the target is fully
irradiated.
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2.3. Snowman-shape design in volume-staged GKS
treatment
The snowman-shape design in volume-staged GKS treat-
ment was developed to treat patients with a large and/or
extensive skull base meningioma that involves the optical
apparatus. In most cases with a large skull base meningioma,
the upper mass of large tumors in this area compresses the
Fig. 1. Schematic diagrams illustrating the snowman-shape design (using data of ill

the meningioma is represented by the fat abdomen, the superior part of the tumor (t

apparatus is represented by the hat. In the 1st stage of GKS, the entire abdomen r

received a fall-off moderate dose and the hat (optical apparatus) received a dose of l

over the entire head area (upper portion of the tumor), such that the hat (optical appa

radiation and vascular supply as well as the degree to which the optical apparatus

Fig. 2. Case 3. (A) Axial and (B) sagittal MR images showing the large basal mass e

strategy, with the 8 Gy isodose line (green) just touching the chiasm (blue); (C) axia

with a less adequate dose in the first stage encased in the 8 Gy isodose line during th

8 Gy as much as possible.
optical apparatus superiorly, whereas the basal mass pushes
the brain stem inferiorly. This results in a shape similar to that
of a snowman with a fat abdomen, small head, and a delicate
hat (Fig. 1). To ensure that the meningioma is treated with a
sufficient dose of radiation, an optimal peripheral dose (e.g.
12 Gy or more) is first applied to the basal part of the tumor,
and an 8 Gy isodose is applied at the border of the optical
apparatus (Fig. 2). Thus, the basal portion of the tumor
ustrative Case 3 as the model): (A) stage I and (B) stage II. The basal mass of

ouching the optical apparatus) is represented by the small head, and the optical

eceived the full marginal dose, whereas the small head (upper part of tumor)

ess than 8 Gy. In the 2nd stage of GKS, a moderate marginal dose was directed

ratus) received a fall-off dosage. Image C illustrates the distribution of applied

remained protected.

ncased by the 14 Gy isodose line (yellow) during the first stage of the snowman

l and (D) sagittal MR images showing the smaller, more anterior tumor treated

e second stage of the snowman strategy, with the dose of the chiasm lower than
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receives a full dose of radiation, whereas the small superior
portion of the tumor (proximal to the optical apparatus) re-
ceives between 8 Gy and the marginal dose of the basal part of
tumor (e.g. 11e13 Gy). At least 3 months after administering
the first stage of GKS, a smaller dose of radiation is applied to
the upper portion of the tumor (8e10 Gy), while maintaining
exposure of the optical apparatus at less than 10 Gy. The upper
part of the tumor is exposed to radiation twice: it receives a
peripheral dose (8e12 Gy) and a central dose (8e10 Gy). SRS
parameters, including tumor volume, radiation volume, mar-
ginal dose, maximal dose, and mean dose within the tumor as
well as radiation exposure of optic nerve, chiasm, and tracts
were recorded for the purpose of analysis (Table 1).
2.4. Follow-up examinations
Patients underwent follow-up examinations by a neurosur-
geon and ophthalmologist. Follow-up MR imaging was per-
formed at 6-month intervals in the first year following GKS
and on an annual basis thereafter. The tumor volume was
calculated from post-contrast T1-weighted images (T1 þ C
signal). Volumes were computed by numerical integration of
tumors that had been segmented on a slice-by-slice basis. To
avoid bias in computation, all follow-up MR images were
imported into Gamma Plan® software and fused with pre-GKS
MR images to facilitate contouring and the computation of
volume. A decrease or increase in tumor size was determined
by comparing post-treatment values with values measured at
the time that GKS was first administered (Table 1).

3. Results

Three of the four patients underwent GKS treatment in two
fractions, and one patient (Case 4) underwent GKS in three
fractions. All intervals between fractions were 4e6 months.
The median marginal dose for the first session was 13.5 Gy
(range: 12e15 Gy) at the 50% isodose line, whereas the me-
dian marginal dose in the second session was 9 Gy (range:
8e10 Gy). The median tumor volume was 17.7 mL (range:
5.3e69.4 mL) at the initial presentation, whereas the median
Fig. 3. Case 3. (A) Pre-operative and (B) post-operative contrast-enhanced axial MR

the brain stem. Axial MR images reveal (B) the reduction in tumor volume followin

treatment after a 96-month follow-up period.
volume following the first session of treatment was 13.2 mL
(range: 3.9e54.7 mL), which is approximately 3/4 of the
initial tumor volume. The median volume following the sec-
ond session of treatment was 4.3 mL (range: 0.38e16.2 mL),
which means that the upper portion of the tumor (surrounding
the optical apparatus) was exposed to 8e10 Gy. Case 4 un-
derwent fractionated GKS three times over a 4-month period
due to the presence of two separate tumor portions encasing
the optic nerve inferiorly, anteriorly, and superiorly. In this
case, we prescribed treatment with 10 Gy for each of the upper
two parts of the tumor, which had volumes of 0.38 mL and
1.14 mL, respectively (Table 1).

For all patients, follow-up procedures were continued for at
least 3.5 years, with a median follow-up time of 100.5 months
after the initial GKS treatment (range: 42e122 months)
(Table 1). All four tumors showed signs of regression, with
tumor volume decreasing by 34e46% (median: 42.5%). Four
of the patients who presented neurological deficits prior to
GKS showed partial improvements, albeit to varying degrees.
For example, Case 1 (large petroclival meningioma of
69.4 mL) showed improvement in the ataxia; however,
dysfunction in the right 3rde5th cranial nerves remained un-
changed. Most importantly, none of the four patients presented
signs of deterioration in their vision. This was true even for
Case 4, where compression had rendered the optical apparatus
particularly fragile. Specifically, visual acuity in the right eye
remained at 0.09, whereas light perception was preserved in
the left eye. Vision continued to show gradual improvement
following surgical decompression, even after three treatments
using GKS (Fig. 4).
3.1. Illustrative case
A 33-year-old female patient had been suffering from
diplopia and dizziness for 2 months. Brain MRIs revealed a
suprasellar and posterior fossa meningioma measuring
3.8 � 4.4 � 4.9 cm with invasion to the cavernous sinus and
compression of the thalamus, optic nerve, and brain stem. A
right presigmoid transpetrosal craniotomy with partial removal
of the tumor was performed. Histological analysis confirmed
images, showing meningioma invading the cavernous sinus and compressing

g surgical decompression (C) and tumor shrinkage following 2 stages of GKS



Fig. 4. Case 4. (A) 43-year-old female patient presented with bilateral visual field deficits. The patient underwent surgical resection to decompress the optic chiasm.

Post-resection, the patient's vision improved, with only lower visual field deficits of the left eye remaining. The patient underwent 3 fractions of GKS according to

the snowman strategy. MRI revealed tumor shrinkage 3.5 years post-GKS, and visual function had improved even further (L ¼ left, R ¼ right, LP ¼ light

perception, VA ¼ visual acuity).
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that the tumor was a WHO grade I meningioma. Following the
operation, the residual tumor presented the shape of a snow-
man with a fat abdomen, small head, and delicate hat (Fig. 1).
Meningioma patients require a minimum dose of radiation to
control the main tumor mass; therefore, a peripheral dose of
14 Gy/50% isodose was first applied to the basal portion of the
tumor, with a safe dose of 8 Gy isodose applied so that it was
just touching the hat (optical apparatus) (Figs. 1C, 2A and B).
Specifically, the basal tumor received a radiation dose of
14e28 Gy, whereas the small head received only 8e14 Gy and
the optical apparatus received <8 Gy. Four months later, a
lower dose of radiation (8 Gy at the periphery) was applied to
the small head (Fig. 2C and D). Thus, the tumor received a
dose of 8e16 Gy, whereas the chiasm received <8 Gy. The
small head of the tumor received an additional 8e16 Gy when
using the 50% isodose at the periphery. By the time of the last
follow-up (96 months), the volume of the tumor had been
reduced from 21.5 mL to 11.6 mL (Fig. 3 and Case no. 3 in
Table 1). Furthermore, the patient's visual acuity improved to
1.0 (1.0 ¼ 20/20 vision) and showed no visual field defects.
Diplopia was completely recovered, and no new onset of
cranial nerve deficit was found. Finally, the results of basal
endocrine exams were within normal limit during the follow-
up period, and the patient's vision was sufficient to allow for
participation in daily activities, including driving a car.

4. Discussion

SRS has proven effective in the treatment of skull base
meningioma, showing good tumor control.6e10 In cases where
the skull base meningioma is large or the tumor encases the
optical apparatus, the dose limiting factor is determined by
normal tissue tolerance to radiation. Fractionated radiotherapy
may help avoid late complications involving the optic nerve
and chiasm; however, SRS can require less time and reduce
costs while providing an excellent dose fall-off gradient. In the
case of single-fraction SRS, Tishler et al. did not observe the
development of optic neuropathy in patients who received a
maximal radiation dose (Dmax) of less than 8 Gy.15 Leber
et al. investigated the risk of optic neuropathy in 50 patients,
the results of which demonstrated that a Dmax of less than
10 Gy is sufficient to avoid optic neuropathy when radiation is
applied to the optic nerve or chiasm.12 Moreover, Pollock et al.
did not observe any cases of radiation-induced optic neurop-
athy among 62 patients undergoing GKS for nonfunctioning
pituitary adenoma. For that study, the median Dmax applied to
the optical apparatus was 9.5 Gy, and researchers reported
using a dose constraint of <12 Gy when treating the optic
structure.13 In contrast, Shrieve et al. recommended that
optimal treatment of benign meningioma required, at mini-
mum, a single dose of 13.5e16.5 Gy radiation, which exceeds
the clinical tolerance of the optic nerve and chiasm.16 For
meningioma patients who are candidates for stereotactic
radiosurgery, hypofractionated radiosurgery is currently being
promoted as a means to achieve the optimal treatment dose.
Metha et al. previously employed image-guided stereotactic
radiosurgery using a Cyberknife to treat lesions proximal to
the anterior visual pathways. Radiation dosages were sched-
uled as follows: 25 Gy in 5 fractions, 21 Gy in 3 fractions, and
20 Gy in 2 fractions (with a 24-h interfractional interval).
After a median follow-up time of 18 months (range: 12e54),
four of the patients presented an improvement in vision, and
no patients showed visual deterioration.17 Hypofractionated
radiosurgery therefore appears to have resolved the clinical
dilemma caused by the close distance between tumors and the
optical apparatus.

Several mathematical and biological models have been
proposed to elucidate the relationships between dose schedule
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and radiation-induced optic neuropathy. For example, Gold-
smith et al. proposed a model with which to predict the cu-
mulative radiation dose associated with optic nerve injury. In
single-dose irradiation, the estimated Optic Ret dose is
8.9 Gy.9,18 In contrast, a linear-quadratic model is well fitted
for multiple-fraction therapy, with a fraction size <2 Gy;
however, this model is unreliable when extrapolating from the
fractionated dose range (1.8e2.0 Gy/fraction) to the single-
fraction range.

The snowman-shape design volume-staged radiation
treatment, which is based on the concept of fractionation,
spares the optical apparatus exposure to unnecessary radiation,
wherein an isodose of 8 Gy is delivered to the margin of the
optical apparatus in the first fraction followed by another
isodose of 8 or 10 Gy in the second and/or third fractions. This
translates to a mean biologically effective dose (BED) (a/
b ¼ 3 for optical apparatus) of 86 Gy [BED ¼ D (1 þ d/a/
b) ¼ 20 (1 þ 10/3) ¼ 86], compared to a BED of 90 Gy
[BED ¼ D (1 þ d/a/b) ¼ 54 (1 þ 2/3) ¼ 90] in conventional
2 Gy multi-session radiotherapy.19 The snowman strategy al-
lows higher maximum and cumulative radiation doses to be
delivered while still reducing the amount of radiation that the
optical apparatus is exposed to.
4.1. Radiation biology and tumor vascular anatomy of
skull base meningioma
Application of the snowman strategy depends on the blood
supply to parasellar/skull base meningiomas and the radiation
biology of SRS. The blood supply of most parasellar/skull
base meningiomas is provided by the external carotid artery
(ECA) and the internal carotid artery (ICA), which are anas-
tomosed to the lower part of skull base meningiomas. ECA
circulation provides the primary supply of blood to the dura
which is proximal to the meningioma,20,21 with the middle
meningeal artery (MMA) serving as the major supplier. The
MMA follows a course anteriorly and posteriorly to supply the
anterior dura and regions of the temporal bone as well as the
middle fossa, the posterior fossa dura, and the lateral tento-
rium. Specifically, the MMA anastomosis with the ethmoidal
arteries, the lacrimal artery, the posterior meningeal branch of
the vertebral artery, and the artery of the inferior cavernous
sinus. Most of these tumor feeders attach to the basal portion
of the tumor. Feeders from the upper arachnoid or pia supplier
including the meningohypophyseal trunk, McConnell's
capsular arteries,22 and even the ophthalmic artery are rarely
observed. Thus, the basal portion of skull base meningiomas is
the most important target in planning SRS treatment.

Handa et al.23 and Yamaki et al.24 used angiography to
illustrate the derivation of the blood supply in the sphenoid
ridge and the tuberculum sellae meningiomas, classifying
vessels into anterior, lateral, and posterior groups. The anterior
group includes branches of the ophthalmic and internal
maxillary arteries as well as the MMA. This group supplies the
dura of the sphenoidal plate, the tuberculum sellae, the ante-
rior clinoid process, and the undersurface of the medial
sphenoid ridge. The lateral group includes branches of the
ophthalmic artery and the MMA, which supply the dura over
the medial sphenoid ridge. Branches of the ICA as well as
ophthalmic and accessory meningeal arteries, which supply
the lateral wall of the cavernous sinus, are included in the
posterior group.24 From these angiographic studies, we iden-
tified very few feeders originating in the upper aspect of the
tumor. This made it possible to apply the snowman-shape
design using volume-staged SRS, in which the basal part of
tumor was assigned the highest priority and the tumor vessel
was eliminated (Fig. 1C). This approach also makes it possible
to locate the hotspot either anteriorly, laterally, or posteriorly
according to the vascularity of the individual tumor.

For decades, physicians have debated the precise biological
effects of GKS radiation on benign intracranial tumors. GKS,
which delivers single session irradiation at a high dose, is
unlikely to meet the radiobiological principles such as the 4 Rs
(Reoxygenation, Repair, Redistribution, Repopulation) for
conventional fractionated radiotherapy. Song et al.25 posited
that the biological effects of GKS on intracranial benign tu-
mors could be attributed to indirect cell death caused by
vascular damage, which in turn resulted from hypofractionated
irradiation (high dose per fraction). The role of tumor blood
perfusion in the response of tumors to radiotherapy was first
reported in 1936.26 Ng and Fenton later reported that blood
vasculatures in the inner regions of tumors are preferentially
destroyed, compared with those in the tumor periphery.27,28

Therefore, we believe that radiation doses which are high
enough to deal with the basal mass can obliterate nutritive
vessels in the upper portion of the tumor, and thereby
contribute to tumor control (Fig. 1C). Following multiple
stages of treatment, the basal portion of the tumor receives a
full dose, the superior portion receives two moderate doses,
and the optical apparatus receives two dosages below the
upper tolerance limit.
4.2. Rationale for applying dose- and volume-staged
SRS in the treatment of skull base meningioma
Staged SRS has proven to be as effective as single-session
SRS and has lower complication rates.29e35 In recent decades,
the debate has continued as to whether volume-staged or dose-
staged SRS is more beneficial. Many reports have recom-
mended that dose-staged SRS be used to treat large intracra-
nial lesions located close to critical neurovascular structures in
order to prevent radiation-induced neuronal injury (e.g.
traditional radiotherapy, Extend system® in GKS, or Cyber-
knife system®, fractionated GK, or Cyberknife). This
approach is predicated on the fact that dose-fractionated SRS
allows the delivery of higher maximum and cumulative radi-
ation doses.32 Kim et al. used a median marginal dose of
20 Gy to treat a tumor with an average volume of 4.1 cm3 at
isodose lines ranging from 46% to 50% in multisession GKS
for benign perioptic lesions.36 In comparison, a group from
Stanford University delivered an average marginal dose of
20.3 Gy to treat a tumor with a mean volume of 7.7 cm3 at
isodose lines ranging from 70% to 90% using CyberKnife.37 It
therefore appears that dose-staged SRS is able to deliver doses
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beyond the therapeutic margin without inducing
complications.

However, in one recent systemic review, researchers
investigated volume-staged and dose-staged SRS to compare
the obliteration rate of intracranial arteriovenous malfor-
mations (AVMs). Their results revealed that the two treat-
ment approaches are comparable with regard to safety;
however, volume-staged SRS appears to produce higher
obliteration rates.38 In a comparison of volume-staged SRS
and hypothetical single-session procedures, Pollock et al.
discovered that volume-staging reduces exposure to radia-
tion in the adjacent brain and critical neurovascular struc-
ture.39 In a comparison of volume-staged radiosurgery and
hypothetical hypofractionated stereotactic radiation therapy
(HSRT), Fogh et al. determined that these two approaches
were very similar in terms of sparing normal brain tissue
from exposure to radiation. However, they found that HSRT
applied a higher total dosage than what was calculated as an
ideal dose in which efficacy and toxicity were balanced.40

Based on these findings, it is reasonable to expect that
volume-staged SRS (such as the snowman-shape design)
should be ideally suited to the treatment of large lesions
near the optical apparatus.

This is the first report to outline techniques used when
implementing the concept of snowman shape in volume-staged
GKS to treat a large skull base meningioma. Numerous reports
have emphasized the importance of fractionated SRS (Extend
system® in GKS, or Cyberknife system®) in the treatment of
skull base meningioma; however, the snowman-shape design
is the only method based on volume-staged SRS. This study
demonstrated that the efficacy and safety of volume-staged
SRS are comparable to those of dose-staged SRS for a large
skull base meningioma.
4.3. Study limitations
The main limitation of this study is the fact that it was
conducted retrospectively using a relatively small patient
population, which limited the statistical power of the anal-
ysis. Furthermore, differences in inter-fraction intervals may
have led to different histological changes and cellular
regeneration patterns in tumors. Finally, selection bias and
differences in radiosurgical techniques were unavoidable.
Future studies should use a larger number of cases and a
longer follow-up period to further validate the efficacy and
safety of the snowman strategy in the treatment of skull base
meningioma.

In conclusion, applying GKS to meningioma surrounding
the optical apparatus presents a number of challenges. In this
paper, we have reported four cases with a large skull base
meningioma. GKS treatment was implemented using the novel
snowman-shape design, which is a type of volume-staged
SRS. Throughout the follow-up period, tumors were well
controlled, and the function of the optic nerve was strongly
preserved. We believe that the snowman-shape design is a
highly feasible method for protecting the optical apparatus
from radiation-induced injury. Nonetheless, long-term follow-
up using a larger number of cases will be required to further
evaluate the efficacy and to identify potential side effects.

References

1. Couldwell WT, Fukushima T, Giannotta SL, Weiss MH. Petroclival me-

ningiomas: surgical experience in 109 cases. J Neurosurg 1996;84:20e8.
2. Mayberg MR, Symon L. Meningiomas of the clivus and apical petrous

bone: report of 35 cases. J Neurosurg 1986;65:160e7.

3. Nishimura S, Hakuba A, Jang BJ, Inoue Y. Clivus and apicopetroclivus me-

ningiomas: report of 24 cases. Neurol Med Chir (Tokyo) 1989;29:1004e11.

4. Samii M, Ammirati M, Bini W, Sepehrnia A. Surgery of petroclival me-

ningiomas: report of 24 cases. Neurosurgery 1989;24:12e7.

5. Spetzler RF, Daspit CP, Pappas CTE. The combined supra- and infra-

tentorial approach for lesions of the petrous and clival regions: experience

with 46 cases. J Neurosurg 1992;76:588e99.

6. Duma CM, Lunsford LD, Konziolka D, Harsh GR, Flickinger JC. Ste-

reotactic radiosurgery of cavernous sinus meningiomas as an addition or

alternative to microsurgery. Neurosurgery 1993;32:699e705.

7. Ganz JC, Backlund EO, Thorsen FA. The results of gamma knife surgery

of meningiomas, related to size of tumor and dose. Stereotact Funct

Neurosurg 1993;61(Suppl 1):23e9.

8. Kida Y, Kobayasi T, Tanaka T, Oyama H, Niwa M, Maesawa S. Radio-

surgery of cavernous sinus meningiomas with gamma knife. No Shin-

keiGeka 1998;24:529e33.
9. Subach BR, Lunsford LD, Konziolka D, Maitz AH, Flickinger JC.

Management of petroclival meningiomas by stereotactic radiosurgery.

Neurosurgery 1998;42:437e45.

10. Tanaka T, Kobayashi T, Kida Y. Growth control of cranial base menin-

giomas by stereotactic radiosurgery with a gamma knife unit. Neurol Med

Chir (Tokyo) 1996;36:7e10.

11. Kondziolka D, Patel AD, Kano H, Flickinger JC, Lunsford LD. Long-term

outcomes after gamma knife radiosurgery for meningiomas. Am J Clin

Oncol 2016;39:453e7.

12. Leber KA, Bergloff J, Pendl G. Dose response tolerance of the visual

pathways and cranial nerves of the cavernous sinus to stereotactic radio-

surgery. J Neurosurg 1998;88:43e50.

13. Pollock BE, Cochran J, Natt N, Brown PD, Erickson D, Link MJ, et al.

Gamma knife radiosurgery for patients with nonfunctioning pituitary

adenomas: results from a 15-year experience. Int J Radiat Oncol Biol

Phys 2008;70:1325e9.

14. Stafford SL, Pollock BE, Leavitt JA, Foote RL, Brown PD, Link MJ, et al.

A study on the radiation tolerance of the optic nerves and chiasm after

stereotactic radiosurgery. Int J Radiat Oncol Biol Phys 2003;55:1177e81.
15. Tishler RB, Loeffler JS, Lunsford LD, Duma C, Alexander 3rd E,

Kooy HM, et al. Tolerance of cranial nerves of the cavernous sinus to

radiosurgery. Int J Radiat Oncol Biol Phys 1993;27:215e21.
16. Shrieve DC, Hazard L, Boucher K, Jensen RL. Dose fractionation in

stereotactic radiotherapy for parasellar meningiomas: radiobiological

considerations of efficacy and optic nerve tolerance. J Neurosurg 2004;

101(Suppl 3):390e5.
17. Mehta VK, Lee QT, Chang SD, Cherney S, Adler Jr JR. Image-guided

stereotactic radiosurgery for lesions in proximity to the anterior visual

pathways: a preliminary report. Technol Cancer Res Treat 2002;1:173e80.

18. Goldsmith BJ, Rosenthal SA, Wara WM, Larson DA. Optic neuropathy

after irradiation of meningioma. Radiology 1992;185:71e6.

19. Mayo C, Martel MK, Marks LB, Flickinger J, Nam J, Kirkpatrick J.

Radiation dose-volume effects of optic nerves and chiasm. Int J Radiat

Oncol Biol Phys 2010;76(Suppl 3):S28e35.

20. Day JD. Cranial base surgical techniques for large sphenocavernous me-

ningiomas: technical note. Neurosurg 2000;46:754e60.

21. Mayer PL, Kier EL. The ontogenetic and phylogenetic basis of cerebro-

vascular anomalies and variants. In: Apuzzo MLJ, editor. Brain surgery:

complication avoidance and management. New York: Churchill Living-

stone; 1993. pp.691e779.

22. Harris FS, Rhoton AL. Anatomy of the cavernous sinus: a microsurgical

study. J Neurosurg 1976;45:169e80.

http://refhub.elsevier.com/S1726-4901(17)30172-7/sref1
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref1
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref1
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref2
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref2
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref2
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref3
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref3
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref3
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref4
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref4
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref4
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref5
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref5
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref5
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref5
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref6
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref6
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref6
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref6
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref7
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref7
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref7
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref7
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref8
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref8
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref8
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref8
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref9
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref9
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref9
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref9
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref10
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref10
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref10
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref10
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref11
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref11
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref11
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref11
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref12
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref12
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref12
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref12
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref13
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref13
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref13
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref13
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref13
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref14
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref14
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref14
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref14
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref15
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref15
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref15
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref15
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref16
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref16
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref16
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref16
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref16
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref17
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref17
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref17
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref17
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref18
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref18
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref18
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref19
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref19
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref19
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref19
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref20
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref20
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref20
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref21
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref21
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref21
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref21
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref21
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref22
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref22
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref22


704 C.-F. Su et al. / Journal of the Chinese Medical Association 80 (2017) 697e704
23. Handa J, Kikuchi H, Handa H. Angiographic demonstration of dural

branches of the internal carotid artery in sphenoid ridge meningiomas. Am

J Roentgenol Radium Ther Nucl Med 1967;101:28e33.

24. Yamaki T, Tanabe S, Sohma T, Uede T, Shinya T, Hashi K. Feeding ar-

teries of parasellar meningiomas: angiographic study of medial sphenoid

ridge and tuberculum sellae meningiomas. Neurol Med Chir (Tokyo) 1988;

28:553e8.

25. Song CW, Cho LC, Yuan J, Dusenbery KE, Griffin RJ, Levitt SH.

Radiobiology of stereotactic body radiation therapy/stereotactic radio-

surgery and the linear-quadratic model. Int J Radiat Oncol Biol Phys

2013;87:18e9.

26. Mottram JC. A factor of importance in the radiosensitivity of tumors. Brit

J Radiol 1936;9:606e14.

27. Fenton B, Lord EM, Paoni SF. Effects of radiation on tumor intravascular

oxygenation, vascular configuration, development of hypoxia, and clo-

nogenic survival. Radiate Res 2001;155:360e8.
28. Ng QS, Goh V, Milner J, Padhani AR, Saunders MI, Hoskin PJ. Acute

tumor vascular effects following fractionated radiotherapy in human

lung cancer: in vivo whole tumor assessment using volumetric perfu-

sion computed tomography. Int J Radiat Oncol Biol Phys 2007;67:

417e24.

29. Aoyama H, Shirato H, Nishioka T, Kagei K, Onimaru R, Suzuki K, et al.

Treatment outcome of single or hypofractionated single-isocentric ste-

reotactic irradiation (STI) using a linear accelerator for intracranial arte-

riovenous malformation. Radiother Oncol 2001;59:323e8.

30. Karlsson B, Jokura H, Yamamoto M, Soderman M, Lax I. Is repeated

radiosurgery an alternative to staged radiosurgery for very large brain

arteriovenous malformations? J Neurosurg 2007;107:740e4.

31. Kirkeby OJ, Bakke S, Tveraa K, Hirschberg H. Fractionated stereotactic

radiation therapy for intracranial arteriovenous malformations. Stereotact

Funct Neurosurg 1996;66:10e4.
32. Nguyen JH, Chen CJ, Lee CC, Yen CP, Xu Z, Schlesinger D, et al.

Multisession gamma knife radiosurgery: a preliminary experience with a

non-invasive, relocatable frame. World Neurosurg 2014;82:1256e63.

33. Raza SM, Jabbour S, Thai QA, Pradilla G, Kleinberg LR, Wharam M,

et al. Repeat stereotactic radiosurgery for high-grade and large intracranial

arteriovenous malformations. Surg Neurol 2007;68:24e34.

34. Subramanian S, Srinivas C, Ramalingam K, Babaiah M, Swamy ST,

Arun G, et al. Volumetric modulated arc-based hypofractionated stereo-

tactic radiotherapy for the treatment of selected intracranial arteriovenous

malformations: dosimetric report and early clinical experience. Int J

Radiat Oncol Biol Phys 2012;82:1278e84.

35. Yamamoto M, Akabane A, Matsumaru Y, Higuchi Y, Kasuya H,

Urakawa Y. Long-term follow-up results of intentional 2-stage gamma

knife surgery with an interval of at least 3 years for arteriovenous mal-

formations larger than 10 cm3. J Neurosurg 2012;117(Suppl):126e34.

36. Kim JW, Im YS, Nam DH, Park K, Kim JH, Lee JI. Preliminary report of

multisession gamma knife radiosurgery for benign perioptic lesions: vi-

sual outcome in 22 patients. J Korean Neurosurg Soc 2008;44:67e71.

37. Adler Jr JR, Gibbs IC, Puataweepong P, Chang SD. Visual field preser-

vation after multisession cyberknife radiosurgery for perioptic lesions.

Neurosurg 2006;59:244e54.

38. Moosa S, Chen CJ, Ding D, Lee CC, Chivukula S, Starke RM, et al.

Volume-staged versus dose-staged radiosurgery outcomes for large

intracranial arteriovenous malformations. Neurosurg Focus 2014;37:E18.

39. Pollock BE, Kline RW, Stafford SL, Foote RL, Schomberg PJ. The

rationale and technique of staged-volume arteriovenous malformation

radiosurgery. Int J Radiat Oncol Biol Phys 2000;48:817e24.
40. Fogh S, Ma L, Gupta N, Sahgal A, Nakamura JL, Barani I, et al. High-

precision volume-staged gamma knife surgery and equivalent hypo-

fractionation dose schedules for treating large arteriovenous malforma-

tions. J Neurosurg 2012;117(Suppl):115e9.

http://refhub.elsevier.com/S1726-4901(17)30172-7/sref23
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref23
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref23
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref23
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref24
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref24
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref24
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref24
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref24
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref25
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref25
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref25
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref25
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref25
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref26
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref26
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref26
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref27
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref27
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref27
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref27
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref28
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref28
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref28
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref28
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref28
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref28
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref29
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref29
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref29
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref29
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref29
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref30
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref30
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref30
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref30
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref31
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref31
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref31
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref31
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref32
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref32
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref32
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref32
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref33
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref33
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref33
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref33
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref34
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref34
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref34
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref34
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref34
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref34
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref35
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref35
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref35
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref35
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref35
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref35
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref36
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref36
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref36
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref36
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref37
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref37
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref37
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref37
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref38
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref38
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref38
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref39
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref39
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref39
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref39
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref40
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref40
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref40
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref40
http://refhub.elsevier.com/S1726-4901(17)30172-7/sref40

	Volume-staged gamma knife surgery for the treatment of large skull base meningioma surrounding the optical apparatus: A sno ...
	1. Introduction
	2. Methods
	2.1. Patient population
	2.2. Radiosurgery technique
	2.3. Snowman-shape design in volume-staged GKS treatment
	2.3. Snowman-shape design in volume-staged GKS treatment
	2.4. Follow-up examinations

	3. Results
	3.1. Illustrative case

	4. Discussion
	4.1. Radiation biology and tumor vascular anatomy of skull base meningioma
	4.2. Rationale for applying dose- and volume-staged SRS in the treatment of skull base meningioma
	4.3. Study limitations

	References


