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Gamma Knife radiosurgery (GKRS) has proven to 
be an effective treatment strategy for vestibular 
schwannoma (VS).1,2,13,23 However, when these 

tumors are treated without documented growth, the sta-
bility observed after radiosurgery can be mistaken for a 

radiosurgical effect in those tumors that would have been 
stable in their natural course. In other words, radiosurgi-
cal efficacy in terms of true tumor control can only be 
accurately evaluated in patients who have exhibited ra-
diological progression prior to treatment.10 Nevertheless, 
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OBJECTIVE The aim of this study was to gain insight into the influence of the pretreatment growth rate on the volumet-
ric tumor response and tumor control rates after Gamma Knife radiosurgery (GKRS) for incidental vestibular schwan-
noma (VS).
METHODS All patients treated with GKRS at the Gamma Knife Center, ETZ Hospital, who exhibited a confirmed ra-
diological progression of their VS after an initial observation period were included. Pre- and posttreatment MRI scans 
were volumetrically evaluated, and the volume doubling times (VDTs) prior to treatment were calculated. Posttreatment 
volumes were used to create an objective mathematical failure definition: 2 consecutive significant increases in tumor 
volume among 3 consecutive follow-up MRI scans. Spearman correlation, Kaplan-Meier survival analysis, and Cox 
proportional hazards regression analysis were used to determine the influence of the VDT on the volumetric treatment 
response.
RESULTS The resulting patient cohort contained 311 patients in whom the VDT was calculated. This cohort had a me-
dian follow-up time of 60 months after GKRS. Of these 311 patients, 35 experienced loss of tumor control after GKRS. 
The pretreatment growth rate and the relative volume changes, calculated at 6 months and 1, 2, and 3 years following 
treatment, showed no statistically significant correlation. Kaplan-Meier analysis revealed that slow-growing tumors, with 
a VDT equal to or longer than the median VDT of 15 months, had calculated 5- and 10-year control rates of 97.3% and 
86.0%, respectively, whereas fast-growing tumors, with a VDT less than the median growth rate, had control rates of 
85.5% and 67.6%, respectively (log-rank, p = 0.001). The influence of the VDT on tumor control was also determined by 
employing the Cox regression analysis. The resulting model presented a significant (p = 0.045) effect of the VDT on the 
hazard rates of loss of tumor control.
CONCLUSIONS By employing a unique, large database with long follow-up times, the authors were able to accurately 
investigate the influence of the pretreatment VS growth rate on the volumetric GKRS treatment response. The authors have 
found a predictive model that illustrates the negative influence of the pretreatment VS growth rate on the efficacy of radio-
surgery treatment. The resulting tumor control rates confirm the high efficacy of GKRS for slow-growing VS. However, fast-
growing tumors showed significantly lower control rates. For these cases, different treatment strategies may be considered.
https://thejns.org/doi/abs/10.3171/2018.6.JNS18516
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reporting is sparse on the efficacy of stereotactic radiosur-
gery in patient cohorts with proven tumor growth.8,9, 14, 17,21 
Moreover, only a few studies have addressed pretreatment 
growth rate as a potential prognostic factor for the GKRS 
treatment outcome.9,14,21 Recently, Marston et al. indicated 
that fast-growing VSs are more likely to continue to grow 
after GKRS.9 However, other studies did not confirm this 
effect.8,17,21

The conflicting results of these previous studies can 
possibly be explained by methodological imperfections 
such as limited patient numbers, 2D tumor measurements, 
insufficient follow-up times, and inconsistencies among 
treatment failure definitions.6,16 Any meaningful analysis 
of the effect of pretreatment growth rates on the GKRS 
treatment outcome should include a sufficient number of 
cases in which tumor control was not achieved. The low 
number of failures after GKRS and their possible late oc-
currence implies that such studies should include large 
patient numbers and long follow-up times. Furthermore, 
Varughese et al. determined that pretreatment growth 
rates can best be modeled by employing an exponen-
tial model to calculate volume doubling times (VDTs).20 
Hence, volumetric measurements should be obtained. In 
addition, these measurements are also necessary to accu-
rately determine posttreatment tumor progression.7,18

The possible influence of pretreatment growth rates on 
the radiosurgical outcome can be important for clinical 
decision-making. A pronounced effect of the pretreatment 
growth rate, with faster-growing tumors exhibiting lower 
control rates after GKRS, might be an argument for a dif-
ferent treatment strategy in these cases.

The objective of this study was to gain insight into the 
efficacy of GKRS in growing VSs and to provide infor-
mation on the possible effect of the pretreatment growth 
rate on the treatment efficacy. To this end, we used data 
from a large patient cohort with proven pretreatment tu-
mor progression and sufficient follow-up times after treat-
ment, we performed volumetric measurements to accu-
rately determine tumor sizes, and we propose an objective 
measure of treatment failure based on volumetric tumor 
progression.

Methods
The medical ethics review committee waived a formal 

approval procedure for this retrospective study. The study 
is compliant with the Dutch Medical Treatment Agree-
ment Act.

Patient Cohort
In our prospectively collected database, all patients 

with unilateral VS treated with GKRS and a minimum 
follow-up of 2 years were identified. This cohort consisted 
of all VS patients remaining after excluding patients with 
neurofibromatosis type 2, and those previously treated for 
their VS. All included patients showed a confirmed radio-
logical progression of the tumor after an initial observa-
tion period. We excluded patients whose only pretreatment 
MRI study was obtained less than 6 months prior to treat-
ment to reduce the impact of short observation periods re-
sulting in misleadingly large growth rates.20 Patients were 

excluded if pretreatment MR images were unobtainable, 
inadequate (slice thickness > 2.5 mm), or incompatible for 
accurate volumetric analysis.

Pretreatment Growth Rate
Pretreatment MR images obtained in patients included 

in this study were retrieved to assess the growth rate of 
each VS. This rate was calculated according to the VDT 
model proposed by Varughese et al.20,21 This exponential 
model implies that tumor volumes double every set num-
ber of months and is calculated using the following for-
mula: VDT = log(2) × (Ttreatment - Tpretreatment)/(log[Vtreatment] 
- log[Vpretreatment]). In this equation Ttreatment and Tpretreatment 
represent the dates of the treatment and pretreatment MRI 
sessions, respectively. Vtreatment and Vpretreatment are the cor-
responding volumes. As an example calculation, consider 
a tumor volume of 1 cm3 1 year before treatment and 2 
cm3 at treatment. The result is a VDT of 12 months. The 
pretreatment tumor volumes were determined using Gam-
maPlan (versions 10 and 11, Elekta AB) on T1-weighted 
contrast-enhanced MR images. If such MR images were 
unavailable or of poor quality, thin-slice T2-weighted MR 
images were used.

Treatment and Follow-Up
GKRS was performed using either Leksell Gamma 

Knife model 4C or Perfexion (since November 2008; both 
Elekta AB). A dose of 13 Gy was prescribed to the isodose 
line covering 90% (until May 2011) or 99% (since May 
2011) of the tumor volume. Treatment data such as beam-
on times, number of isocenters, dose-volume histograms, 
and Paddick conformity indices were collected.

After treatment, follow-up imaging was performed 
within a standard interval of 1 year using T1-weighted 
contrast-enhanced MRI with a slice thickness of 1 mm. 
The follow-up interval was shortened in case of suspected 
radiological progression or new or worsening symptoms. 
If the tumor displayed radiological regression or stabil-
ity for several years, the follow-up interval was extended. 
Volumetric tumor measurements were performed on all 
follow-up scans using GammaPlan (versions 10 and 11).

All patient records and volumetric tumor responses 
were reviewed to assess treatment failure. Loss of tumor 
control was always confirmed by the radiosurgical team, 
based on linear measurements. During the first 2 years af-
ter treatment, an increase in tumor volume was accepted 
and considered pseudoprogression, unless tumor expan-
sion was deemed too excessive. Tumor growth after this 
period was deemed a failure. In addition, we looked for 
potentially missed failures, i.e., discrete volume increases 
undetected by linear measurements employed in the clini-
cal setting, but detectable with the volumetric analysis 
performed for this research. For this purpose, a so-called 
volumetric failure was defined as 2 consecutive significant 
increases in tumor volume among 3 consecutive follow-
up MRI sessions, where a minimum of 10% increase in 
volume is deemed significant. This value was based on the 
interobserver variability. To exclude changes in volume 
caused by pseudoprogression, only MR images obtained 
after the first 2 years of follow-up were used.
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Correlation Between Pretreatment Growth Rate and GKRS 
Response

To determine whether the pretreatment growth rate and 
the GKRS treatment response are correlated, the response 
was assessed by 2 different approaches. First, we evalu-
ated the effect of pretreatment growth rate on the relative 
volume changes after GKRS. Therefore, relative volume 
changes, with respect to the treatment volume, were de-
termined on the 6-month, 1-year, 2-year, and 3-year fol-
low-up MR images. We calculated Spearman’s correlation 
coefficients and corresponding confidence intervals using 
bootstrapping to investigate whether a correlation exists 
between the pretreatment growth rate and the volumetric 
treatment response.

Second, the effect of the pretreatment growth rate on 
the response to GKRS in terms of tumor control was eval-
uated. By stratifying the patient cohort using the median 
VDT, a comparison of Kaplan-Meier curves was made be-
tween fast-growing tumors and slow-growing tumors us-
ing the log-rank test. The characteristics that could poten-
tially influence the outcome were assessed in both groups 
and tested for statistical significance. These included pa-
tient age, tumor volumes at treatment, dose-volume histo-
grams, number of isocenters, beam-on times, and Paddick 
conformity indices. The Kaplan-Meier analysis can be 
extended to multiple stratifications, evaluating whether a 
linear trend is present. However, due to the limited num-
ber of failures, the possible number of stratifications is 
also limited. We therefore split the complete cohort into 
3 groups, using the 33rd and 67th percentile values of the 
VDT. If a linear trend is present, it indicates a distinct rela-
tion between the VDT and the GKRS treatment outcome 
in terms of tumor control.

Alternatively, we evaluated the effect of the pretreat-
ment growth rate on tumor control using a Cox propor-
tional hazard regression analysis. Univariate analyses are 
employed to evaluate the influence of each of the indepen-
dent variables to the treatment outcome. Apart from the 
pretreatment growth rate, these also included the afore-
mentioned characteristics.

All statistical analyses were performed using IBM 
SPSS statistics for Windows (version 23, IBM Corp.).

Results
Patient Cohort

In our Gamma Knife center, 736 patients with spo-
radic unilateral VS were treated between 2002 and 2014. 
Of these 736 patients, 440 showed confirmed radiological 
progression of the tumor prior to treatment. After the re-
cords were reviewed, 129 patients (29.3%) were excluded 
from this study (Fig. 1). Reasons for exclusion were less 
than 2 years of follow-up (22 patients, 5.0%), pretreatment 
MR images not obtainable or unavailable (79 patients, 
18.0%), pretreatment MR images of poor quality (15 pa-
tients, 3.4%), or incompatible for volumetric measure-
ments in GammaPlan due to external MRI formats such 
as nonsquare images (13 patients, 3.0%). This resulted in a 
patient cohort of 311 patients.

In this cohort, the median time between treatment and 
the available pretreatment scan was 19 months. For the 

VDT calculations, we used 165 T1-weighted and 146 T2-
weighted pretreatment MR images with a median slice 
thickness of 1 mm. The resulting VDT values for the co-
hort had a median of 15 months with a range of 3 to 344 
months. Patient and treatment-related characteristics are 
given in Table 1. The median posttreatment follow-up time 
was 60 months with a median time between 2 consecutive 
scans of 12 months. Lack of tumor control was observed 
in 35 cases (11.3%) within this cohort, resulting in the 
Kap lan-Meier curve depicted in Fig. 2. One tumor exhib-
ited obvious and excessive growth during the first 2 years 
after treatment, such that intervention was considered nec-
essary. The calculated 5- and 10-year control rates of the 
cohort were 91.6% and 77.5%, respectively.

Correlation Between Pretreatment Growth Rate and GKRS 
Response

To evaluate the relationship between pretreatment 

TABLE 1. Patient and treatment-related characteristics

Characteristic Median IQR Range

Patient age at treatment, yrs 59 51–68 24–85
Tumor vol at treatment, cm3 1.16 0.62–2.54 0.06–12.18
Pretreatment observation time, mos 19 14–30 6–105
Posttreatment follow-up time, mos 60 38–86 19–159
VDT, mos 15 10–26 3–344
Prescription isodose line, % 55 47–64 37–100
Dose to 99% of tumor vol, Gy 11.9 11.5–13.0 9.5–13.6
No. of isocenters 13 9–19 1–43
Beam-on time, mins 41.5 30.9–54.7 8.3–112.0
Gradient index  2.92 2.68–3.30 2.47–6.74
Selectivity 0.87 0.81–0.93 0.50–0.99
Paddick conformity index 0.82 0.77–0.85 0.46–1.31

FIG. 1. Patient exclusion criteria and their resulting numbers.
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growth rates and volumetric tumor responses after GKRS, 
the relative posttreatment volume changes of each tumor 
were calculated based on the 6-month, 1-year, 2-year, and 
3-year follow-up MR images. The medians and interquar-
tile ranges of these relative volume changes are given in 
Table 2. Correlations between the relative volume changes 
and the VDT were determined according to Spearman’s 
rho method. The relative volume changes were not signifi-
cantly correlated with the pretreatment growth rate.

We also investigated the effect of the VDT on the 
loss of tumor control after GKRS. For the Kaplan-Meier 
survival analysis, the patient cohort was stratified into 2 
groups, a slow- and a fast-growing tumor group, with a 
median VDT of 15 months as the separating value; ties 
(VDT = 15) were assigned to the slow-growing cohort. 
This stratification resulted in slow- and fast-growing tu-
mor cohorts of 162 and 149 patients, respectively. These 
2 cohorts included 10 and 25 cases of treatment failure, 
respectively. This difference was statistically significant 
(Fisher’s exact test, p = 0.004). The median times to loss 
of tumor control in both groups were 63 and 49 months for 
the slow- and fast-growing cohorts, respectively. This dif-
ference was also statistically significant (Mann-Whitney 
U-test, p = 0.041). The Kaplan-Meier curves for both co-
horts are depicted in Fig. 3 left. A comparison of these 
curves indicates a significant difference between tumor 
control rates of the cohorts using a log-rank test (p = 
0.001). The calculated 5- and 10-year tumor control rates 
were 97.3% and 86.0% in the slow-growing cohort, and 
85.5% and 67.6% in the fast-growing cohort, respectively. 
To evaluate if characteristics other than the VDT can ex-
plain this difference, we investigated possible distinctions 
in the main characteristics between these 2 groups. Statis-
tical analysis indicated that there were no significant dif-
ferences between the groups (Table 3).

We performed the same Kaplan-Meier analysis using 
3 groups by creating a slow-growing, an average-growing, 

and a fast-growing tumor cohort. Separation was per-
formed by splitting the cohort according to the 33rd and 
67th percentiles, where ties were assigned to the slower-
growing tumor cohort. This resulted in 3 cohorts contain-
ing 106, 108, and 97 patients with 5, 12, and 18 cases of 
treatment failure, respectively. The calculated 5- and 10-
year tumor control rates were 98.8% and 91.4% for the 
slow-growing cohort, 90.6% and 70.7% for the average-
growing cohort, and 84.8% and 66.4% for the fast-growing 
cohort, respectively. The resulting curves are presented in 
Fig. 3 right, where a linear trend can be observed (log-
rank test, p = 0.001).

Prediction Model of the GKRS Treatment Response
Finally, we also investigated the effect of the main char-

acteristics on the tumor control rates by implementing uni-
variate Cox regression analyses. The results showed that 
only the VDT had a significant effect (p = 0.045). None 
of the other patient and treatment-related characteristics, 
shown in Table 3, displayed a statistically significant influ-
ence. Consequently, no multivariate analysis was neces-
sary. The impact of the VDT on the proportional hazards 
ratio is given by exp(B), which equals 0.970. This means 
that the risk of loss of tumor control for a tumor with a 
given VDT will decrease with factor 0.970 for a tumor for 
which the VDT is 1 month greater, i.e., a slower-growing 
tumor. For example, the 5-year loss of tumor control in 
the Kaplan-Meier analysis was 8.4% in the patient cohort 
for a tumor with a median VDT of 15 months. If the VDT 
increases by 12 months, the estimated 5-year loss of tumor 
control rate will be 5.8%.

Robustness of Our Findings
As our study mainly uses tumor volumes, the impact 

of the inter- and intraobserver inconsistencies of the vol-
umetric assessments may be significant on the results. 
These inconsistencies are more critical in small tumors, as 
relative errors become larger for decreasing volumes.18 We 
have adopted a threshold on the minimum time required 
between scans in the VDT calculations. However, we did 
not impose a threshold on the minimum tumor volume re-
quired, such that the impact of the relative volume errors is 
reduced. Hence, for small tumors the calculated VDT can 
be inaccurate. If we remove tumors smaller than 0.25 cm3 
in our cohort and redo the analyses, we observe a statisti-
cally improved result from the univariate Cox regression 
(286 patients, p = 0.012).

TABLE 2. Statistics of the relative volume changes after GKRS

FU No. of Pts Median (IQR) Relative Vol Change, %* p Value†

6 mos 54 −4.4 (−25.4 to 13.5) 0.836
1 yr 282 10.6 (−11.9 to 34.3) 0.452
2 yrs 225 28.2 (8.3 to 43.5) 0.073
3 yrs 170 19.6 (3.1 to 37.5) 0.173

FU = follow-up; Pts = patients.
* A negative volume change denotes an increase in tumor volume.
† Calculated Spearman’s correlation coefficients between the VDT and the 
relative volume changes.

FIG. 2. Kaplan-Meier curve for the complete cohort. The calculated 5- 
and 10-year control rates for this cohort are 91.6% and 77.5%, respec-
tively. Tick marks indicate censored cases. Figure is available in color 
online only.
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Furthermore, the inter- and intraobserver inconsisten-
cies also have an impact on our strict criterion concerning 
the treatment failure. If we redo the analyses without the 
so-called volumetric failures and only consider failures 
determined in the clinical setting, we still find a signifi-
cant difference between the slow- and fast-growing tumor 
cohorts (Fisher’s exact test, p = 0.040; Kaplan-Meier log-
rank test, p = 0.021).

Discussion
This study was designed to investigate the relationship 

between the pretreatment growth rate and the Gamma 
Knife radiosurgical efficacy. This study is relevant be-
cause if the growth rate prior to treatment influences the 
radiosurgical outcome, the question arises whether this 
justifies alterations in treatment management.

The only way to accurately determine the influence of 
the pretreatment growth rate to the GKRS treatment out-
come is to study a cohort with quantifiable tumor progres-
sion prior to treatment. We used the VDT model proposed 
by Varughese et al. to quantify tumor progression.20 As 
VSs do not necessarily grow at a regular rate, the VDT 
might not be a perfect fit for each individual case. How-
ever, we do not have the data to observe the growth of each 
individual tumor over a long period of time. Many tumors 
are treated when tumor growth is observed between 2 
consecutive scans. With the pretreatment data available in 
this study, the VDT is the most accurate way to describe 
VS growth, as Varughese et al. concluded in their article, 
which specifically addresses the issue of determining 
growth rates of VSs.

Various previous studies have addressed the potential 
role of pretreatment growth rates on GKRS treatment 
responses, but the results are conflicting.8,9,14,17,21 In our 
opinion, the reported inconsistent results can be explained 
by methodological shortcomings in these studies. Loss of 

tumor control is observed rarely and often occurs several 
years after treatment. This fact makes it mandatory that 
studies on this topic include large patient numbers and long 
follow-up times. All 5 aforementioned studies reported on 
a relatively low number of patients, and only 2 studies had 
median follow-up times significantly larger than the gen-
erally accepted time period for pseudoprogression (Table 
4). Furthermore, it is important to apply volumetric mea-

TABLE 3. Comparison of patient- and treatment-related 
characteristics between the fast- and slow-growing cohorts

Characteristic

Median (IQR)
p 

Value
Fast-Growing 

Cohort
Slow-Growing 

Cohort

Pt age at treatment, 
yrs

60 (49–68) 59 (52–67) 0.866

Tumor vol at treat-
ment, cm3

1.06 (0.65–2.74) 1.27 (0.53–2.44) 0.667

Prescription isodose 
line, %

55 (46–63) 53 (48–64) 0.537

Dose to 100% of 
tumor vol, Gy

11.4 (11.1–12.2) 11.4 (11.0–12.0) 0.089

Dose to 99% of 
tumor vol, Gy

12.0 (11.6–13.0) 11.9 (11.4–12.7) 0.108

Dose to 95% of 
tumor vol, Gy

12.6 (12.4–13.8) 12.6 (12.3–13.8) 0.083

No. of isocenters 13 (10–19) 14 (9–19) 0.707
Beam-on time, mins 41.9 (32.1–55.2) 41.5 (29.7–54.5) 0.397
Gradient index 2.92 (2.70–3.26) 2.92 (2.68–3.37) 0.987
Selectivity 0.88 (0.82–0.94)  0.87 (0.80–0.92) 0.288
Paddick conformity 

index
 0.82 (0.78–0.85) 0.82 (0.77–0.85) 0.244

FIG. 3. Left: Kaplan-Meier curves for the fast-growing (blue dashed line) and slow-growing (green continuous line) cohorts, strati-
fied at the median of the pretreatment growth rate. Right: Kaplan-Meier curves of the fast-growing (blue short dashes), average-
growing (green long dashes), and slow-growing (red continuous line) cohorts, stratified by the 33rd and 67th percentiles of the 
pretreatment growth rate. In both graphs tick marks indicate censored cases. Figure is available in color online only.
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surements. Subtle loss of tumor control can go unnoticed 
when obtaining linear measurements. Such small changes 
may be irrelevant from a clinical perspective, i.e., not de-
manding an intervention. However, from a scientific view-
point, it is important to identify all cases of tumor growth 
after radiosurgery. It allows for an accurate assessment of 
the correlation between the pretreatment growth rate and 
the volumetric GKRS treatment response. Three of the 5 
studies addressing the influence of pretreatment growth 
rates on the treatment outcome utilized pretreatment volu-
metric measurements. One study, by Timmer et al., did not 
exploit the actual linear pretreatment measurements, but 
it stratified the cohort accordingly, i.e., into growing and 
nongrowing tumor cohorts.17 Furthermore, there are also 
inconsistencies among the definitions of treatment failure 
(Table 4).

Therefore, in our research we have used volumetric 
tumor measurements in a large patient cohort with long 
follow-up times (Table 4). Our data clearly illustrate that 
the pretreatment growth rate correlated with the radio-
surgical efficacy. Slow-growing tumors in our cohort are 
more likely to exhibit tumor control than their fast-grow-
ing counterparts. Using Kaplan-Meier analysis, the esti-
mated 5- and 10-year tumor control rates are 97.3% and 
86.0% for the slow-growing tumors, and 85.5% and 67.6% 
for the fast-growing tumors, respectively. This effect was 
also apparent if we stratified the data of this patient cohort 
into 3 groups, with the most failures in the fastest-growing 
cohort (n = 18), and an intermediate number of failures 
in the middle cohort (n = 12). This suggests a distinct ef-
fect of the pretreatment growth rate on tumor control after 
GKRS. Indeed, the Cox regression analysis was significant 
for the pretreatment growth rate expressed as the VDT (p 
= 0.045). In the resulting prediction model, the impact 
of the VDT on the risk of loss of tumor control equals a 
factor of 0.970. This means that increasing the VDT by 1 
month results in a decrease with a factor of 0.970 of failure 
risk at a certain time. It is interesting to use this factor to 
evaluate the risk of loss of tumor control for various cases. 
Some examples of this evaluation can be found in Table 5.

It has been suggested that a higher rate of loss of tu-
mor control after radiosurgery for fast-growing VSs can 
be explained by the radiobiological effect of slowing down 
the growth curve: fast-growing tumors will be slowed 
down by radiosurgery, but possibly not enough to obtain 
tumor control, whereas the growth curve of slow-growing 

tumors is bent sufficiently to obtain tumor control.9,16 How-
ever, our data indicate that relative posttreatment volume 
changes do not demonstrate differences between fast- and 
slow-growing tumors. We therefore hypothesize that the 
intrinsic tumor biology of fast-growing tumors makes 
them more likely to start growing again several years af-
ter radiosurgery, rather than radiosurgery slowing down 
their growth rate. However, the radiobiological effect of 
radiosurgery on VS remains unclear from existing litera-
ture. An ongoing discussion is whether the radiosurgical 
response of VS results from direct cytotoxic effects to 
cells, or whether it reflects indirect effects. In the review 
by Yeung et al., the authors discussed 3 possible mecha-
nisms that could explain the decreased tumor control rates 
in certain VS tumors: the Merlin-induced imbalance in the 
c-Jun N-terminal kinase pathway and extracellular signal-
related kinase pathway, the inadequate angiogenesis and 
hypoxia, and the radioresistance during cell cycle.24 In 
general, cell survival data have demonstrated that cells 
are most sensitive to irradiation during mitosis and in the 
G2-phase, less sensitive in the G1-phase, and least sensitive 
during the S-phase.15 This would indicate that radioresis-
tance increases for tumors that relatively lack cell division, 
i.e., are slow growing. However, we observed the oppo-
site: fast-growing VSs tend to respond less to radiosurgery. 
This would imply that either fast-growing tumors have a 
superior DNA repair system24 or the response to radiosur-
gery reflects indirect radiation effects, such as decreasing 
tumor vascularity.25

The results in this study clearly indicate that the pre-
treatment growth rate influences the volumetric outcome 
of VS after GKRS. The prediction model obtained in this 
research provides the opportunity to determine the risk 
of treatment failure for each specific VS, employing the 
VDT. However, this prediction model needs to be validat-
ed in other cohorts.

Nevertheless, the findings of this study raise the ques-
tion of whether fast-growing tumors should be treated dif-
ferently, i.e., with a higher radiation dose, with microsur-
gery, or by reducing the radioresistance of these tumors, 
employing radiosensitizers.4,22,25,26 A prospective study 
should be designed to investigate whether an increased 
radiation dose or a combination of radiosensitizers with 
GKRS for fast-growing VS increases the overall tumor 
control rates, without increasing toxicity. However, Fu et 
al. recently showed that re-treatment of VS by GKRS ap-

TABLE 4. Differences in methodological definitions and results between the different studies evaluating the relation between pretreatment 
growth rate and GKRS treatment outcome

Authors & Year
No. of Pts 
(failures)

FU Time 
(mos)

Volumetric Tumor 
Measurements Definition of Treatment Failure

Pretreatment Growth 
Rate as Predictor

Varughese et al., 201221 45 (13) Mean 50 Yes Post-GKRS VDT >0 No
Marston et al., 2017 68 (9) Median 43.5 No Diameter increase >2 mm Yes
Niu et al., 2014 58 (3) Median 27.5 Yes Expansion w/ homogeneous enhancement on MRI Yes
Timmer et al., 2011 67 (5) Mean 26 No Secondary treatment needed No
Larjani et al., 2014 63 (7) Median 32 Yes No stabilization or regression of significant growth 

at 24 mos after treatment
No

Present study 311 (35) Median 60 Yes Secondary treatment needed + volumetric model Yes
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pears to be an effective strategy, suggesting that fast-grow-
ing tumors may benefit from a second GKRS treatment.3

Another possible benefit of being able to predict the 
chance of tumor control may be the personalization of the 
standard follow-up protocol: for patients with a slow-grow-
ing VS, the follow-up interval may be extended, while for 
fast-growing VS, patients may be monitored more closely.

Limitations
One of the most important limitations of this study, as 

well as other studies on this topic, is that there is no clear 
consensus on the explicit criteria for treatment failure after 
GKRS. Hence, direct comparison of tumor control rates 
reported in various studies is problematic, as the defini-
tion of treatment failure appears to be inconsistent.6,9,16 
Some studies define treatment failure as the requirement 
for microsurgical resection and do not mention whether a 
second GKRS treatment is considered as failure.1,2 Others, 
like the radiosurgical team at our center, define tumor con-
trol as the absence of radiologically identified progression, 
which is usually done by linear assessment.12,13,23 However, 
even with proven tumor progression, intervention may still 
be undesirable. Therefore, in addition to proven tumor 
progression followed by intervention, we have employed 
a mathematical model for determining treatment failure 
to simultaneously account for missed small progressions 
in the clinical setting and undesirable interventions. This 
model may not be clinically relevant, but it provides an 
objective measure for determining treatment failure. Be-
cause of this strict criterion, the results of our Kaplan-Mei-
er analysis display lower tumor control rates than those 
reported in other studies.

Furthermore, the determination of tumor control is 
troublesome, because of the pseudoprogression phenom-
enon. Most tumors presenting with pseudoprogression 
reach a maximum volume after a median of 5 months and 
first signs of regression at a median of 15 months.5,11,17,19 
In this study, we tried to circumvent this issue in defin-
ing loss of tumor control by only considering volumetric 
measurements beyond 2 years after treatment. However, it 
is claimed that pseudoprogression can occur as late as 3–4 
years after radiosurgery.16

Another limitation of this research is that the data are 
retrospectively analyzed. This leads, for instance, to un-
certainties in the volumetric assessment of the tumors, 
due to differences in MRI scans. For 146 patients, the T1-
weighted contrast-enhanced MRI study obtained prior to 
treatment was unavailable or of poor quality. Employing 

the T2-weighted MR images for these patients may have 
introduced uncertainties in the determined tumor vol-
umes. This effect is more critical in small tumors, as rela-
tive errors in the volumetric assessments become larger 
for decreasing volumes.18 However, we have shown that 
excluding these small tumors results in statically improved 
results.

Conclusions
In current literature, the influence of the pretreatment 

growth rate of VS on the GKRS treatment response can be 
classified as undetermined, due to the conflicting results 
reported by various studies. Methodological imperfections 
can possibly explain these contradicting results. Because 
of the large number of patients and the long follow-up 
times of our cohort and the volumetric tumor assessments 
both prior to and after GKRS treatment, we had the unique 
opportunity to accurately investigate the influence of the 
pretreatment tumor growth rate on the volumetric GKRS 
treatment response. We have found a predictive model il-
lustrating the negative influence of the pretreatment VS 
growth rate on the radiosurgical treatment efficacy. The 
resulting tumor control rates confirm the high efficacy of 
GKRS for slow-growing VS. However, the fast-growing 
tumors exhibited significantly lower control rates. Our 
analyses demonstrate that for these tumors, the calculated 
5- and 10-year tumor control rates are 85.5% and 67.6%, 
respectively. For these cases, different treatment strategies 
may be considered. Additionally, the results of this re-
search may help in patient counseling and in determining 
a patient-specific follow-up protocol, where the follow-up 
frequency of slow-growing tumors may be reduced with 
respect to the frequency needed for fast-growing tumors.
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