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OBJECTIVE Central neurocytomas (CNs) are uncommon intraventricular tumors, and their rarity renders the risk-to-
benefit profile of stereotactic radiosurgery (SRS) unknown. The aim of this multicenter, retrospective cohort study was to
evaluate the outcomes of SRS for CNs and identify predictive factors.

METHODS The authors retrospectively analyzed a cohort of patients with CNs treated with SRS at 10 centers between
1994 and 2018. Tumor recurrences were classified as local or distant. Adverse radiation effects (AREs) and the need for
a CSF shunt were also evaluated.

RESULTS The study cohort comprised 60 patients (median age 30 years), 92% of whom had undergone prior resection
or biopsy and 8% received their diagnosis based on imaging alone. The median tumor volume and margin dose were
5.9 cm® and 13 Gy, respectively. After a median clinical follow-up of 61 months, post-SRS tumor recurrence occurred

in 8 patients (13%). The 5- and 10-year local tumor control rates were 93% and 87%, respectively. The 5- and 10-year
progression-free survival rates were 89% and 80%, respectively. AREs were observed in 4 patients (7%), but only 1 was
symptomatic (2%). Two patients underwent post-SRS tumor resection (3%). Prior radiotherapy was a predictor of distant
tumor recurrence (p = 0.044). Larger tumor volume was associated with pre-SRS shunt surgery (p = 0.022).

CONCLUSIONS Treatment of appropriately selected CNs with SRS achieves good tumor control rates with a reason-
able complication profile. Distant tumor recurrence and dissemination were observed in a small proportion of patients,
which underscores the importance of close post-SRS surveillance of CN patients. Patients with larger CNs are more
likely to require shunt surgery before SRS.
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vous system tumors, representing only 0.1%—0.5%

of intracranial neoplasms.* According to the
WHO classification, CNs are categorized as grade II tu-
mors.*7 CNs are usually observed near the foramen of
Monro in the lateral ventricles. Due to their common
intraventricular location, the initial clinical presentation
of these lesions is often headaches and obstructive hy-
drocephalus. CNs primarily occur in young adults, with
70% of cases diagnosed between the 2nd and 4th decades
of life.* Treatment strategies for CNs include resection,
with or without radiation therapy, or biopsy followed by
radiation therapy. The 5-year local tumor control rate is
approximately 70%—-100%.3-1° Upfront stereotactic ra-
diosurgery (SRS) achieves good tumor control rates for
biopsy-proven CNs, even in some cases of large tumors.!!
The tumor control rates are high with both conventional
fractionated external-beam radiation therapy (EBRT) and
SRS, but the incidence of adverse radiation effects (AREs)
may be lower after SRS (3%—20% with SRS vs 60% with
EBRT).*!> However, while SRS ameliorates the risk of
ARE:s with its focused targeting and steep dose falloff, the
potential for distant (out-field) recurrence remains with
this therapeutic modality.

Tumor recurrence after treatment of CNs is associated
with neurological morbidity and mortality.”>!*!> Because
of the rarity of CNs and the limited statistical power of
predominantly single-center SRS studies to date, the in-
cidence and risk factors of distant recurrence are not well
defined in the literature. Additionally, the risk factors for
CSF diversion procedures are not well characterized in
CN patients treated with SRS. Therefore, the aims of this
multicenter, retrospective cohort study were to 1) deter-
mine the rates of local tumor control and progression-free
survival (PFS) after SRS for CNs, 2) characterize AREs
associated with CNs treated with SRS, and 3) identify risk
factors for CSF shunt surgery in SRS-treated CN patients.

Methods

Patient Population

Patients who underwent SRS for CNs between 1994 and
2018 at 10 institutions participating in the International Ra-
diosurgery Research Foundation (IRRF) were included in
the study. The contribution from each site was as follows:
Beaumont Health System (n = 2), Beijing Tiantan Hospi-
tal (n = 8), Cleveland Clinic (n = 4), Na Homolce General
Hospital (n = 2), Taipei Veterans General Hospital (n = 32),
University of Colorado (n = 1), University of Louisville (n =
2), University of Sherbrooke (n = 4), University of Virginia
(n = 7), and New York University (n = 1). Data were col-
lected retrospectively under the institutional review board—
approved protocols of each respective institution. As this
was a retrospective study, patient consent was not required.

A template database with selected variables was cre-
ated and sent to all participating centers. De-identified data
from each contributing institution were screened for incon-
sistencies, verified for compliance with current standards
of patient privacy and personal information protection,
and pooled by an independent third party. The pooled data
were transmitted to the first and senior authors for analysis
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on behalf of the IRRF. Any uncertainties or ambiguities in
the data were addressed by the contributing center.

Baseline Data and Variables

The baseline data comprised patient demographics,
treatments before SRS, tumor characteristics, and SRS
parameters. The patient demographics included age at
SRS, sex, and presenting symptoms. Treatments before
SRS included the need for CSF shunt surgery, extent of
tumor resection (gross-total resection [GTR], subtotal re-
section [STR], or biopsy), and time interval from tumor
surgery to SRS. Tumor characteristics included location
and volume. SRS variables included the number of tumors
treated, treatment volume, margin dose, maximum dose,
and isodose line.

Composition of the Study Cohort

The inclusion criteria for this study were patients with 1)
CNs that were treated with single-session SRS, 2) sufficient
baseline data to assess demographic information, and 3) =
3 months of radiological and clinical follow-up. After ex-
cluding 2 patients who were treated with hypofractionated
CyberKnife radiosurgery and 1 with no clinical follow-up,
the study cohort comprised 60 eligible patients.

Table 1 details the baseline patient and tumor character-
istics of the study cohort. Twenty-nine patients (48%) were
male. The median age at the time of SRS was 30 years
(range 5-71 years). The most common clinical symptom
was headache (n = 45/60, 75%). The most common tumor
location was the lateral ventricle (n = 58/60, 97%). The
median time from the last tumor surgery to SRS was 6
months (range 1-120 months). Five patients underwent
pre-SRS EBRT.

SRS Technique

SRS was performed using either the Gamma Knife
(Elekta AB) or the CyberKnife (Accuray Inc.); the spe-
cific models used differed by year and availability at each
institution. The general protocol for Gamma Knife SRS
has been previously described.'®!” Briefly, with the patient
under local or monitored anesthesia, a Leksell model G
stereotactic frame (Elekta AB) was affixed to the cal-
varia. The CyberKnife SRS procedure was frameless and
performed without anesthesia. Thin-slice T1- and T2-
weighted MRI sequences including gadolinium contrast-
enhanced images were obtained for treatment planning.

Treatment parameters and dose plans were dictated,
in part, by tumor location and size, distance between the
tumor and normal brain, and previous EBRT. Exposure
of the bilateral fornices to radiation was minimized when
feasible. Dose planning and SRS delivery were performed
by a multidisciplinary team of radiation oncologists, med-
ical physicists, and neurosurgeons.

SRS was performed after resection in 50 patients; there
were 7 cases of tumor recurrence after GTR (3 tumors
were treated with upfront SRS to the resection bed, and 4
tumors were treated due to tumor recurrence) and 43 cases
of adjuvant therapy after STR and as an upfront treatment
in 10 patients (4 tumors were treated with upfront SRS for
residual tumors and the remaining 39 tumors were treated
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TABLE 1. Patient characteristics: descriptive statistics (total
cases = 60)

Variable Value
Male sex 29 (48%)
Median age at SRS, yrs (range) 30 (5-71)
Clinical symptoms
Asymptomatic 8 (13%)
Headache 45 (75%)
Nausea/vomiting 22 (37%)
Memory impairment 12 (20%)
Visual disturbance 7 (12%)
Seizure 11 (18%)
Ataxia 9 (15%)
Location of lesions
Lateral ventricle 52 (87%)
Lateral & 3rd ventricles 3 (5%)
Lateral & 4th ventricles 2 (3%)
Lateral, 3rd, & 4th ventricles 1(2%)
Only 3rd ventricle 2 (3%)
Previous shunt 22 (37%)
Tumor <6 cm? 7131 (23%)
Tumor >6 cm? 15/29 (52%)
Diagnosis
Imaging (no histology) 5 (8%)
Previous op 55 (92%)
Previous op type (n = 55)
GTR 7155 (13%)
STR 43/55 (78%)
Biopsy 5155 (9%)
Median time from op to SRS, mos (range) 6 (1-120)
Previous EBRT 5 (8%)
Reason for SRS
Regrowth after total removal 7 (12%)
Adjuvant therapy after partial removal 43 (72%)
Upfront treatment w/ or w/o biopsy 10 (17%)
SRS parameter
No. of treated tumors

1 53 (88%)

2 4 (7%)

3 3 (5%)
Median treatment vol, cm® (range) 5.9 (0.2-48.9)
Median margin dose, Gy (range) 13 (10-30)
Median maximum dose, Gy (range) 3 (15-66)
Median isodose line, % (range) 56 (30-67)

Median clinical follow-up, mos (range) 61 (3-241)
Median imaging follow-up, mos (range) 53 (3-241)

Values presented as number (%) unless otherwise indicated.

because of tumor recurrence). Five cases were biopsy-prov-
en CNs, and the other 5 cases of CNs were diagnosed by
neuroimaging alone without histopathological confirma-
tion. The number of tumors treated with SRS was 1,2, and
3in 53 (88%), 4 (7%), and 3 (5%) patients, respectively. Pa-
tients who had 2 or 3 SRS targets were those with multiple
remnants after surgery or new tumors after surgery. For
patients with multiple SRS-treated lesions, only the param-
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eters of the largest tumor were selected for analysis. The
median treatment volume, margin dose, and maximum
dose were 5.9 cm? (range 0.2-48.9 cm®), 13 Gy (range 10—
30 Gy), and 23 Gy (range 15-66 Gy), respectively (Table 1).

Clinical and Neuroimaging Follow-Up

Clinical and neuroimaging assessments were generally
performed at 6-month intervals for the first 2 years after
SRS and then yearly thereafter. When MRI was contrain-
dicated, CT with contrast was performed instead. Addi-
tional neuroimaging was performed in patients with neu-
rological changes during the follow-up period. All images
were reviewed by the treating clinical team. Whenever
possible, clinical follow-up was obtained concurrently
with routine neuroimaging follow-up. When in-person
follow-up was not feasible, clinical and neuroimaging data
from other institutions or physicians were transmitted to
the treating institution for review. All follow-up clinical
and neuroimaging data were compared with data obtained
at the time of SRS.

Outcomes

The radiological tumor outcomes after SRS were eval-
uated using the criteria proposed by the Response Assess-
ment in Neuro-Oncology (RANO) group.'® Tumor control
was defined by the summation of stable disease, partial
response, and complete response. Recurrence was catego-
rized as local versus distant recurrence. Local recurrence
was defined as progressive enlargement of the target le-
sions. Distant recurrence was defined as progression of an
existing nontarget lesion or de novo formation of a new le-
sion. Local tumor control was defined as survival without
local recurrence. PFS was defined as survival without lo-
cal or distant recurrence. AREs and death were recorded.
The Radiation Therapy Oncology Group (RTOG) Late
Radiation Morbidity Scoring Schema' was used to evalu-
ate the neurotoxicity of SRS.

Statistical Analysis

All statistical analyses were performed using IBM
SPSS (version 24.0, IBM Corp.). Descriptive statistics for
continuous and categorical variables are reported as me-
dian or mean and frequency or percentage, respectively.
Univariate and multivariate analyses were performed
using the Cox proportional hazards regression model to
determine risk factors for overall tumor control, surviv-
al without local recurrence, and survival without distant
recurrence. Hazard ratios and 95% confidence intervals
were calculated for each variable.

The Kaplan-Meier method was used to compute PFS,
local tumor control, and survival without distant recur-
rence over time. Comparisons of the aforementioned
survival outcomes between patients with versus without
pre-SRS EBRT were performed using the log-rank test.
The binary logistic regression method was used to identify
factors associated with pre-SRS shunt surgery. Odds ra-
tios and 95% confidence intervals were calculated for each
variable. Baseline variables in univariate analysis with a
p value < 0.15 were entered into a multivariate binary lo-
gistic regression model to identify independent predictors
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TABLE 2. Outcomes after SRS (in 60 patients)

Variable No. of Patients (%)

Clinical status

Improved 9 (15%)
No change 49 (82%)
Deteriorated/new neurological deficit 3 (5%)
Image outcome: RANO criteria*
Complete response 4 (7%)
Partial response 42 (70%)
Stable disease 10 (17%)
Progressive disease (local recurrence) 4 (7%)
Distant recurrence 4 (7%)
Overall recurrence 8 (13%)
ARE 4 (7%)
Grade I: mild/asymptomatic (n = 4) 4 (100%)
Shunt after SRS 2 (3%)
Death 1(2%)

* Complete response, disappearance of all CNS target lesions sustained for

at least 4 weeks; partial response, at least a 30% decrease in the sum longest
diameter of CNS target lesions, using as reference the baseline sum longest
diameter sustained for 4 weeks; stable disease, neither sufficient shrinkage

to qualify for partial response nor sufficient increase to qualify for progressive
disease, taking as reference the smallest sum longest diameter while on study;
and progressive disease, at least a 20% increase in the sum longest diameter
of CNS target lesions, taking as reference the smallest sum on the study.'®

of pre-SRS shunt surgery. Statistical significance was de-
fined as p < 0.05, and all tests were two-tailed.

Results
Radiological and Clinical Outcomes
Table 2 summarizes the radiological and clinical out-

(A) Progression free survival

(B) Survival without local recurrence

comes of the study cohort, which comprised 60 CN pa-
tients treated with SRS. Clinically, 58 patients (97%)
showed stability or improvement of their pre-SRS symp-
toms. With respect to the targeted lesions, the rates of
complete response, partial response, stable disease, and
progressive disease (i.e., local recurrence) were 7%, (n =
4/60), 70% (n = 42/60), 17% (n = 10/60), and 7% (n = 4/60),
respectively. Distant recurrence was observed in an addi-
tional 4 patients (7%). In total, tumor recurrence (local or
distant) occurred in 8 patients (13%).

The median radiological and clinical follow-up dura-
tions after SRS were 53 and 61 months, respectively. The
actuarial rates of PFS (i.e., survival without local or dis-
tant recurrence) at 2, 5, 8, and 10 years after were 96%,
89%, 85%, and 80%, respectively (Fig. 1A). The actuarial
rates of survival without local recurrence (i.e., local tumor
control) at 2, 5, 8, and 10 years were 98%, 93%, 93%, and
87%, respectively (Fig. 1B). The actuarial rates of survival
without distant recurrence at 2, 5, 8, and 10 years were
98%, 96%, 92%, and 82%, respectively (Fig. 1C).

Post-SRS Treatment of Recurrent Tumors

Additional treatment after SRS was performed in 5 pa-
tients (8%) with local or distant recurrence (Table 3). Of
the patients with local recurrence (n = 4), tumor resection
was performed in 2, both of whom had tumor control at
follow-up durations of 28 and 43 months. The remaining
2 patients with local recurrence opted for observation, and
their tumors were radiologically stable at the last follow-
up (durations of 15 and 38 months). Of the patients with
distant recurrence (n = 4), repeat SRS was performed in 3,
and 1 patient opted for conservative management. Tumor
control was achieved at last follow-up in 3 patients with
distant recurrences, including 2 treated with repeat SRS
and 1 conservatively managed, at follow-up durations of
24, 28, and 156 months; the tumor in remaining patient

(C) Survival without distant recurrence
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FIG. 1. A: Kaplan-Meier analysis of PFS after SRS. The actuarial rates for this endpoint at 2, 5, 8, and 10 years were 96%, 89%,
85%, and 80%, respectively. B: Kaplan-Meier analysis of survival without local recurrence (local tumor control) after SRS. The
actuarial rates for this endpoint at 2, 5, 8, and 10 years were 98%, 93%, 93%, and 87%, respectively. C: Kaplan-Meier analysis of
survival without distant recurrence after SRS. The actuarial rates for this endpoint at 2, 5, 8, and 10 years were 98%, 96%, 92%,

and 82%, respectively.

4 J Neurosurg April 3, 2020

Unauthenticated | Downloaded 12/04/23 06:05 AM UTC



TABLE 3. Treatment of recurrent cases
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Case No. Time to Recurrence (mos) ~ 2nd Treatment  Treatment Vol (cm3) ~ Margin Dose (Gy) ~ Final Tumor Control ~ PFS (mos)
Local recurrence
23 46 Surgery Yes 28
34 104 Surgery Yes 43
46 48 No Yes 38
52 6 No Yes 15
Distant recurrence
2 66 Repeat SRS 73 18 Yes 156
12 20 Repeat SRS 2.1 12 No*
0.8 20
0.4 23
0.03 18
33 162 No Yes 28
56 24 Repeat SRS 0.8 15 Yes 24

* Patient died of disseminated disease 21 months after SRS.

who underwent repeat SRS progressed, and the patient
died of disseminated disease at 21 months of follow-up.

Risk Factors for Distant Tumor Recurrence

Table 4 details the univariate and multivariate Cox
proportional hazards regression models for distant tumor
recurrence. Only pre-SRS EBRT was significantly associ-
ated with distant recurrence in the univariate analysis (p
= 0.038). Pre-SRS EBRT remained the only independent
predictor of distant recurrence in the multivariate analysis
(HR 20.43,95% CI 1.89-383.00; p = 0.044). The actuarial
rates of survival without distant recurrence at 1, 2, and 5

TABLE 4. Risk factors for distant tumor recurrence

years were 100%, 67%, and 67%, respectively, with pre-
SRS EBRT versus 100%, 100%, and 98%, respectively,
without pre-SRS EBRT. Patients without pre-SRS EBRT
had significantly higher rates of survival without distant
recurrence (p = 0.004; Fig. 2).

Risk Factors for Pre-SRS Shunt Surgery in CN Patients

Table 5 details the univariate and multivariate logis-
tic regression for pre-SRS shunt surgery, which was per-
formed in 22 patients (37%). Only SRS treatment volume
was significantly associated with shunt surgery in the uni-
variate analysis (p = 0.012). Treatment volume remained

Distant Tumor Recurrence Univariate Analysis Multivariate Analysis*
Factor No(n=56) Yes(n=4) HR 95% CI p Value HR 95% ClI p Value
Male 28 (50%) 1(25%) 049 0.05-4.85 0.544
Mean age at SRS, yrs (SD) 32 (14) 34 (15) 1.03  0.96-1.11 0.415
Pre-SRS shunt 19 (34%) 3 (75%) 447  0.46-43.35 0.197
Pre-SRS tumor op 51 (91%) 4 (100%) 23.60 0.715
Total tumor removal 7 (12%) 0 (0%) 0.04 0.736
Tumor biopsy 4 (7%) 1(25%) 365 0.33-40.49 0.292
Pre-SRS EBRT 3 (5%) 1(25%) 1918  1.19-310.21 0.038 2043  1.89-383.00  0.044
Mean time surgery to SRS, mos (SD) 17 (27) 15 (14) 1.00  0.97-1.04 0.956
Multiple targets at SRSt 7 (12%) 0 (0%) 0.04 0.00-21,821.00  0.627
Mean treated vol, cm? (SD) 9(9) 16 (22) 1.01  0.94-1.09 0.814
Mean margin dose, Gy (SD) 14 (3) 15 (2) 114 0.92-1.42 0.223
Mean maximum dose, Gy (SD) 25(7) 28 (5) 1.04  0.96-1.13 0.336
Mean isodose line, % (SD) 4 54 (7) 55 (6) 0.97 0.85-1.11 0.634
Mean image follow-up, mos (SD) 72 (57) 78 (54) 0.95 0.91-1.00 0.056 0.95 0.89-1.00 0.064

Values presented as number (%) unless otherwise indicated. Boldface type indicates statistical significance (p < 0.05). Cox regression, n = 4/60.

* Only factors with p < 0.15 in the univariate analysis were listed in the multivariate analysis.

1 More than 1 tumor treated during SRS.
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FIG. 2. Kaplan-Meier analysis of survival without distant recurrence com-
paring CN patients with (100%, 67%, 67% at 1, 2, and 5 years, respec-
tively) versus without (100%, 100%, 98% at 1, 2, and 5 years, respec-
tively) pre-SRS EBRT. The rates of distant recurrence were significantly
higher in CNs treated with pre-SRS EBRT (p = 0.004, log-rank test).

the only independent risk factor for pre-SRS shunt surgery
in the multivariate analysis (OR 1.08, 95% CI 1.01-1.15;
p = 0.022). Two patients with pre-SRS CSF shunts under-
went shunt revision surgery after SRS (n = 2/22, 9%).

Complications

ARESs occurred in 4 patients (7%), which radiologically
manifested as new T2-weighted hyperintensities in the pe-
ritumoral brain region. An ARE was only symptomatic in
1 patient (2%), who developed transient diplopia. Overall,
3 patients had worsening symptoms, including the afore-
mentioned patient with a symptomatic ARE. Another
patient developed progressive headaches due to multiple
distant recurrences. Despite repeat SRS for the recurrent
tumors, the patient died at 21 months of progressive dis-
ease. The third patient experienced monocular visual dete-
rioration due to retinal vein occlusion without evidence of
ARE or tumor recurrence.

Discussion

Surgery and radiation therapy are the typically em-
ployed treatments to manage CNs, whereas chemotherapy
is reserved for rare cases of recurrent, progressive, or dis-
seminated disease.”2%?! Resection of CNs is the first-line
treatment, which affords 5-year local tumor control rates
of 70%—-100% 2122 However, GTR can be associated with
high complication rates due to the surrounding critical

6 J Neurosurg April 3, 2020

neurovascular structures.*32325 In addition, many CNs
are noted to be hypervascular on angiography,?® which
could result in considerable intraoperative or postopera-
tive hemorrhage.'*!7:7

The supplementation of stereotactic radiotherapy with
adjuvant EBRT affords tumor control rates that are com-
parable with GTR.3 Compared with radiotherapy, SRS
reduces the radiation dose to the surrounding normal brain
tissue and critical structures.’*?® In this multicenter, ret-
rospective analysis, we present the largest cohort of CNs
treated by SRS to date to evaluate the rates and risk factors
for local tumor control, distant tumor recurrence, and pre-
SRS CSF shunt surgery.*?3-2

Local Tumor Control

Rades and Fehlauer performed a meta-analysis that in-
cluded patients with CNs treated by surgery with or with-
out EBRT to compare different strategies for achieving
tumor control.® In this report, STR alone had significantly
lower 5-year rates of local tumor control (46%) compared
with other single or combination treatment approaches.
Supplementing STR with adjuvant EBRT increases the
5-year local tumor control rate (83%), and these outcomes
are comparable to GTR with or without adjuvant EBRT.?
Even for atypical neurocytomas, the additional adjuvant
EBRT could still increase the 5-year local tumor control
rate from 5%—7% to 65%—70%.5°

CNs are more frequently diagnosed in young adults.
Thus, the benefits of a more focused, rather than wide-
field, radiotherapy seem appealing.”” Chen et al. evaluated
the long-term outcomes of postoperative EBRT in a cohort
of 67 CNs."? Thirty-eight patients experienced late neuro-
toxicity (60%), including 10 with grade 2 or 3 toxicities, as
defined by the Common Terminology Criteria for Adverse
Events. The most common ARE in that series was short-
term memory impairment.

Given the focal and well-demarcated nature of most
CNs, SRS has become an important treatment option for
these lesions.?® In the present study, the SRS afforded high
rates of local tumor control (93% at 5 years, 87% at 10
years) and PFS (89% at 5 years, 80% at 10 years). SRS
also exhibited an excellent safety profile in our cohort.
Four patients developed AREs (7%), but only 1 patient was
symptomatic (mild diplopia). In other published studies of
SRS for residual or recurrent CNs, the 5-year local tumor
control rate ranged from 90% to 94%, with neurotoxicity
in 3%-20% of patients (Table 6).14-2-3!

The local tumor control rates of EBRT and SRS were
compared in a previous case series (5-year local control
rates of 87% and 100%, respectively)'* and a review (over-
all local control rate of 88% and 93%, respectively).?® Un-
like SRS for other intracranial neoplasms, the margin dose
did not correlate with local tumor control in this study
(Table 6).14-30-32

Distant Tumor Recurrence and Disseminated Disease

Survival without distant tumor recurrence was observed
in 96% and 82% at 5 and 10 years, respectively. This end-
point has not been rigorously assessed in the current litera-
ture.'*17223% One study proposed the use of postoperative
EBRT for CNs to prevent distant recurrence.® Our Cox pro-
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TABLE 5. Predictors for pre-SRS shunt surgery
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Any Shunt Surgery Univariate Analysis Multivariate Analysis*
Factor No(n=38) Yes(n=22) OR 95% ClI pValue OR  95%Cl pValue
Male 18 (47%) 11 (5%) 111 0.39-318  0.844
Mean age at treated SRS, yrs (SD) 30 (14) 28 (15) 1.02 0.98-1.06  0.260
Headache 26 (68%) 19(86%) 292 0.72-11.81 0132 218 0.50-9.02 0.310
Pre-SRS tumor surgery 35(92%) 20 (91%) 0.86 013-557  0.872
Total tumor removal 3 (8%) 4 (18%) 2.67 0.53-13.38 0.233
Tumor biopsy 2 (5%) 3 (14%) 291 044-1913  0.266
Pre-SRS EBRT 4 (11%) 1 (5%) 041 0.04-387 0432
Mean time surgery to SRS, yrs (SD) 15 (28) 21 (24) 1.01  0.99-1.03 0.437
Multiple targets at SRSt 4 (11%) 3 (14%) 134 0.27-6.64 0718
Mean treated volume, cm? (SD) 7(6) 15 (13) 1.09  1.02-1.16 0012 1.08 1.01-115 0.022
Mean margin dose, Gy (SD) 14 (3) 14 (2) 0.92 0.74-1.15 0.483
Mean maximum dose, Gy (SD) 35 (5) 27 (10) 1.03 0.96-1.12 0.397
Mean isodose line, % (SD) 55 (6) 53 (7) 0.96 0.89-1.04 0.370
Mean image follow-up, mos (SD) 70 (52) 48 (64) 1.00 0.99-1.01 0.634

Values presented as number (%) unless otherwise indicated. Boldface type indicates statistical significance (p < 0.05). Logistic regression, n =

22160.

* Only factors with p < 0.15 in the univariate analysis were listed in the multivariate analysis.

T More than 1 tumor treated at SRS.

portional hazards regression showed that pre-SRS EBRT
was the only predictor of distant recurrence. We hypoth-
esize that CNs previously treated with EBRT may represent
a subset of tumors that are more biologically aggressive
and/or radioresistant. However, the number of cases of dis-
tant recurrence was limited, so our analysis for predictors
of this endpoint should be interpreted with caution.

SRS might carry a higher risk for distant recurrence
than EBRT due to its relatively smaller treatment field.
However, the supposition that EBRT is more effective at
preventing CN dissemination is not endorsed by the avail-
able literature.”® Our findings support rigorous, long-term
follow-up after SRS for CNs to facilitate early radiological
identification of distant recurrence.

Shunt Surgeries in Patients With CNs

The need for CSF diversion is particularly relevant to
the management of intraventricular tumors such as CNs.
In addition to relieving the symptoms of obstructive hy-
drocephalus associated with CNs, CSF shunting could
also aid in the management of post-SRS complications,
such as ventriculomegaly, intraventricular hemorrhage,
and peritumoral edema.”303334 However, one must also
consider the clinical and neurological implications of
shunt-related complications, such as malfunction and in-
fection.*!7:3

In the present study, 37% of CN patients underwent pre-
SRS CSF shunt surgery. Treatment volume was the only
risk factor for pre-SRS shunt surgery. This finding is con-
sistent with the greater likelihood of larger intraventricular
tumors to impair or obstruct normal CSF flow. Pre-SRS
shunt surgery was more frequently performed in patients
with a tumor volume = 6 cm?® at the time of SRS (52% vs
32%, p = 0.019). Two of the 22 patients subsequently un-

derwent post-SRS shunt revisions (9%). The tumors in the
2 patients with post-SRS CSF shunt revision were 9 and
12 cm?® in volume at SRS, and they both showed partial
responses to SRS based on RANO criteria (> 30% reduc-
tion in tumor diameter). For large CNs, shunt surgery may
not be needed after a radical tumor surgery. Nevertheless,
this result should be applied according to the uniqueness
of each patient.

Limitations

Several limitations of this study should be recognized.
Five patients were diagnosed with CNs based on clinical
and radiographic evidence alone, without obtaining histo-
pathology. It is possible that the tumors in these patients
were pathologies other than CNs. Due to the retrospec-
tive design of this study, our findings and conclusions are
subject to the inherent selection, treatment, and referral
biases of each contributing institution and its physicians,
although pooling data across multiple centers may some-
what mitigate the severity of these biases.

Some of the patients included in the present cohort have
been previously evaluated in single-center studies from
participating IRRF centers."”3' However, for the purposes
of this study, all patient data were updated as a new data
set, which provides sufficient case numbers for statistical
analysis. The inclusion of more patients in this multicenter
study provides increased statistical power for determin-
ing risk factors, compared with prior single-center studies
with smaller sample sizes. Since all of the patients in our
cohort were treated with SRS, we are unable to compare
the SRS outcomes for CNs to those of alternate manage-
ment options, such as resection (initial or repeat), EBRT
(upfront or postoperative), and surveillance.
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Conclusions

SRS affords a favorable risk-to-benefit profile for the
management of CNs, with high rates of local tumor control
and low risks of symptomatic complications. A modest
proportion of CN patients will have distant tumor recur-
rence after SRS, so long-term surveillance after treatment
is prudent. Distant recurrence occurs more frequently in
patients with previously irradiated CNs, which suggests
that the tumors in these patients are more biologically
aggressive or radioresistant. Patients with large CNs are
more likely to require CSF shunt placement before SRS.
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