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OBJECTIVE The CyberKnife (CK) has emerged as an effective frameless and noninvasive method for treating a myriad
of neurosurgical conditions. Here, the authors conducted an extensive retrospective analysis and review of the literature
to elucidate the trend for CK use in the management paradigm for common neurosurgical diseases at their institution.

METHODS A literature review (January 1990-June 2019) and clinical review (January 1999-December 2018) were
performed using, respectively, online research databases and the Stanford Research Repository of patients with intra-
cranial and spinal lesions treated with CK at Stanford. For each disease considered, the coefficient of determination (r?)
was estimated as a measure of CK utilization over time. A change in treatment modality was assessed using a t-test,
with statistical significance assessed at the 0.05 alpha level.

RESULTS In over 7000 patients treated with CK for various brain and spinal lesions over the past 20 years, a positive
linear trend (r2 = 0.80) in the system’s use was observed. CK gained prominence in the management of intracranial and
spinal arteriovenous malformations (AVMs; r? = 0.89 and 0.95, respectively); brain and spine metastases (r? = 0.97 and
0.79, respectively); benign tumors such as meningioma (r? = 0.85), vestibular schwannoma (r? = 0.76), and glomus jugu-
lare tumor (r2 = 0.89); glioblastoma (r? = 0.54); and trigeminal neuralgia (r> = 0.81). A statistically significant difference

in the change in treatment modality to CK was observed in the management of intracranial and spinal AVMs (p < 0.05),
and while the treatment of brain and spine metastases, meningioma, and glioblastoma trended toward the use of CK, the
change in treatment modality for these lesions was not statistically significant.

CONCLUSIONS Evidence suggests the robust use of CK for treating a wide range of neurological conditions.

https://thejns.org/doi/abs/10.3171/2020.9.JNS201484

KEYWORDS brain metastases; CyberKnife; glioblastoma; glomus jugulare tumors; intracranial; meningiomas; spine
arteriovenous malformations; spine metastases; stereotactic radiosurgery; surgery; trigeminal neuralgia; vestibular

schwannoma; vascular disorders

frameless image-guided stereotactic radiosurgery

(SRS) platform developed in 1994 by Stanford Uni-
versity—based neurosurgeon Dr. John R. Adler. Since then,
CK has been used worldwide to treat a myriad of clini-
cal conditions. At our institution, CK has been extensively
used to treat numerous cancerous and noncancerous disor-
ders of the nervous system. Although the effectiveness of
and the indications for CK and other SRS techniques are
already well established for some neurosurgical disorders,
such as brain metastases, they are still debated for other

T HE CyberKnife (CK; Accuray Inc.) is a noninvasive

diseases, such as arteriovenous malformation (AVM), and
are under investigation for still other conditions, such as
glioblastoma (GBM). Therefore, within this heterogeneous
landscape, we performed a comprehensive review of our
institutional data for some of the most common neuro-
surgical diseases amenable to SRS treatment, including
AVM, meningioma, vestibular schwannoma, glomus jugu-
lare tumor, brain metastases, spine metastases, GBM, and
trigeminal neuralgia (TN). This study aims to elucidate
the impact of and perspectives on CK SRS in the treat-
ment paradigms for the abovementioned diseases through

ABBREVIATIONS AVM = arteriovenous malformation; CDT = Cohort Discovery Tool; CK = CyberKnife; EBRT = external beam radiation therapy; EPIC = Electronic Privacy
Information Center; GBM = glioblastoma; LINAC = linear accelerator; nGBM = newly diagnosed GBM; pGBM = progressive GBM; PPV = positive predictive value; SM =
Spetzler-Martin; SRS = stereotactic radiosurgery; STARR = Stanford Research Repository; TN = trigeminal neuralgia.
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an analysis of its frequency and trend of use over the past
2 decades, either as an alternative or as a complement to
other therapeutic techniques. A systematic review of stud-
ies published by our institution on the use of SRS in the
treatment of these diseases aims to highlight the current
strengths and limitations of and future perspectives on CK
SRS.

Methods

Literature Review

The PubMed, Embase, and Google Scholar databases
were searched according to PRISMA guidelines' using
the Medical Subject Headings “CyberKnife,” “arteriove-
nous malformations,” “benign intracranial tumors,” “me-
ningioma,” “vestibular schwannoma,” “glomus jugulare

tumor,” “malignant brain tumor,” “malignant spinal cord
tumor,” “brain metastases,” “spine metastases,” “glioblas-
toma,” and “trigeminal neuralgia” for the period from
January 1990 through June 2019. All articles that reported
on the use of CK in treating intracranial and spinal lesions
at our institution were included in our study. Studies that
reported on radiation therapy and alternative SRS tech-
niques (Gamma Knife, Elekta AB; intensity-modulated
radiation therapy) were excluded from consideration. Two
reviewers (N.F. and A.M.) extracted data from each article
by using a structured template provided by the Cochrane
Consumers and Communication Group. These items in-
cluded 1) demographic characteristics, 2) clinical char-
acteristics, 3) target volume (cm?), 4) median prescribed
dose (Gy), 5) conformity index, 6) number of fractions, 7)
median follow-up (months), 8) tumor size at last follow-up,
9) tumor control rate, 10) symptomatic control rate, and
11) complications. Any disagreement between the review-
ers was resolved by discussion.

Clinical Data Review

Clinical data on all Stanford patients treated with CK
between January 1999 and December 2018 are main-
tained in an institutional review board—approved data-
base. We conducted our retrospective search using the
Cohort Discovery Tool (CDT) available through the Stan-
ford Research Repository (STARR). The search terms

“CyberKnife,” “surgery,” “endovascular,” “intracranial

lesions,” “spinal lesions,” “arteriovenous malformations

(AVMs),” “meningioma,” “vestibular schwannoma,” “glo-
mus jugulare tumor,” “brain metastases,” “spine metasta-
ses,” “glioblastoma,” and “trigeminal neuralgia” in com-
bination with the Boolean operators “and/or” were used to
identify patient cohorts. AVMs were classified using the
Spetzler-Martin (SM) grading system and then grouped
into grades I and II, grade III, and grades IV and V.

The total number of patients with intracranial and spi-
nal lesions treated with CK were binned into the follow-
ing S-year intervals to compare the utilization of differ-
ent treatment techniques across different time intervals:
1999-2003, 2004-2008, 2009-2013, and 2014-2018.

Statistical Analysis

Patient counts, stratified by treatment modality (sur-
gery, endovascular, CK, or multimodal), were aggregated
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and plotted across the abovementioned 5-year intervals for
the following nine pathologies: intracranial (categorized
by SM grade) and spinal AVMs, brain and spine metas-
tases, meningioma, vestibular schwannoma, glomus jugu-
lare tumor, GBM, and TN. A linear regression line was
fitted to each CK trajectory, and the corresponding coef-
ficient of determination (r?) was estimated as a measure of
utilization.

A Student t-test was used to assess change in patient
count over time for each treatment modality, with statis-
tical significance assessed at the 0.05 alpha level. In ad-
dition, stacked bar charts were constructed to show the
percentage of patients undergoing each type of treatment
modality over time in order to determine if and how the
treatment paradigm for different diseases changed over
the past 2 decades.

We also determined the positive predictive value (PPV)
of our STARR search by comparing the cohort size iden-
tified via the CDT to the number of patients who had
undergone the searched treatment modality according to
the Stanford Health Care Electronic Privacy Information
Center (EPIC) electronic medical records.

All analyses were performed using Microsoft Excel
and IBM SPSS Statistics software v23.0 (IBM Corp.).

Treatment Fractionation

For each of the three most frequent (50 cases/time
frame, minimum) neurosurgical diseases treated at our
CK center, namely brain metastases, meningioma, and
vestibular schwannoma, the number of fractions was ex-
tracted from 50 randomly selected charts from each of the
three most recent time frames (2004-2008, 2009-2013,
2014-2018). The number of fractions was inconsistently
reported in the time frame 1999-2003 and was not taken
into consideration. The Kruskal-Wallis test (the nonpara-
metric alternative to the one-way ANOVA) was used to as-
sess the distribution of the number of fractions over time.

Results
Literature Review

A total of 2500 articles were retrieved from electronic
databases and reviewed according to PRISMA guide-
lines.! After removing duplicate search results, 1388 ar-
ticles were excluded because their content was unrelated
to CK, and 572 articles were further excluded on the ba-
sis of eligibility criteria, leaving 40 articles for qualitative
review and 31 full-text articles for the final quantitative
review (Fig. 1).

Overview of Clinical Applications and Paradigm Shift

Our institution has treated over 7000 patients with CK
over the past 2 decades, including those with benign brain
tumors (meningiomas, vestibular schwannomas, glomus
jugulare tumors, nonvestibular schwannomas, chordomas,
hemangioblastomas, and ependymomas), AVMs (intracra-
nial and spinal cord AVMs), malignant tumors (brain and
spine metastases, chondrosarcomas, and GBM), and re-
section cavities of brain metastases. A positive linear trend
(> =0.80) in the system’s use was observed. The next sec-
tions focus on the most frequently treated neurosurgical
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FIG. 1. An electronic database search of Stanford studies according to PRISMA guidelines. Data added to the PRISMA template
(from Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009). Preferred Reporting Items for Systematic Reviews
and Meta-Analyses: The PRISMA Statement. PLoS Med 6[7]: €1000097) under the terms of the Creative Commons Attribution

License.

diseases at our institution. Note that CK was also used to
treat cluster headache and facetogenic back pain, which
are considered new frontiers for this technology.

For each pathology considered, the PPV was calculated
as the proportion of subjects whose pathology had been
confirmed via EPIC chart review among all subjects iden-
tified by the CDT to have the pathology. We then reported
the average PPV, which was 84.8%. On the other hand,
cases might have been missed, but since EPIC verifica-
tion was not performed for subjects not identified by the
CDT, we could not calculate how many cases were not
documented in a way that could be detected by the CDT.
Below we summarize the use of CK for the most common
diseases amenable to SRS.

Intracranial and Spinal AVMs

AVMs pose a definite surgical challenge because of
their location either in eloquent areas or close to nearby
critical neurovascular structures. SRS has extensively in-
fluenced the management of intracranial and spinal cord
AVMs. Depending on the patient and AVM characteris-

tics, SRS can be used as an alternative or an adjuvant to
endovascular embolization and microsurgical resection.
The rationale for SRS is that an adequate radiation dose
causes gradual narrowing and potential obliteration of the
vascular lumen over a period of 2 to 3 years.?

Our analysis showed that there was a statistically sig-
nificant increase in the frequency of using CK alone (1*
= 0.89, p = 0.05) for the treatment of intracranial AVMs
(Fig. 2A-I). Although the overall percentage of cases
treated with CK alone remained grossly stable (10.3% to
79%) across the past 20 years, the percentage of cases
treated with a combination of treatments (which at least
in part includes CK) increased from 12.8% in 1999-2003
to 26.4% in 2014-2018. Further dichotomization based on
the grading of AVMs confirmed that, although combined
treatment modalities (surgery, endovascular, and/or CK)
remained the treatment of choice, there was a positive lin-
ear trend in CK use (SM grades I and II, 12 = 0.79; SM
grade III, r> = 0.83; SM grades IV and V, 12 = 0.93), as
shown in Fig. 2A-I1. In a comparative analysis of the treat-
ment modalities based on SM grades in the last 4 years
(2014-2018), the higher the SM grade, the more frequently
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FIG. 2. A: Number (A) and percentage (B; each bar from top to bottom represents combination therapy [surgery, endovascular therapy, and/or CK], CK,
endovascular therapy, and surgery) of patients with intracranial AVMs treated with surgery, CK radiosurgery, endovascular treatment, and any combi-
nation of the three techniques in consecutive 5-year time frames over the past 20 years. Number (C) and percentage (D; each bar from top to bottom
represents combination therapy [surgery, endovascular therapy, and/or CK], CK, endovascular therapy, and surgery) of patients with SM grade | and |l
intracranial AVMs treated with surgery, CK radiosurgery, endovascular treatment, and any combination of the three techniques in consecutive 5-year
time frames over the past 20 years. Number (E) and percentage (F; each bar from top to bottom represents combination therapy [surgery, endovascular
therapy, and/or CK], CK, endovascular therapy, and surgery) of patients with SM grade Ill intracranial AVMs treated with surgery, CK radiosurgery,
endovascular treatment, and any combination of the three techniques in consecutive 5-year time frames over the past 20 years. Number (G) and per-
centage (H; each bar from top to bottom represents combination therapy [surgery, endovascular therapy, and/or CK], CK, surgery, and endovascular
therapy) of patients with SM grade IV and V intracranial AVMs treated with surgery, CK radiosurgery, endovascular treatment, and any combination of
the three techniques in consecutive 5-year time frames over the past 20 years. Percentage of patients (I; each bar from top to bottom represents com-
bination therapy [surgery, endovascular therapy, and/or CK], CK, surgery, and endovascular therapy) with SM grade | and II, grade Ill, and grade IV and
V intracranial AVMs treated with surgery, CK radiosurgery, endovascular treatment, and any combination of the three techniques over the past 5 years
(2014-2018). Number (J) and percentage (K; each bar from top to bottom represents combination therapy [surgery, endovascular therapy, and/or CK],
CK, endovascular therapy, and surgery) of patients with spinal AVMs treated with surgery, CK radiosurgery, endovascular treatment, and their combina-
tion in consecutive 5-year time frames over the past 20 years.
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CK alone was used (p = 0.05) as well as combined modali-
ties (p < 0.001) (Supplemental Tables 1-5). Our data are
consistent with those from previous series® showing that,
in selected patients harboring high-grade AVMs, SRS can
be performed alone or in combination with other treatment
techniques in order to minimize the morbidity related to
surgery and endovascular treatment. Moreover, in our ex-
perience,” complex AVMs that had failed to obliterate 4
years after initial treatment were successfully obliterated
in two-thirds of cases at 84 months after CK treatment
(Table 1).

Although endovascular treatment and resection alone
or in combination are often the treatment of choice in spi-
nal AVMs, the associated risk of morbidity prompted the
use of SRS as primary or adjuvant treatment for these le-
sions (Fig. 2J-K). We observed a statistically significant
linear trend toward the use of CK (12 =0.95, p = 0.04; Sup-
plemental Table 6). Interestingly, across the past 20 years,
8.2% to 9.1% of spinal AVMs were treated with SRS,
while 18.2% to 35.7% required a multimodal treatment.

In our institutional experience, at a median follow-up
of 27.9 months (range 16—54 months), symptomatic con-
trol was observed in a median of 92.3% (range 86.0%—
100.0%)*-* and complete obliteration of the nidus oc-
curred in a median of 13.2% (range 6.6%—26.6%)*- of the
patients with spinal cord AVMs following CK as either
primary treatment or adjuvant treatment to embolization,
radiosurgery, and/or microsurgical resection (Table 1).

Although surgery and endovascular treatment remain
the mainstays of treatment for brain and spinal AVMs,
SRS is emerging as an adjuvant or stand-alone therapy,
especially in cases of high-grade brain AVMs and spinal
AVMs, for which there is still a special need for innovative
and minimally invasive treatments given the high surgical
morbidity.

Brain and Spine Metastases

CK is now being considered the treatment of choice for
patients with brain metastases, with a tumor control rate of
85%—-95%.° With the exception of selected cases requiring
surgery, SRS is currently used as stand-alone treatment
for patients with a single metastasis, oligometastatic dis-
ease, or multimetastatic disease (> 4 metastases).” When
surgery is required, postoperative SRS to the resection
cavity of the metastasis is highly recommended in order
to reduce the risk of local recurrence.!" According to this
evidence and our analysis, there was a positive linear trend
toward the treatment of brain metastases using CK (1> =
0.97, p = 0.14; Supplemental Table 7). Moreover, between
2014 and 2018, almost all patients with brain metastases
(99.7%) underwent SRS or a combination of surgery and
SRS (Fig. 3A-B). In our institutional analysis, the pooled
estimate of local tumor control was a median of 84%
(range 79.2%—-100%)*'1>~" at a median clinical follow-up of
10.5 months (range 5—18 months)®!>!> after CK for brain
metastases (Table 2).

Spine metastases are historically treated with surgery,
which can be followed by conventional external beam ra-
diation therapy (EBRT), to provide pain relief and prevent
further tumor growth and vertebral body collapse.'® At our
institution, surgery alone or in combination with EBRT is
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still the treatment of choice. However, SRS is used alone
or in combination with surgery in a growing number of
cases, that is, from 8.3% in 1999-2003 to 27.2% in 2014—
2018. In the future, SRS could, at least in part, replace
the role of EBRT for spine metastases. In our experience,
clinical improvement was observed in a median of 51.9%
(range 20%—-83.8%)"7'® of the patients and local tumor
control was obtained in 100%'® of patients after CK treat-
ment for spinal metastases (Fig. 3C-D, Table 2, Supple-
mental Table 8).

Benign Intracranial Tumors

SRS is now extensively used for the treatment of benign
intracranial tumors, and at our institution, CK showed a
positive linear trend for the treatment of patients with
intracranial meningioma (> = 0.85, p = 0.11; Fig. 3E-F,
Supplemental Table 9), vestibular schwannoma (r*> = 0.76,
p = 0.14; Fig. 3G-H, Supplemental Table 10), and glomus
jugulare tumor (r*> = 0.89, p = 0.07; Fig. 31-J, Supplemen-
tal Table 11). SRS is an ideal treatment for these slow-
growing, noninvasive tumors, which can take months to
years to shrink after radiation. According to the linear
quadratic model of radiobiology, fewer radiation fractions
yield greater potency, which could explain the treatment
effectiveness of SRS on these tumors (Table 3).

For meningiomas, surgery remains the main treatment
option, although CK as primary or adjuvant treatment was
increasingly used, from 8% in 1999-2003 to 41.7% in
2014-2018. At our institution, pooled local tumor control
was 93% after treatment with SRS for benign intracra-
nial tumors.'*> The indications for CK for meningiomas
became progressively broader, including giant meningio-
mas,? atypical and malignant meningiomas,** and menin-
giomas close to critical neurovascular structures, such as
perioptic meningiomas.*

SRS revolutionized the treatment paradigm for ves-
tibular schwannomas, which in 1999-2003 were mainly
treated with surgery only (75%) and are now (2014-2018)
mainly treated with CK alone (68.3%). In our series, local
tumor control after CK was 97% for vestibular schwan-
nomas.?

As with vestibular schwannomas, SRS impacted the
treatment paradigm for head and neck paragangliomas,
which in 1999-2003 were mainly treated with surgery
only (81.8%) and more recently (2014-2018) are mainly
treated with CK alone (60%). In our series, local tumor
control was 100%*"2%47 after CK treatment.

Glioblastoma

Resection followed by adjuvant radiochemotherapy is
the treatment of choice for GBM,* leading to a mean sur-
vival of around 9-14 months. SRS could be offered as a
palliative treatment in selected cases, although the ben-
efit in overall survival is still unclear. At our institution,
although the use of CK has a positive trend (1> = 0.54, p
= 0.02), it is still used only as an adjuvant treatment in
12.5% of patients in 2014-2018 (Fig. 3K-L, Supplemental
Table 12).

More than a decade ago, our group published 2 multi-
centric studies about the use of CK SRS for GBM. Lipani

J Neurosurg Volume 135 « December 2021 1729

Unauthenticated | Downloaded 03/13/23 07:07 AM UTC


https://thejns.org/doi/suppl/10.3171/2020.9.JNS201484
https://thejns.org/doi/suppl/10.3171/2020.9.JNS201484
https://thejns.org/doi/suppl/10.3171/2020.9.JNS201484
https://thejns.org/doi/suppl/10.3171/2020.9.JNS201484
https://thejns.org/doi/suppl/10.3171/2020.9.JNS201484
https://thejns.org/doi/suppl/10.3171/2020.9.JNS201484
https://thejns.org/doi/suppl/10.3171/2020.9.JNS201484
https://thejns.org/doi/suppl/10.3171/2020.9.JNS201484
https://thejns.org/doi/suppl/10.3171/2020.9.JNS201484
https://thejns.org/doi/suppl/10.3171/2020.9.JNS201484
https://thejns.org/doi/suppl/10.3171/2020.9.JNS201484
https://thejns.org/doi/suppl/10.3171/2020.9.JNS201484

Fatima et al.

« 1€LL 39Yd NO G3NNILNOD

(Kayie [euids
Jouajue el Ad
-dns poojq jueu
-lwopaJd Jo/R
pJ09 [euids jo
e9.e [BUONDSS

(e¢1) -SS019 aJjus

0§y :Aieb Buissedwoous

-Insojpe Snpiu asnyip)

0°02) uoiezijoquie

(¢¢) 0¢/9 :A1ab Jo AJsbins
LAy (001 (99¢) ~INS0.Io1W 0} 8|qeuswe

-edojaAw €MD L 09I (19¢) Jou SWAY 0102
paonpul 0°06) (992) (86-89) 0g/| :uop (Gl-z0) pi00 [euids “leye
-uoljelpey  BUON (000 VN 1289110 8:00 (1) 08 VN (6'6z-09))  -ezijoqu3 ¥S 8¢ Aiejnpswenu; g 9Py

(gel) Snpiu Jejnosea

185 :Kieb 10edWwod /M

-Insoipel SINAY PJ0D

‘681 leuids ||| 8dA)

(22 (6°s1) 1811 K1eb ‘uojezijoquis
LAy (011 18111 -InsoJolW 1o A1ebuns 0}

-edojaAw G:MO 09I Zey) 8|qeuswe jou 49102
paonpul 098 ‘681 €/91 uoy (lz1-2) (Gl-z0) SINAY PI02 “leje
-uojjelpey N (00 o VN 7€:80N0  18/1:00 (5-1)  WN VN G'0C -ezljoquig 1’68 4 leuds | 8dAL g ueey

(00 GLIO
.:uoineipel
(L9) Gl uoiossal 0)
‘NAY H1S 9|geuswe jou
(€¢6) (L9t) SINAY pi00 eu 49002
(€26) 1109l (06-0.) (O¥'1-20M) (GGl Gl/L:uoy (65-¢)  (€2'6-6,0) -lds Asejnpaw “lejd
BUON BUON (000 9 2L:8oN0 (99 1:00 (-2 8 9l G'0C -ezljoquig 6.¢ 9e'Z -eAuI MO-YBIH G Jiejouls
(00
€1/0 :uop
-elpe.i o uorjo8sal 0
AV Y18 3|geuswe jou
(¢'z6) T ov) SINAY P10 [eu $5002
(¢z6) zL:001  (5-2) (06-08) (0g-G1)  €1/9 uoy (65-6)  (£2'6-6,0) -lds Asejnpaw “leye
BUON BUON (000 92 2L:soN0 9100 ¢ 8 VN 902 -ezijoqu3 8.2 Wz -equImoy-yblH ¢ Jiejouls
AV plod [eulds
(% “ou)  pojeq (¢ “ou) (sow) (9% “ou) (% “ou)  (obues) (sbuel)  (sbuel) (ebuel) (9% “ou) (ebueu) (ebuel) uonealpu| Sld JBoA %
uoneoldwon Yo  ebeyuowsH uoneldyqo |0u0D snjeis X4 JO % Ul Xapu| Ao urasoqg X Joud SO Ul N4 cwo ul Jo sioyiny
XL SYSsod  opswil  ojewoldwAg uopelsyigO0  ON  8url  Ajwuojuo)  paquossld uelpspy  8zZIS SNPIN "ON
9s0pos| uelpay

SINAV [BlUBIORIJUI PUR SNAY P409 [eulds yjim spIoyoo Apnys papnjau

€ J0 SoysLa)oRIRYD | I1GVL

J Neurosurg Volume 135 « December 2021

1730

Downloaded 03/13/23 07:07 AM UTC

Unauthenticated



» CONTINUED FROM PAGE 1730

TABLE 1. Characteristics of all included study cohorts with spinal cord AVMs and intracranial AVMs

Isodose

Median
Prescribed Conformity

Dose in Gy

Post-SRS  Txif
Obliteration Hemorrhage

Obliteration Symptomatic ~ Time to

No.
of Fx
(range)

Line
in %

(range)

Median
FU in Mos

Nidus Size

No.

Authors  of
& Year

CK  Complication

Control

Status

Prior Tx Index
(range)

incm?
(range)

(no., %)

Failed

(no., %)

(no., %) (mos)

(no., %)

(range)

(no., %)

(range)

Indication

Pts

Spinal cord AVM (continued)

Cl: 2 (100) NA NA NA None

NA NA

NA

NA

16 Emboliza-

2 AVM w/ develop- NA

Zhang
etal.,

tion: 2

mental venous

anomaly

20178

Intracranial AVM

NA  Transient

84 1(114)

CO:6 Cl: 4 (44.4),

NA NA

8.0

1
(18.0-22.0)

85.2 Endovas-

(56.2-119.4)

35
(2.8-8.0)

9 AVMs that failed

Gupta
etal.,

AE: 5

CS:5

(66.6),

cular: 5
(55.6),

to obliterate

(55.6)

(55.5)

ICO: 3
(33.3)

after 48 mos or

longer

20192

radiation:

1(1.)

= patients; STR =

not available; Pts

incomplete obliteration; NA =

= fractions; ICO =

follow-up; Fx

clinical worsening; FU =

= complete obliteration; CS = clinically stable; CW

clinical improvement; CO

treatment.

AE = adverse event; Cl
subtotal resection; Tx
* Median value.

Fatima et al.

et al.3! presented a cohort of 20 newly diagnosed GBMs
(nGBMs) treated with postsurgical hypofractionated SRS
between 2000 and 2004. Surgery consisted of gross-
total resection, subtotal resection, or biopsy. Patients did
not receive any other form of radiation besides CK SRS.
Eight patients received adjuvant chemotherapy (nimustine
[ACNU] or vincristine). A mean marginal dose of 34.58
Gy (range 19.99-41.47 Gy) with a mean isodose line of
79.25% (range 50.38%—85.68%) was delivered via a mean
of 5.65 fractions (range 1-8 fractions) to a mean tumor
volume of 86.98 cm? (range 9.62-185.81 cm?). Data about
tumor markers were not available. The median survival
was 16 months, while the 2-year survival was 33.8%.

In the study by Villavicencio et al.,*> a total of 46 pa-
tients with either nGBM or progressive GBM (pGBM)
were treated between 2002 and 2005. The nGBM group
included 20 (43.5%) patients receiving CK SRS either as
the primary treatment or as a radiosurgical boost shortly
after surgery or surgery and standard EBRT. A median
margin dose of 20 Gy (range 12-25 Gy) was delivered via
a median of 1 fraction (range 1-5 fractions) to a median
target volume of 5.8 cm?® (range 0.7-47.3 cm?®) with a me-
dian isodose of 74.9% (range 66.1%—89.0%). The pGBM
group included 26 (56.5%) patients treated at the time of
tumor recurrence or progression. A median margin dose
of 20 Gy (range 8-25 Gy) was delivered via a median of 2
fractions (1-5) to a median target volume on 7 cm? (range
0.4-48.5 cm?®) with a median isodose of 77.7% (65.0%—
88.0%).

Overall, the only statistically significant differences be-
tween the nGBM and the pGBM groups were the higher
mean EBRT dose and the lower average recursive parti-
tioning analysis class in the pGBM group. EBRT was
performed in 75% of nGBM cases and 100% of pGBM
cases, whereas chemotherapy was administered in 75% of
nGBM cases and 96% of pGBM cases. Data about tumor
markers were not available.

The median survival from diagnosis for the nGBM
group was 11.5 months (range 2-33 months) compared
to 21 months (range 8—96 months) for the pGBM group.
This difference was statistically significant (Kaplan-Meier
analysis, p = 0.0004). The median survival times from the
CK SRS were 9.5 months (range 0.25-31 months) and 7
months (range 1-34 months) for the nGBM and pGBM
groups (Kaplan-Meier analysis, p = 0.79), respectively.

Further studies are warranted to investigate the impact
of CK in the treatment of primary and recurrent GBM
(Table 4).

Trigeminal Neuralgia

Although microvascular decompression has an excel-
lent success rate for treating classic TN due to neurovas-
cular conflict, SRS emerged as a useful tool for the treat-
ment of cases not amenable to surgery, such as atypical
TN, or for recurrent TN after surgery. Our institutional
review confirmed that, while the majority of patients were
successfully treated with surgery, CK alone has been used
more frequently in terms of the number of patients (1> =
0.80, p = 0.11) (Supplemental Table 13). However, its utili-
zation compared to surgery declined from 38.5% in 1999—
2003 to 19.4% in 2014-2018 (Fig. 4).
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FIG. 3. Number of patients with brain metastases (A), spine metastases (C), meningiomas (E), vestibular schwannomas (G),
glomus jugulare tumors (I), or GBMs (K) treated with surgery, CK radiosurgery, or their combination in consecutive 5-year time
frames over the past 20 years. Percentage of patients with brain metastases (B; each bar from top to bottom represents CK,
surgery plus CK, and surgery), spine metastases (D; each bar from top to bottom represents CK, surgery plus CK, and surgery),
meningiomas (F; each bar from top to bottom represents CK, surgery plus CK, and surgery), vestibular schwannomas (H; each
bar from top to bottom represents CK, surgery plus CK, and surgery), glomus jugulare tumors (J; each bar from top to bottom
represents CK and surgery), or GBMs (L; each bar from top to bottom represents CK plus surgery and surgery) treated with each

treatment modality or combination in each 5-year period.

With a median follow-up of 10.75 months (range 4-25
months), clinical improvement was observed in 85.7%
(range 70%—-97.8%) and symptoms recurred in a medi-
an of 16.0% (range 6.9%—42.9%) of the patients follow-
ing CK treatment of typical TN (Table 5).2%33-385! Only
1 included study performed CK for the management of
atypical TN, and clinical improvement was observed in
85.7% of the patients with a recurrence in 42.9% of the
patients.

Treatment Fractionation

For brain metastases, the median numbers of fractions
(IQR) in the three most recent time frames (2004-2008,
2009-2013, 2014-2018) were 1.0 (1.0-2.0), 2.0 (1.0-3.0),

1732  J Neurosurg Volume 135 * December 2021

and 1.5 (1.0-3.0), respectively (p = 0.097). For meningio-
mas, the median numbers of fractions (IQR) in the three
most recent time frames were 2.0 (1.0-3.0), 3.0 (1.0-3.0),
and 3.0 (1.0-3.0), respectively (p = 0.171). Thus, for both
brain metastases and meningiomas, our data suggest a
nonsignificant expansion in the number of fractions over
time, comparing the 2004-2008 time frame with the two
subsequent time frames.

Finally, for vestibular schwannomas, the median num-
ber of fractions (IQR) remained 3.0 (3.0-3.0) across all
time frames (p = 0.021). However, the percentage of ves-
tibular schwannomas treated with 3 fractions declined
from 98% in 20042008 to 96% in 2009-2013 to 82% in
2014-2018, in favor of shorter fractionation.
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TABLE 4. Characteristics of all included study cohorts with GBM

Symptomatic

Median FU Tumor Size Tumor

No. of

Median
Isodose Line

Median
Margin Dose ~ Conformity

No.

Survival

at Last FU Control Control

in Mos
(range)

Fx
(range)

Target Vol in

of

Authors
& Year

PFS
NA

(range)
55% at 12 mos &

(no., %)  Complications

(%)

NA

(mos)

in % (range)

Index

cm? (range) in Gy (range)

Indication

Pts

NA

NA

79.25* 5.65 16.45* NA
(50.38-85.68) (2-36)

NA

34.58*

86.98
(9.62-185.81) (19.99-41.47)

20 nGBM

Lipani

33.8% at 24 mos

(1-8)

etal.,

2008%

NA

NA Median survival af-

NA NA NA

1.5

1:74.9(661— 1:1(1-5);
2:2 (2-33)

NA

1:58(07-  1:20 (12-25);

46 1:nGBM (n

Villavi-

ter SRS: 9.5 mos

89.0);

47.3);2: 7 2:20

20); 2:
recurrent

cencio
etal.,

(0.25-31 mos)

(1-5)

2:717

(8-25)

(0.4-48.5)

for nGBM, 7 mos

(65.0-88.0)

GBM/pGBM
(n=26)

2009%

(1-34 mos) for

recurrent GBM

* Mean value.

Fatima et al.

Discussion

The linear accelerator (LINAC) and Gamma Knife
paved the way to a revolution in the clinical practice of
neurosurgery toward a noninvasive approach. The CK has
further expanded the treatment capabilities of SRS through
the introduction of a mask-based setup, the implementation
of a fractionated treatment schedule, and the possibility to
target extracranial diseases. The neurosurgical diseases in-
cluded in our analysis can be classified into three groups on
the basis of the role of SRS in the management paradigm. In
the first group are diseases for which SRS has a prominent
and expanding role as a first-line treatment, such as brain
metastases, vestibular schwannomas, and glomus jugulare
tumors. In the second group are diseases for which SRS is
usually adjuvant to other techniques or a second line, such
as meningiomas, spine metastases, AVMs, and TN. Nota-
bly, in this group, the role of SRS as a stand-alone treatment
is quickly expanding for meningiomas and over the next
years could become the most frequent treatment. In the
third group are diseases for which the role of SRS is still
under investigation, such as GBM. Since SRS is not vali-
dated for the routine clinical management of GBM, there is
not a clear trend on its use at our institution. In our recent
yet limited experience, SRS has been mainly used to treat
pGBM in patients who have already undergone surgery
and radiochemotherapy at the initial diagnosis, according
to the Stupp protocol.* In these patients, hypofractionated
SRS (40 Gy in 5 consecutive fractions) was used to treat
well-demarcated, small, enhancing pGBM nodules either
when a second surgery was not the patient’s preferred op-
tion or when a second surgery carried significant risks due
to tumor location or general clinical conditions. According
to the Congress of Neurological Surgeons (CNS) guide-
lines published in 2014, regarding the role of radiation
treatment for pGBM, level 111 evidence suggests that radia-
tion treatment, including SRS and hypofractionated SRS,
can be safely used after first-line combined multimodal
treatment with chemotherapy and radiation. In this subset
of patients, radiation treatment could lead to a potential,
yet limited, benefit in terms of local tumor control and the
patient’s neurological status and quality of life before any
further tumor progression.

In the CNS guidelines published in 2008, regarding the
role of radiation treatment for nGBM,* level I evidence
suggests that SRS as a boost to EBRT is not beneficial and
is not recommended in the routine management of nGBM.
At our institution, in the limited context of early-stage
clinical trials, hypofractionated SRS (40 Gy in 5 consecu-
tive fractions) has been recently used as adjuvant treatment
with concurrent temozolomide to treat resection cavities
and enhancing nodular tumor residuals of nGBM. More
than a decade ago, collaborative studies®-*? reported the
use of SRS either as a primary treatment or as a radiosur-
gical boost shortly after surgery or surgery and standard
fractionated radiotherapy, although the results in terms of
overall survival did not appear superior to standard post-
operative radiochemotherapy.

The classification presented above is based on a single-
institution experience and is not necessarily generalizable
to other institutions and cannot be applied for decision-
making at a single-patient level. Another limitation to gen-

J Neurosurg Volume 135 « December 2021 1737

Unauthenticated | Downloaded 03/13/23 07:07 AM UTC



Fatima et al.

Trigeminal Neuralgia

Number of Patients
I 5 % g
o (-] (-] o

-
2
=

s ——

A 1999-2003 2004-2008

Trigeminal Neuralgia

100%
20%
B80%
70%
60%
50%

40%

Percentages (%) of Patients

30%

20%

10%

0%
B 1999-2003

2004-2008

——CK - CK Trend

=== Surgery

- R?=0.8062

2009-2013 2014-2018

Years

2009-2013

2014-2018
Years

FIG. 4. A: Number of patients with TN treated with surgery or CK radiosurgery in consecutive 5-year time frames over the past 20
years (1999-2018). The CK trend line is a graphic representation of the regression coefficient (R?) of the cases performed with
CK over the same time frames (R? = 0.806). B: The percentage of patients treated with each treatment modality in each 5-year
period, with the most common being surgery in 2014-2018 (80.6%). The upper portion of each column represents the percentage
of patients that underwent CK, and the lower portion represents the percentage that underwent surgery.

eralizability is the retrospective nature of the present study
and the lack of outcome measures. Thus, despite the out-
come data provided by our systematic review of the studies
performed at our institution, the study design does not al-
low one to draw conclusions on the effectiveness of CK for
the treatment of specific diseases. Moreover, some common
treatment techniques are missing because of technical soft-
ware limitations, such as EBRT for spinal metastases, novel
therapeutic agents for brain metastases, and medical and
ablation treatments for TN. In our analysis, several diseases,
mainly those belonging to the third group, were not includ-
ed despite encouraging results after SRS, such as cranio-
pharyngiomas, pituitary tumors, pineal tumors, facetogenic
back pain, and medically intractable chronic headache. In
the future, CK SRS will also be applied to the treatment of
neurological disorders such as movement disorders, medi-
cally refractory epilepsy, and psychiatric disorders such as
obsessive-compulsive disorder and depression.

Over the past 2 decades, the CK system has undergone
several software and hardware improvements, leading to
more efficient treatment planning and delivery, as well as
reduced treatment delivery time. Thus, progressive expan-
sion of the indications for CK radiosurgery was possible in
terms of target histology, target number, and volume.

From a software viewpoint, the treatment planning sys-
tem was upgraded from On-Target to Multiplan to Preci-
sion, with better optimization algorithms introduced at
each upgrade, which generated progressively more time-

1738 J Neurosurg Volume 135 * December 2021

efficient and conformal treatment plans. The introduction
of the Monte-Carlo dose calculation engine allowed for
improved matching of planning doses with measured dos-
es, particularly around air cavities. Deformable image reg-
istration and automatic segmentation have also improved
efficiency in the general workflow of treatment plan gen-
eration. The Precision planning software, together with the
latest VOLO optimizer, significantly reduced the amount
of time required to develop treatment plans while improv-
ing the quality and efficiency of treatment.*!

From a hardware viewpoint, the optimized machine
path during treatment, which reduced the robotic arm
travel time between the nodes when no radiation is de-
livered, as well as the increased LINAC dose rate from
200 MU/min to 1000 MU/min, reduced treatment times.
Moreover, application of the IRIS variable collimator and,
more recently, the multileaf collimator has shortened the
treatment time further while maintaining or improving
treatment plan quality.*?

Conclusions

In our experience, CK SRS emerged as an effective pri-
mary treatment for brain metastases, vestibular schwan-
nomas, and glomus jugulare tumors. CK is mainly used as
adjuvant treatment or a second-line treatment for meningi-
omas, spinal metastases, TN, and AVMs. CK is emerging
as a palliative option for GBM and as a novel technique for
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treating a myriad of neurological disorders, such as pain
syndromes and neuroendocrine disorders, movement dis-
orders, and psychiatric disorders.
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