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Abstract
Purpose: Vestibular schwannomas (VSs) are comparatively rare in younger patients, and stereotactic
radiosurgery (SRS) outcome data are limited. We aimed to evaluate long-term SRS outcomes concerning
sporadic VSs in patients aged ≤ 40 years.

Methods: Of 383 patients with VS who had undergone SRS at our institution between 1990 and 2017, we
compared younger and older patients’ tumor control and radiation-induced complication rates using
case‒control propensity score (PS) matching.

Results: The mean follow-up was 83 and 92 months in older and younger patients, respectively.
Compared with older patients, younger patients were more likely to have a history of resection (20% vs.
39%, p = 0.006) and be treated with higher marginal doses (median, 12 Gy vs. 14 Gy; p = 0.014).
Cumulative 5- and 10-year tumor control rates were higher in older patients (97.7% and 93.9%,
respectively) than in younger patients (90.2% and 85.4%, respectively, p = 0.024). After PS matching,
younger patients’ cumulative tumor control rates (93.6%, 85.4%, and 85.4% at 5, 10, and 15 years,
respectively) were similar to those of older patients (p = 0.411). No signi�cant between-cohort differences
in hearing preservation rates or facial and trigeminal nerve complications were observed. Two younger
patients had malignant tumors several years post-SRS, with one patient having con�rmed histological
transformation.

Conclusions: SRS is equally effective for younger and older patients. Complications other than hearing
deterioration are uncommon. Malignant transformation is possible and long-term post-SRS surveillance
MRI is important. These data are useful for decision-making involving young adults with VSs.

Introduction
Stereotactic radiosurgery (SRS) for small- to medium-sized vestibular schwannomas (VSs) is a safe and
effective treatment [1–5]. VSs typically occur in middle-aged individuals [6], and occasionally in younger
patients. It has been proposed that VSs in younger patients could have different biological features, such
as a larger tumor size, high vascularity, and rapid growth [7–9], and attention to treatment outcomes in
this age group is needed. However, to date, there is a paucity of data regarding SRS outcomes in younger
patients.

Generally, clinicians hesitate to select SRS for younger patients with VS, as it is a benign tumor. Moreover,
younger patients tend to have a longer life expectancy than do their older counterparts; differences
between treatment modalities could be ampli�ed over time. While several studies have reported long-term
SRS outcomes across several age groups, such data are limited in younger patients. Furthermore, when
compared with older patients, younger patients are less likely to have comorbidities associated with
increased surgical risk and thus are more likely to be considered good candidates for resection. However,
physicians need to consider that the decision-making process for younger patients can be more
complicated and may differ from that for older patients. While surgical outcomes have improved
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signi�cantly due to advances in microsurgery and electrophysiological monitoring techniques [10], the
surgical burden remains high for patients, including inability to work for a signi�cant period. Moreover,
several studies have reported slightly better facial outcomes using SRS, which is less likely to cause
temporary weakness [2, 3, 5, 11–14]. In clinical practice, many younger patients with VS select SRS as a
minimally invasive therapeutic modality. In addition, since younger patients have an increased risk of
recurrence due to their longer follow-up periods, detailed outcomes of SRS as a salvage treatment for
recurrence in this age group would be informative. This study aimed to compare long-term SRS outcomes
concerning VSs between younger and older patients to provide useful information for treatment decision-
making.

Methods And Materials
At our institution, 439 patients with VS had undergone SRS treatment, using a Leksell Gamma Knife
(Elekta AB, Stockholm, Sweden) between 1990 and 2017. We excluded patients with neuro�bromatosis
type 2 (n = 23) and those without radiological follow-up data (n = 33); we included 383 patients in this
study. There was no case of secondary SRS; a history of resection was correctly identi�ed. We de�ned
“younger” patients as those aged ≤ 40 years and “older” patients as those aged > 40 years.

This study was approved by the Institutional Review Board (IRB number 2231), and all participants
provided written informed consent for the retrospective usage of their information.

Radiosurgical techniques and post-treatment follow-up
After head �xation using a Leksell Coordinate Frame G (Elekta Instruments, Stockholm, Sweden),
stereotactic imaging by computed tomography or/and magnetic resonance imaging (MRI) was
performed. Radiosurgical plans were created using commercially available planning software (KULA until
1998, Leksell Gamma Plan®, Elekta Instruments). During the 1990s, a marginal dose of 14–18 Gy was
used for most patients. As lower-dose radiosurgery has been associated with a lower risk of radiation-
induced complications, a marginal dose of 12 Gy has been uniformly selected since 2000 [15–16].

Routine post-treatment radiological follow-up comprised 6-monthly MRIs for the �rst 3 years and every
year thereafter. Successful tumor control was de�ned as the lack of requirement for additional
interventions to treat VSs, including microsurgical resection or secondary SRS. Progression and
regression were de�ned as an increase and a decrease of 2 mm in any direction, respectively [4].
Transient tumor expansion was carefully determined by neurosurgeons and radiologists. Although
typically occurring at approximately 6 months post-SRS and followed by shrinkage at approximately 18
months [17], if tumor increase was followed by spontaneous regression more than 2 years post-SRS, it
was also considered transient expansion. A tumor was de�ned as cystic when the cyst diameter
exceeded 50% of the maximum axial tumor diameter in the cerebellopontine angle [18]. Patients who
retained a pure tone average (PTA) of ≤ 50 dB for the ear ipsilateral to the tumor were regarded as having
preserved hearing function, instead of having a full evaluation using both PTA and speech discrimination
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scores because of limited speech discrimination score data. The pre-SRS hearing level was divided into
categories of ≤ 30 dB and 31‒50 dB. Cranial nerve complications were de�ned as newly developed
cranial nerve de�cits or worsening of existing de�cits that were either temporary or permanent. Disease-
associated comorbidities and delayed adverse events were equally identi�ed. These data were
prospectively collected by the attending physicians.

Statistical analysis
Patient baseline characteristics and radiosurgical dosimetry were summarized and compared between
the cohorts using Fisher’s exact test for categorical variables and the Mann‒Whitney U-test for
continuous variables. Continuous variables were dichotomized using their median values. Tumor control
rates, as well as facial and trigeminal nerve de�cit-free rates, were then calculated using the Kaplan‒
Meier method and were compared between the cohorts using the log-rank test. Factors potentially
affecting tumor control and cranial nerve de�cit-free rates were evaluated using the Cox proportional
hazards model for bivariate and multivariate analyses. Along with age, other factors entered into the
multivariate model were carefully selected based on previous studies.

Regarding hearing function, crude preservation rates were calculated and compared between the cohorts
using Fisher’s exact test. Factors associated with the preservation rates of PTA of ≤ 50 dB were
examined, using logistic regression analysis. The characteristics of patients requiring ventriculo-
peritoneal shunting for communicating hydrocephalus were also evaluated, using logistic regression
analysis.

We performed propensity score (PS) matching, as the small number of included younger patients could
have biased the results. PS scores were generated, using a binary logistic regression model with the
following �ve variables: sex, history of resection, rate of cystic tumor, tumor volume, and marginal dose.
Thereafter, one-to-one matching, without any replacement, was completed using the nearest neighbor
match with a caliper of 0.03. Tumor control and cranial nerve de�cit-free rates were also analyzed using
these matched cohorts.

Statistical signi�cance was set at p values of < 0.05. All analyses were performed using JMP Pro 15
software (SAS Institute, Cary, NC, USA).

Results
Baseline characteristics and radiosurgical parameters are summarized in Table 1. Younger study patients
were aged > 20 years, except for one teenager. Compared with older patients, younger patients were more
likely to have a history of resection (20% vs. 39%; p = 0.006) and to have been treated with higher
marginal doses (median, 12 Gy vs. 14 Gy; p = 0.014). No signi�cant differences were observed between
patients in either cohort on other factors.
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Table 1
Baseline characteristics and radiosurgical parameters

Variables Entire cohort

N = 383

Older

N = 334

Younger

N = 49

p value

Median age at SRS (range), year 57 (14–93) 59 (41–93) 34 (14–40) < 0.001*

Male sex [%] 191 [50] 165 [49] 26 [53] 0.650

History of resection prior to SRS [%] 86 [22] 67 [20] 19 [39] 0.006*

Cystic tumor [%] 38 [16] 64 [19] 5 [10] 0.163

Median follow-up period (range), month 84 (4–345) 83 (4–345) 92 (7–340) 0.250

Median tumor volume (range), mL 1.4 (0.1–
16.7)

1.3 (0.1–
16.7)

1.5 (0.1–
6.8)

0.534

Median maximum diameter (range),
mm

18 (0.8–37) 18 (0.8–37) 18.2 (4–26) 0.418

Median marginal dose (range), Gy 12 (8–25.2) 12 (8–25.2) 14 (12–20) 0.014*

Median maximum dose (range), Gy 26.7 (16–
40)

27 (16–40) 28 (17–36) 0.856

*p values < 0.05 are considered statistically signi�cant.

SRS, stereotactic radiosurgery
Matched cohorts included 44 patients per age group. After matching, there were no signi�cant between-
cohort differences in baseline characteristics, except for age (Table 2). Standardized differences that
were of < 0.2 suggested adequate variable balance after matching.
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Table 2
Baseline characteristics and radiosurgical parameters after matching

Variables Older

N = 44

Younger

N = 44

p
value

Standard
difference

Male sex [%] 22 [50] 23 [52] 1.000 0.05

History of resection prior to SRS [%] 14 [32] 15 [34] 1.000 0.05

Cystic tumor [%] 4 [9] 5 [11] 1.000 0.07

Median follow-up period (range),
month

94 (8–338) 90.5 (7–
340)

0.930 0.01

Median tumor volume (range), mL 1.5 (0.1–8.6) 1.5 (0.01–
6.8)

0.845 0.01

Median maximum diameter (range),
mm

18 (7–32) 18 (4–26) 0.864 0.05

Median marginal dose (range), Gy 12.3 (12–
18.2)

12 (12–
20.4)

0.646 0.03

Median maximum dose (range), Gy 28 (21.5–
37.5)

24 (17–36) 0.334 0.15

Standardized differences < 0.20 are considered an adequate balance.

SRS, stereotactic radiosurgery

Tumor control rate
Tumor regression was con�rmed in 237 (62%), stable tumors in 118 (31%), and enlargement in 28 (7%)
patients. Fifteen patients underwent a secondary treatment for tumor enlargement with or without
neurological deterioration at the median of 40 months after SRS; of these, 14 patients underwent
resection, and one patient underwent secondary SRS. None of the patients required salvage treatment 10
years after SRS.

The cumulative tumor control rates were 97.0%, 94.5%, and 94.5% at 5, 10, and 15 years, respectively. The
cumulative 5- and 10-year tumor control rates in the older cohort were 97.7% and 93.9%, respectively, and
those in the younger cohort were 90.2% and 85.4%, respectively. These rates were signi�cantly higher in
the older than in the younger cohort (p = 0.024; Fig. 1A). In the younger cohort, the 5- and 10-year
cumulative tumor control rates were 91.5% and 81.5%, respectively, following SRS as a primary treatment,
and 100% and 90% following SRS as a salvage after an initial surgery. Although the rates appeared better
when SRS was used as a primary treatment than otherwise, there was no signi�cant difference between
the survival curves (p = 0.532; Fig. 1B). Cox proportional hazard analyses showed the following factors
were not signi�cantly associated with tumor control: maximum tumor diameter (p = 0.495), tumor volume
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(p = 0.906), cystic tumor (p = 0.999), and marginal dose (p = 0.328). Younger age was signi�cantly
associated with a lower tumor control rate in univariate analysis (hazard ratio [HR] 3.21, 95% con�dence
interval [CI] 1.10–9.40; p = 0.033). However, in multivariate analysis, younger age was not statistically
signi�cant when adjusted for tumor volume, cystic tumor, and marginal dose (Table 3). In the PS
matched cohort, tumor control rates were as follows: older cohort, 97.7%, 93.9%, and 93.9% at 5, 10, and
15 years; younger cohort, 93.6%, 85.4%, and 85.4% at 5, 10, and 15 years, respectively. The log-rank test
showed that tumor control rates did not differ signi�cantly between the cohorts (p = 0.411; Fig. 1C).

Table 3
Factors associated with tumor control rates

Variables Bivariate Multivariate

p value Hazard ratio

[95% CI]

p value Hazard ratio

[95% CI]

Age (continuous) 0.324 0.22 [0.01–4.90] / /

Age, ≤ 57 years 0.622 1.30 [0.46–3.65] / /

Age, ≤ 40 years 0.033* 3.21 [1.10–9.40] 0.072 2.76 [0.91–8.35]

Male sex 0.078 0.36 [0.11–1.12] / /

Maximum diameter, > 18 mm 0.991 1.00 [0.36–2.83] / /

Maximum diameter
(continuous)

0.495 3.12 [0.11–74.3] / /

Tumor volume, > 1.5 mL 0.671 1.25 [0.45–3.44] 0.799 1.14 [0.41–3.19]

Tumor volume (continuous) 0.906 1.27 [0.01–27.3] / /

Marginal dose (continuous) 0.328 5.11 [0.12—
91.55]

0.465 3.51 [0.07—
76.99]

Cystic tumor 0.989 0.02 [0.10–
12.21]

/ /

History of resection 0.224 1.95 [0.67–5.70] 0.398 1.61 [0.53–4.88]

*p values < 0.05 are considered statistically signi�cant.

CI, con�dence interval

Facial and trigeminal nerve function preservation
Among the entire cohort, any facial nerve de�cits were observed in 52 (13.6%) patients at the median of 7
months (range 0.1‒227 months); trigeminal nerve de�cits were identi�ed in 39 (10%) patients. The 1- and
5-year cumulative rates of being free from facial and trigeminal nerve de�cits were 89.4%, 86.2%, and
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91.0%, 90.4%, respectively. The log-rank tests showed no signi�cant difference between the cohorts (both
before and after matching) in the cumulative rates of being free from any facial and trigeminal nerve
de�cits. According to multivariate Cox proportional hazards analysis, a higher marginal dose
(continuous) was a risk factor for facial nerve de�cits (HR 296.9, 95% CI 42.2–1843.9; p < 0.001). A higher
marginal dose (HR 97.60, 95% CI 10.18–935.92; p < 0.001) and history of resection (HR 2.12, 95% CI
1.06‒4.24; p = 0.033) were risk factors for trigeminal nerve de�cit.

Hearing preservation
Details concerning the number of patients who retained the PTA of ≤ 50 dB at SRS and at �nal follow-up
are summarized in Table 4. At baseline, the younger cohort had slightly more patients with the PTA of ≤ 
30 dB than did the older cohort (39% vs. 21%; p = 0.028). Among 161 (42%) patients with the PTA of ≤ 50
dB at SRS, 69 (43%) patients had retained same hearing level at �nal follow-up. There was no signi�cant
difference between the younger and older cohorts (44% vs. 43%; p = 1.000). Multivariate analysis showed
that only PTA of ≤ 30 dB at SRS predicted serviceable hearing at the �nal follow-up (HR 3.90, 95%CI
1.95–7.80; p < 0.001), whereas none of the other factors including tumor volume (> 1.5 mL, p = 0.990),
marginal dose (> 12 Gy, p = 0.140), and younger age (p = 0.842) predicted serviceable hearing.

Table 4
Crude preservation rates in patients with PTA ≤ 50 dB at SRS.

  Older (N = 334) Younger (N = 49)

PTA ≤ 30
dB at SRS

PTA > 30
dB at SRS

total PTA ≤ 30
dB at SRS

PTA > 30
dB at SRS

total

Serviceable hearing at
SRS, patients [%]

69 67 136
[41]

19 6 25
[51]

Serviceable hearing at last
follow-up, patients

41 17 58 9 2 11

Hearing preservation rates,
%

59% 25% 43% 47% 17% 44%

PTA, pure-tone audiometry; SRS, stereotactic radiosurgery

Other adverse events
In the entire cohort, 12 patients required ventriculo-peritoneal shunting due to hydrocephalus, at the
median of 11.5 (range, 1–29) months after SRS. No risk factor was associated with the shunting
procedure, including the age of > 40 years and tumor volume of > 1.5 mL. Late adverse reaction to
radiation, speci�cally, cyst formation was observed in six patients (median, 59 months post-SRS). One
patient underwent resection of the cyst due to progressive trigeminal nerve de�cit, while the others had
stable disease without need for surgery. Second, three older patients (> 50 years old at SRS) developed an
anterior‒inferior cerebellar aneurysm in the irradiated �eld. While one patient had a subarachnoid
hemorrhage, two patients were adequately treated prior to aneurysmal rupture [19]. No aneurysmal
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formation was observed in the younger cohort. Finally, we identi�ed two patients in the younger cohort
(age at SRS, 26 and 35 years, respectively) who developed malignant peripheral nerve sheath tumors
after SRS. Of these two patients, one had surgical specimens taken pre- and post-SRS demonstrating
malignant transformation [20]. The other patient underwent primary SRS, without pathological
examination pre-SRS. Given the pre-SRS rapid tumor growth observed in this patient, it was unclear
whether malignant transformation had occurred or whether the tumor was originally malignant. No
statistically signi�cant between-cohort difference in the rate of delayed adverse radiation events was
found.

Discussion
In this study, we compared SRS outcomes for VSs between younger and older patients. No signi�cant
between-cohort differences were found in the tumor control rate based on multivariate analysis or
through comparisons using PS matching. There were no signi�cant between-cohort differences in the
incidence of facial and trigeminal nerve de�cits after SRS. The crude hearing preservation rate was 44%
in the younger cohort, which was similar to that in the older cohort.

Regarding surgical resection for VS, Sughrue et al. evaluated outcomes in 208 patients aged < 40 years
(median follow-up, 10.2 years) [21]. Surgical resection led to durable long-term freedom from tumor
recurrence or progression in 89% of patients at 15 years follow-up. However, studies concerning SRS in
younger patients with VS are scarce. Most studies that included patients of all ages have not con�rmed
whether age could in�uence tumor control; although age groups varied, few studies have focused on
outcomes in young adults. In 2009, one study reported that the tumor control rate in patients aged ≤ 40
years was 96% at 5 years and that the incidence of cranial nerve de�cits was extremely rare at the
median follow-up period of 5.3 years [22]. Through comparisons with an older cohort using PS matching,
our study results indicated that SRS was equally effective for younger patients. Moreover, our longer
follow-up period provided additional supportive evidence of long-term durability.

Careful consideration is required when managing patients following SRS. It can be challenging to
differentiate between true tumor progression and pseudo-progression, in particular, for younger patients,
where the threshold of salvage surgery may be lowered, as additional resections are generally tolerable in
this age group. Recent studies, in contrast to conventional wisdom, have shown that transient expansion
may occur later than 2 years post-SRS and the growth rate may occasionally exceed 50% in volume
increase [23–25]. Thus, tumors not causing disturbing symptoms or brainstem compression may be
amenable to observation despite a certain rate of progression. Close discussion with skull-base surgeons
is likely to enhance the decision-making process.

Previous studies have reported possible advantages in younger patients after SRS, for example, a
reduced risk of hydrocephalus and balance disturbance [26]. This could not be determined in our study
because of the small number of patients who underwent a shunting procedure in our cohort. Some
controversy exists in terms of age effects on hearing preservation. Consistent with previous studies [27,
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28], the present study suggests that younger age may be non-advantageous for hearing preservation.
This �nding may be partly due to the present study eligibility criteria, which included patients with a
shorter observation period. It may also imply that maintaining long-term hearing function remains
challenging due to various risk factors intrinsic to VS [29], namely, the in�uence of irradiation and
ischemic, mechanical, or chemical damage to the cochlear nerve due to VS itself [29, 30]. However,
advantages of younger age concerning hearing preservation have also been reported [31]. The Pittsburgh
Hearing Prediction Score has been proposed as a method to predict long-term hearing outcomes prior to
primary SRS [32]. In this scoring system, younger age, smaller tumor, and better hearing function prior to
SRS have been shown to predict hearing preservation. Therefore, SRS for the selected patients with
favorable hearing function remains promising as a �rst option; this recommendation should be veri�ed in
future clinical trials.

Delayed adverse radiation events are rare but problematic. Regarding aneurysm formation in the
irradiated �eld, only 11 cases have been reported to date, one of which was a case we previously reported
[25, 33–38]. All the aneurysms were reported to be pseudoaneurysms and prone to rupture. The
pathogenesis is unknown; however, given that most of the reported patients were aged > 40 years at SRS,
aging-related factors such as atherosclerosis may play a role alongside irradiation. Another signi�cant
concern is malignant transformation, which has been reported in more than 10 studies to date. However,
only nine true radiation-induced malignancies have ful�lled Cahan’s criteria [39], namely, cases showing
histopathological evidence of transformation [20, 40–46]. Neuro�bromatosis type 2-related VS was the
only possible risk factor and, based on systematic review �ndings, the incidence of malignant
transformation is approximately 0.016% in sporadic VS cases following SRS with a latency period of up
to 10 years [47]. Therefore, SRS should not be excluded as a therapeutic option for younger patients,
provided long-term surveillance with MRI is feasible after SRS.

This study had several limitations. First, this study included a small sample of young adults. We included
patients who underwent primary SRS and those who underwent salvage SRS after resection, possibly for
relatively aggressive tumors. Although the variable of salvage SRS was adjusted after PS matching, a
future study with only young patients without any intervention would be helpful. Second, hearing
evaluation was not comprehensive due to the lack of speech discrimination score data. This could have
in�uenced the hearing outcome, along with a relatively higher marginal dose in the younger cohort.
Finally, even though we focused on younger patients, the younger cohort mainly comprised patients in
their 30s; thus, this study did not su�ciently address outcomes in even younger patients. In theory, VSs in
pediatric or very young patients could have different biological characteristics or might not be
distinguishable from neuro�bromatosis type 2; thus, more careful consideration is required [48]. Despite
these limitations, this study contributes to the body of knowledge and is likely to be useful for decision-
making regarding SRS for young adults with VS.

Conclusion
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SRS can provide long-term su�cient tumor control for younger patients with an acceptable safety pro�le.
Given concerns regarding late adverse radiation events, these patients should be monitored inde�nitely, at
least as a current recommendation. SRS is a reasonable therapeutic option for both younger and older
patients, unless those patients have large tumors, compelling neurological symptoms, or pose challenges
for long-term image surveillance. Our data are likely to facilitate a more informed decision-making
process when counseling young adult patients with VS who require intervention.
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Figures

Figure 1

a: Cumulative tumor control rates estimated using the Kaplan–Meier method before propensity score
matching (red line: older cohort; blue line: younger cohort); b: tumor control rates between primary SRS
and salvage SRS after resection in the younger cohort (red line: primary SRS; blue line: salvage SRS after
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resection); c: tumor control rates after propensity score matching (red line: older cohort; blue line: younger
cohort)
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