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Self-Shielding Gyroscopic Radiosurgery—A First Clinical Experience, Case Series, and

Dosimetric Comparison

Alexander Muacevic', Michael Martin Eder’, Theresa Hofmann', Christoph Fiirweger'-, Felix Ehret’>*

BACKGROUND: Self-shielding gyroscopic radiosurgery
(GRS) represents a technical innovation in the field of
stereotactic radiosurgery. GRS does not require a radiation
vault and is optimized for radiosurgical treatments. Reports
on its usage are limited. We describe the first clinical
experience of GRS at our institution to assess the appli-
cation of GRS in the treatment of cranial tumors. Moreover,
we perform a dosimetric comparison to robotic radio-
surgery (RRS) with vestibular schwannoma (VS) GRS
patients.

METHODS: Patients who were treated with GRS be-
tween July and November 2021 were included. Patient,
tumor, and dosimetric characteristics were retrospectively
summarized and analyzed.

RESULTS: Forty-one patients with 48 intracranial tu-
mors were included. Tumor entities mostly comprised VS,
brain metastases, and meningiomas. The median pre-
scription dose and isodose line were 13.5 Gy and 50.0%
for benign neoplasia versus 20 Gy and 60.0% for malig-
nant tumors, respectively. The mean planning target
volume was 1.5 cubic centimeters. All patients received
a single-fraction treatment without encountering any
technical setup difficulties. Treatment plan comparisons
with RRS revealed comparable plan characteristics,
dose gradients, and organs at risk doses. Significant

differences were detected concerning the new confor-
mity index and number of monitor units per treatment
(both P < 0.01).

CONCLUSIONS: This case series provides more evi-
dence on the usage of self-shielding GRS in the manage-
ment of cranial tumors. Dosimetric comparisons for VS
cases revealed mostly equivalent dosimetric characteris-
tics to RRS. Further clinical and physical analyses for GRS
are underway.

BACKGROUND

tereotactic radiosurgery (SRS) is a versatile and well-

established treatment modality for treating various benign

and malignant intracranial tumors.”> Today, several linear
accelerator (LINAC)—based treatment platforms for the delivery of
SRS treatments are available. While most of them require a dedi-
cated radiation vault to comply with respective safety requirements,
the recently developed self-shielding gyroscopic radiosurgery (GRS)
does not require such a vault.*° This technical refinement may
improve the availability of SRS, thereby meeting the increasing
demand for radiotherapy and radiosurgical treatments.”® The
so-called ZAP-X (ZAP Surgical Systems Inc., San Carlos, Califor-
nia, USA) enables radiation oncologists, neurosurgeons, and
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Figure 1. Treatment of a 59-year-old man with three
brain metastases originating from renal cell carcinoma.
He was treated with a single fraction of 20 Gy
prescribed to the 52% isodose line. After self-shielding
gyroscopic radiosurgery (GRS), all three brain

metastases demonstrated a volume reduction. The left
row shows the brain metastases before GRS, and the
right one shows the images approximately two months
after the radiosurgical treatment.

radiosurgeons to perform intracranial GRS. So far, first results and
reports on the use of GRS during the clinical routine are scarce.
Evidence is currently limited to a technical case report with two
patients and a first case series.”’ The objective of this study is to
report the first clinical case series with dosimetric analyses of the

GRS. We compare the GRS dosimetric characteristics of the most
treated tumor entity thus far, the vestibular schwannoma (VS),
with the ones obtained with robotic radiosurgery (RRS) using the
well-established CyberKnife (Accuray Inc., Sunnyvale, California,
USA) radiosurgery system.
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Figure 2. Treatment results of a 68-year-old man with a
metastasized malignant melanoma and brain
metastasis in the left cerebral peduncle. Self-shielding
gyroscopic radiosurgery (GRS) was delivered with a

-~

prescription dose of 20 Gy, prescribed to the 57%
isodose line. Three months after GRS, the metastasis
significantly decreased in size.

METHODS

Patients who were treated with GRS for an intracranial tumor
between July and November 2021 were eligible for this single-
center, retrospective analysis. The respective diagnosis of an
intracranial pathology was made histopathologically or radio-
graphically. The development, setup, and technical details of self-
shielded GRS with the ZAP-X (ZAP Surgical Systems Inc., San
Carlos, California, USA) were previously described elsewhere.* "
Briefly, the ZAP-X consists of a compact 3 MV LINAC mounted on
coupled gimbals allowing for noncoplanar beam delivery, a colli-
mator wheel with 8 circular apertures, and a kV image-guidance
system. Before GRS, treatment planning imaging with computed
tomography and magnetic resonance imaging was acquired. Pa-
tient, tumor, treatment, and dosimetric characteristics were
recorded and stored in a dedicated database for SRS treatments.
Descriptive statistics utilize ranges, quartiles, median, and mean
for continuous variables. For categorical variables, frequencies
with percentages are reported. Treatment plan comparisons be-
tween GRS and RRS were executed for the available VS cases,
focusing on dosimetric quality measures such as the new con-
formity index (nCI), homogeneity index (HI), dose gradient, and
dose to adjacent organs at risk such as the brainstem and cochlea.
The nCI is computed as

TV

where PIV is the total tissue volume that receives the prescription
isodose or more, TVpry is the tumor volume that receives the
prescription isodose or more, and TV is the total tumor volume."
The HI is defined as

Dtumor

HI — max
Dry

where Diime" is the maximum tumor dose and Dg, the prescription

dose.” To evaluate the dose gradient, we calculated the gradient
index (GI) which is defined as

hPIV
TPV
where PIV is defined as above and hPIV is the total tissue volume
that receives half of the prescription dose or more.*

Target delineation was done using the Precision planning
software (Accuray Inc., Sunnyvale, California, USA). GRS plans
were calculated with the integrated ZAP-X treatment planning
software (TPS) (version 1005). Optimization of GRS plans was
achieved by manual placement of isocenters in the target, followed
by several iterations of inverse beam weight optimization and
manual adding, removing, or repositioning isocenters. RRS plans
for comparison were calculated using the Precision planning
software (version 3.1.0.0) for the CyberKnife M6 FIM, which em-
ploys a 6 MV LINAC. Due to the small target size, fixed cone
collimators or the Iris variable aperture collimator was selected, in
all cases using the VOLO optimization technique. To maintain
comparability, RRS plans were prescribed to achieve the same
target coverage as the GRS plan delivered to the patient. For the
comparison of monitor units (MUs), their machine-specific defi-
nition—usually referred to as system calibration—is based on
similar concepts between ZAP-X and CyberKnife treatment de-
vices. The reference point was set to the maximum of the
respective depth dose curve (i.e., 7 mm for ZAP-X and 15 mm for
CyberKnife) for both systems at source-axis distance 45 cm for
ZAP-X and 8o cm for CyberKnife. System calibration was per-
formed using the machine-specific reference field (i.e., 25-mm
circular collimator for ZAP-X and 6o-mm fixed cone collimator
for CyberKnife) such that 100 MUs yield an energy dose of 1 Gy at
the reference point. Comparison of plan metrics was performed
with the platform-independent software SciMoCa (Scientific RT,
Munich, Germany) to preclude any bias or different interpretation

GI
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Table 1. Patient and Treatment Characteristics

Total number of patients 4
Total number of tumors 48
Tumor type, benign (%)/malignant (%) 35 (72.9%)/13 (27.1%)
Sex, male (%)/female (%) 15 (36.6%)/26 (63.4%)
Median Mean Range
Age (years) 579 57.6 13.4—845
Planning target volume (cc) 0.9 I£5 0.1-94
Benign lesions/tumors
Prescription dose (Gy) 11315 144 13.0—20.0
Prescription isodose line (%) 50.0 51.6 40.0—65.0
Coverage (%) 978 97.3 86.8—99.4
Malignant lesions/tumors
Prescription dose (Gy) 20 19.9 19—21
Prescription isodose line (%) 60.0 60.1 444758
Coverage (%) 99.4 99.3 98.0—100
New conformity index 1.23 1.26 1.11-1.67
Gradient index 294 3.04 2.51-4.33
Homogeneity index 1.92 1.89 1.32—2.50
MUs 10,929 12,125 4453—26,166
Number of beams 109 115 41-241
Number of isocenters 8 8 2—15
Tumor/Lesion Entity Number of Patients
Vestibular schwannoma 20
Meningioma 9
Brain metastases 7
Pituitary adenoma 2
Arteriovenous malformation 1
Neurocytoma 1
Hemangioma 1
cc, cubic centimeters; Gy, gray; MUs, monitor units.

of Digital Imaging and Communications in Medicine objects.”> A
preclinical test release of this software was also employed to verify
the dose distributions produced by the GRS and RRS planning
software by independent, Monte-Carlo—based dose calculations
using gamma (2%j/1 mm) analysis. Differences in continuous
variables were assessed using the Wilcoxon rank-sum test. The
statistical significance was defined as a P value of < 0.05. Given
the explorative nature of the work, no adjustments for multiple
comparisons were applied. Statistical analyses were performed
with STATA MP 16.0 (StataCorp, College Station, TX, USA) and
Python SciPy (version 1.32)."® This study was approved by the local
institutional review board.

RESULTS

Patient and Treatment Characteristics

A total of 41 patients with 48 intracranial lesions were included
herein. The median age at treatment was 57.9 years. Most patients
were female (26 patients). Treated tumor entities included VS,
meningioma, brain metastases, neurocytoma, pituitary adenoma,
hemangioma, and arteriovenous malformations. A clinical and
radiographic follow-up was available for 5 patients. Two repre-
sentative cases of patients suffering from brain metastases are
shown in Figures 1 and 2. The median prescription dose and
isodose line for benign lesions were 13.5 Gy and 50.0% versus
20 Gy and 60% for malignant lesions, respectively. The planning
target volume (PTV) ranged from o0.1—9.4 cubic centimeters,
averaging 1.5 cubic centimeters. The median nCI and HI were
1.23 and 1.92, respectively. The dose coverage was between
86.8% and 100%, with a median of ¢7.8% for benign lesions
and 99.4% for malignant tumors. The reported minimum
coverage of 86.8% was the only value below 94.0% and occurred
during an arteriovenous malformation treatment. All patients
received a single-fraction treatment. All patients underwent a
short neurological evaluation immediately after the procedure
which was documented in the patient charts. No short-term def-
icits or negative patient experience was observed or reported.
Patient characteristics are summarized in Table 1.

Dosimetric Comparisons

Twenty patients treated with GRS for a VS were selected for a
treatment plan comparison (Figure 3). Obtained imaging data
were uploaded to the Precision planning software (Accuray Inc.,
Sunnyvale, California, USA) with subsequent RRS planning.
Overall, plan quality was equivalent between GRS and RRS. In
particular, there was no significant difference in treatment time,
number of beams, mean and maximum PTV dose, mean and
maximum cochlea dose, the volume of the brainstem receiving
at least a dose of 8 Gy, HI, and GI. Significant differences were
detected solely regarding the nCI and MUs per treatment
(P = o0.0001, P = o0.0012, respectively; Figure 4). In Monte-
Carlo—based secondary dose verification, all GRS and RRS
plans yielded gamma pass rates (2%j/1 mm, dose cutoff 5%) of
>90%. However, while the lowest gamma pass rate in RRS
plans was 97.7%, there were six GRS plans with a pass rate of
<95% caused by discrepancies in peripheral low-dose regions.
Details of the dosimetric comparison between GRS and RRS are
summarized in Table 2.

DISCUSSION

Herein, we report the first extensive clinical case series and
dosimetric experience of GRS in the management of various
intracranial tumors thus far. With the installation of more and
more GRS treatment platforms, the number of reports on the
clinical effectiveness, treatment setup, and dosimetric features of
GRS increases.”™*"7*® Despite the limited sample size and follow-
up duration of this report, our first GRS experience is favorable.
We selected the VS as the most treated entity thus far to perform a
dosimetric comparison between GRS and RRS. Concerning the
treatment of VS, SRS is a common and well-established treatment
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plans with isodose lines.

Figure 3. Robotic radiosurgery (left) and self-shielding gyroscopic radiosurgery (right) vestibular schwannoma treatment
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modality.” Thus, the VS represents a well-suited example for a
first investigation. In terms of RRS, one must note that the system
is capable of performing extracranial stereotactic body radio-
therapy in contrast to GRS, which is only limited to cranial SRS.

Our comparison of GRS and RRS reveals equivalent plan
characteristics with regard to doses to adjacent organs at risk,
dose to the target, gradient, and treatment time. Statistical dif-
ferences could only be ascertained for the number of MUs and the
nCI. The increase of MUs required in GRS by approximately 15% is
expected because the lower maximum beam energy results in
higher attenuation when traversing through tissue. Conformity of
the dose distribution is affected by the placement of candidate
beams as a starting point for inverse optimization of beam
weights. Clinical GRS plans were exclusively achieved by manual
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Figure 4. Box plots for comparisons of the total monitor units (/eft) and

new conformity index (nCl) for self-shielding gyroscopic radiosurgery
(GRS) and robotic radiosurgery (RRS) (right).

isocenter placement and careful iterative refinement of their po-
sitions by the user. While the GRS treatment planning system

Table 2. Dosimetric Comparison Between Self-Shielding

Gyroscopic Radiosurgery and Robotic Radiosurgery for
Vestibular Schwannoma Patients

Total number of VS

patients 20

GRS RRS
Variable Median (Interquartile Range) P Value
PTV (cc) 0.74 (0.34—1.37)  0.74 (0.34—1.37)  0.4779
Total MUs 10,096 (8256—11,835) 8783 (7597—9755) 0.0012
Number of beams 96 (115—855) 89 (75—102) 0.0673
Treatment time 30 (26—34) 28 (27—-30) 0.1018
(minutes)
Dinean PTV (Gy) 178 (169—186) 17.8 (17.4—18.2) 05755
Dimax PTV (Gy) 260 (234—278) 257 (24.6—26.8)  0.6291
Dinean cochlea (Gy) 3.45(1.79—3.75) 263 (2.45—3.67) 0.7652
Dimex Cochlea (Gy) 7.07 (3.67—10.21) 6.12 (3.77—11.39) 0.1169
Vggy brainstem (cc) 0.02 (0.00—-0.09)  0.01 (0.00—0.09)  0.0558
Gradient index 297 (2.83—-3.25)  3.04(2.82—3.35) 0.2627
New conformity index 1.36 (1.29—1.46)  1.15(1.12—1.18)  0.0001
Homogeneity index 2.00(1.80—2.09) 196 (1.89—2.05) 0.6724
Viggy healthy tissue (cc) 052 (0.31—0.97)  0.62 (0.27—0.94) 04778

VS, vestibular schwannoma; GRS, self-shielding gyroscopic radiosurgery; RRS, robotic
radiosurgery; PTV, planning target volume; cc, cubic centimeters; MUs, monitor units;
D, dose; max, maximum; Gy, gray; V, volume.
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offers basic heuristics for automatic beam placement, the result-
ing plans were inferior and routinely discarded in favor of plans
with user-specified isocenters for clinical treatments. Still, GRS
plans exhibited lower conformity than RRS plans. Since both
devices have access to circular beams of similar size and shape
distributed over a large solid angle, this was not expected a priori.
A potential explanation would be that the refined, more mature
beam placement heuristics in the RRS treatment planning system
were able to generate a superior beam set compared to manual
isocenter positioning by the human planner for GRS. GRS plans
also showed lower dosimetric accuracy in the periphery, which
originated from the coarse calculation resolution of 5 x 5 x 5 mm
voxel size employed by the TPS in regions at least 3.2 cm away
from the center of any contoured structure. While this was of no
clinical concern for the cases treated so far, the global high-
resolution calculation of the RRS TPS is preferable.

Besides these first dosimetric evaluations, our clinical experi-
ence with GRS was favorable as well. With the introduction of a
self-shielding treatment device, several further advantages arise:
The possibility that relatives of the patient could join the radio-
surgical procedure in the treatment room under natural light was
well perceived. Furthermore, and thanks to the treatment setup,
no patient stated discomfort during the treatment. These benefits
may be particularly valuable for patients who fear radiosurgical
procedures or wish to have family and friends close with them
during treatment delivery. Besides, the possibility of delivering
high-precision radiosurgical treatments without the necessity of
dedicated radiation vaults may contribute to the availability of SRS
in places where vaults cannot be constructed. So far, SRS and
radiotherapy, in general, are mostly limited to high-income
countries and respective sites despite the medical demand of
such treatments elsewhere.”® It will be interesting to see how
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