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Simple Summary: After stereotactic radiosurgery of vestibular schwannomas, there may be a 
transient increase in tumor volume. Therefore, it is difficult to distinguish between tumor growth 
and treatment-related volume changes. To address this issue, we developed criteria to assess 
response by systematic volumetric analysis. We found an early (within the first 12 months after 
treatment) and a late (beyond 12 months) increase in volume. Consequently, in most cases with 
unclear volume increase after radiosurgery, longer observation intervals should be implemented to 
better distinguish between transient and continuous tumor growth. 

Abstract: (1) Background: Transient increase in volume of vestibular schwannomas (VS) after stereotactic 
radiosurgery (SRS) is common and complicates differentiation between treatment-related changes 
(pseudoprogression, PP) and tumor recurrence (progressive disease, PD). (2) Methods: Patients with 
unilateral VS (n = 63) underwent single fraction robotic-guided SRS. Volume changes were classified 
according to existing RANO criteria. A new response type, PP, with a >20% transient increase in volume 
was defined and divided into early (within the first 12 months) and late (>12 months) occurrence. (3) 
Results: The median age was 56 (range: 20-82) years, the median initial tumor volume was 1.5 (range: 
0.1– 8.6) cm3. The median radiological and clinical follow-up time was 66 (range: 24-103) months. Partial 
response was observed in 36% (n = 23), stable disease in 35% (n = 22) and PP in 29% (n = 18) of patients. 
The latter occurred early (16%, n = 10) or late (13%, n = 8). Using these criteria, no case of PD was observed. 
(4) Conclusion: Any volume increase after SRS for vs. assumed to be PD turned out to be early or late PP. 
Therefore, we propose modifying RANO criteria for SRS of VS, which may affect the management of vs. 
during follow-up in favor of further observation. 
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1. Introduction 
Over the past decades, stereotactic radiosurgery (SRS) for small vestibular 

schwannoma (VS) has been established as an efficient and well-tolerated treatment, 
achieving high rates of tumor control and low risks for complications [1–4], and is 
therefore recommended in current guidelines [1,5]. However, in post-treatment MR 
images, a transient volume expansion (TVE) occasionally combined with central low 
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signal intensity is frequently observed. So far, no clear criteria exist which define this 
phenomenon with respect to the percentage of volume increase or the observed time 
course. This lack of a clear definition can also be seen in the different terms used in the 
literature, e.g., “temporary enlargement” [6], “tumor expansion” [7,8], “transient 
expansion“ [9,10] or simply “pseudoprogression” [1,11,12]. Additionally, in many clinical 
situations it is unclear whether TVE reflects a treatment-related reaction or a true tumor 
recurrence. Particularly, in the case of Cyberknife® SRS, only scarce data exist compared 
to the well-examined gamma-knife series. Thus, we prospectively analyzed the time 
course and extent of the tumor volume changes after Cyberknife® SRS. 

2. Methods 
2.1. Study Population 

Due to the retrospective nature of this investigation, approval from the ethical committee 
of the University of Cologne was waived (reference number 16-476). In this single center 
retrospective cohort study, we evaluated all patients undergoing single session robotic-guided 
SRS by Cyberknife® for progressive vestibular schwannomas. Inclusion criteria were a 
minimum of at least two years of follow-up MR images after SRS. Clinical data were obtained 
through a review of the patients’ electronic medical record, the Cyberknife® database, and 
available imaging studies. Data included patient demographic information, clinical history of 
neurological symptoms and parameters of the radiosurgical dose plan. 

In general, follow-up imaging was scheduled at 6 and 12 months after SRS and annually 
thereafter. Earlier imaging was occasionally obtained based on clinical judgment and course. 

2.2. Radiosurgery Technique 
The radiosurgical technique for Cyberknife®-SRS has been described in detail in previous 

reports [2,3,13]. In brief, the tumor and the adjacent critical structures (e.g., brainstem, 
cerebellum, trigeminal nerve) were outlined by an experienced neurosurgeon on contrast 
enhanced, T1-weighted MR images (Phillips, MR-Scanner 1.5 or 3 Tesla), which were obtained 
prior to SRS and registered to a stereotactic planning CT (1 mm slice thickness, Toshiba 16-
slice multidetector CT). The software Multiplan v4.5 was used for treatment planning. The 
final irradiation plan was evaluated in an interdisciplinary consensus meeting between the 
stereotactic neurosurgeon, a radiation oncologist experienced in SRS and the medical 
physicist. For radiosurgery the patient was immobilized on the Cyberknife® treatment table 
(Accuray, Sunnyvale, California) by means of a custom-made aquaplast mask.  

2.3. Tumor Imaging and Volumetric Analysis 
For volumetric analysis, we used axial T1-weighted, gadolinium-enhanced MRIs. 

Patients with follow-up MR images with slice thicknesses exceeding 3 mm were excluded 
from the study to minimize inaccuracy. On each image slice, the tumor cross-sectional 
area was calculated by delineation of the contrast-enhancing lesion via Osirix software 
(vs. 6, pixmeo). Tumor volume was subsequently calculated as the sum of the cross-
sectional areas multiplied by the slice thickness, as previously described [14]. Tumor 
volume on the T1-weighted, gadolinium-enhanced MRIs performed for the SRS planning 
was defined as baseline and served in each case as 100%. Each follow-up MRI until the 
last available scan was used for the volumetric analysis. At each follow-up time point, the 
percentage volume change (%ΔV) from the baseline was also calculated. 

For the purpose of the present analysis, we applied the RANO volumetric response 
criteria for meningioma [15] to the vestibular schwannomas (Table 1). Progressive disease 
(PD) was assumed if %ΔV exceeded 40% with additional continuous growth beyond 48 
months of observation according to previous research [15–17]. Stable disease (SD) was 
stated if the tumor volume decreased by less than 65% ΔV or increased by less than 20% 
ΔV. A decrease of more than 65% ΔV was classified as partial response (PR). Complete 
response (CR) meant a complete remission of the entire tumor. 
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Table 1. Proposed RANO criteria for assessing tumor response after SRS of VS. 

Criterion CR 
Complete Response 

PR 
Partial Response 

SD 
Stable Disease 

PP 
Pseudoprogression 

PD 
Progressive Disease 

1) Target lesion None 
≥65% decrease in volume 

relative to baseline 

<65% decrease relative to 
baseline but <20% 
increase in volume 

relative to nadir 

>20% increase in volume 
relative to baseline 

followed by decrease 
within 24–36 months 

≥40% increase in volume 
relative to baseline and/or 
change of Koos grade I or 

II to III or IV 
2) Onset of volume increase 

after SRS n.a. n.a. n.a. Early peak: <12 months 
Late peak: >12 months >36–48 months 

3) Clinical status (besides 
hearing deterioration and 

vertigo) 
Stable or improved Stable or improved Stable or improved Stable or improved Stable or deteriorated 

Requirement for response All or 1) alone All or 1) alone All All All 
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Additionally, pseudoprogression (PP) was defined as a tumor volume increase of 
more than 20% ΔV, followed by a decrease, finally resulting in SD or PR. We differentiated 
between early (volume peak within the first 12 months after SRS) and late PP (volume 
peak more than 12 months after SRS) (Table 1). Furthermore, morphological changes in 
the tumor in terms of loss of central contrast enhancement were documented (Table 2). 

Table 2. Patient and treatment characteristics, clinical data and response criteria of the observed 
cohort after Cyberknife® SRS. Unless mentioned otherwise, data are presented as mean with SD and 
range in brackets. 

Patient characteristics  

Total no. of patients 63 

Gender (m:f) 25:38 

No. of Koos-Grade 
KoosI: 6 KoosII: 45  

KoosIII: 11 KoosIV: 1 

Age (years) 56 ± 14 (range: 20–82) 

Tumor volume (cm3) 1.5 ± 1.4  (range: 0.1–8.6) 

Median radiological and clinical FU 
(months) 

66 (range: 24–103) 

Radiation Parameters  

Marginal dose (Gy) 13.0 ± 0.2 (range: 12–13) 

Dose prescription, isodose (%) 80 ± 3.5 (range: 65–81) 

Coverage (%) 99.6 ± 0.9 (range: 94.7–100) 

Dmax 16.25 ± 0.7 (range: 15–18.6) 

Dmean 14.89 ± 0.3 (range: 14–15.8) 

Dmin 12.94 ± 0.4 (range: 11–13.2) 

nCI 1.19 ± 0.07 (range: 1.08–1.44) 

Response/Pseudoresponse Criteria  

Loss of central contrast enhancement 41 (65%) 

CR—complete response 0 

ePP—early pseudoprogression 10 (16%) 

lPP—late pseudoprogression 8 (13%) 

SD—stable disease 22 (35%) 

PR—partial response 23 (36%) 

PD—progressive disease 0 
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2.4. Statistical analysis 
Statistical analyses were performed using PRISM Ver. 8 (GraphPad software) and 

SPSS Vers. 25 (IBM). Descriptive statistics were used to characterize the patient population 
and treatment variables. Statistical significance was assumed if p < 0.05. The paired t-test 
was used to analyze volume changes over the observation period. A LogRank test or chi-
square test was used to correlate onset of PP with new onset or deterioration of symptoms 
after SRS. In order to model the time course %ΔV(t) of the different types of volume 
changes in vs. after SRS, the following exponential equation was fitted to the data: %ΔV(t) 
= exp(–(A × t + B × t2)).  

3. Results 
3.1. Patients and Treatments 

We identified 106 patients who underwent Cyberknife® SRS for a progressive 
vestibular schwannoma between 2013 and 2016. Thirty-two patients were excluded due 
to a follow-up comprising less than two MR images. Eleven patients were excluded due 
to MR images with a slice thickness of more than 3 mm. Finally, we were able to include 
63 patients with a median tumor volume of 1.5 cm3 (range 0.1–8.6 cm3, see Table 2). The 
median clinical and radiological follow-up period was 66 months (range 24–104 months). 
Three patients had subtotal surgical resection prior to radiosurgery.  

3.2. Clinical Outcome 
Clinical data regarding symptoms prior to and after treatment were available for all 

63 patients (Figure 1). Twenty patients suffered worsening of one or more symptoms after 
Cyberknife® SRS. In contrast, in thirteen patients symptoms improved. We did not find a 
correlation between the development of PP and aggravation of existing, or occurrence of 
new, symptoms after SRS (chi-square test, p = 0.339). Similarly, this was also true for new 
onset or deterioration of vertigo and balance disorders (LogRank, p = 0.636). Since only 
two patients in the collective suffered a loss of functional hearing after SRS, a correlation 
was statistically not feasible.  

 
Figure 1. Symptoms prior to and post Cyberknife® SRS in a collective of 63 patients with progressive 
VS. 
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3.3. Volumetric and Tumor Characteristics 
Overall, 391 MR scans were volumetrically analyzed. The scans had a median slice 

thickness of 2.1 mm (range 1–3 mm). The mean tumor volume showed a significant 
decrease at all time points beyond 12 months after SRS (Figure 2). According to the 
predefined tumor response criteria regarding percentage volume change (%ΔV), four 
types of response were observed: partial response (PR, Figure 3A) in 36% (n = 23) of cases; 
stable disease (SD, Figure 3B) in 35% (n = 22) and pseudoprogression (PP) in 29% (n = 18) 
of cases. The latter was further divided into early PP (16%, n = 10, Figure 3C) and late PP 
(13%, n = 8, Figure 3D). The median time to onset of early PP was six months (range: 4-10) 
after SRS and of late PP, 15.5 months (range: 4–35). The overall median time to peak of 
tumor volume enlargement after SRS was 18 months (range: 4-61) in the case of early PP 
and 36 months (range: 20-61) in the case of late PP. The median ΔV% at the peak of 
transient enlargement was 57% (range: 20–225%). Eight out of ten patients in the early PP 
group and all patients in the late PP group had a transient enlargement exceeding 40% 
ΔV. The median duration of tumor enlargement (time to complete resolution) until 
regression was 12.5 months (range: 5–82). The mean time to resolve from peak was 8.9 
months ± 4.8 (range 5–20) in the case of early PP, and 19.7 months ± 10.4 (range: 6–33) in 
the case of late PP. The difference between both groups was statistically significant (p = 
0.011). The tumor enlargement resolved completely after 60 months in 94% of patients. An 
illustrative case with late PP is shown in Figure 4. 

In 65% of the patients (n = 41), morphological changes with loss of contrast 
enhancement in the internal structure of the tumor were observed (Table 2). However, a 
correlation with early or late PP was not observed in the chi-square test (p = 0.378). 

Possible influencing factors such as patient characteristics or radiation parameters 
are compared in Table 3. There were no statistical differences between the cohort of 
patients with PP or the cohort with PR and SD.  

 
Figure 2. Mean tumor volume during the follow-up period. Twelve months after SRS, the mean 
tumor volume of the collective was significantly decreased (marked with *) compared to the baseline 
(6 months: p = 0.91, 12 months: p < 0.0001, 24 months: p < 0.0001, 36 months: p = 0.018, 48 months: p 
= 0.021, 60 months: p < 0.0001, >72 months: p < 0.0001). 
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Figure 3. Comparison of mean %ΔV during follow-up after SRS of VS. A: Partial response; B: Stable 
disease; C: Early pseudoprogression; D: Late pseudoprogression. 

Table 3. The comparison of pseudoprogression (PP) and partial response/stable disease (PR+SD) of 
the observed cohort after Cyberknife® SRS showed no significant difference (I > 0.05) with regard 
to patient and treatment characteristics. 

Patient Characteristics PR + SD PP p-Value 

No. of patients 45 18  

Age (years) 57 ± 14.3  54 ± 13.2 p = 0.731 

Tumor volume (cm3) 1.62 ± 1.5  1.15 ± 0.7 p = 0.057 

follow-up (months) 61.5 ± 21.6 64.3 ± 21.1 p = 0.083 

Radiation Parameters    

Marginal dose (Gy) 13 13  

Dose prescription, isodose (%) 78.02 ± 3.7 78.9 ± 2.7 p = 0.082 

Coverage (%) 99.36 ± 1.1 98.8 ± 1.4 p = 0.087 

Dmax 16.6 ± 0.7 16.5 ± 0.6 p = 0.223 

Dmean 14.9 ± 0.2 14.8 ± 0.3 p = 0.111 

Dmin 12.8 ± 0.4 12.8 ± 0.2 p = 0.158 

nCI 1.17 ± 0.63 1.22 ± 0.09 p = 0.051 

A B 

C D 



Cancers 2023, 15, 1496 9 of 16 
 

 

 
Figure 4. Illustrative case of a 56-year-old woman with a vestibular schwannoma that showed an 
increase in volume and was classified as late pseudoprogression. At the baseline, Cyberknife® SRS 
with a radiation dose of 13 Gy was applied. During follow-up, a continuous volume increase could 
be observed with a maximum of %ΔV = 225 after 48 months. Afterwards, until 72 months, the tumor 
volume regressed almost completely to baseline. 

4. Discussion 
Pseudoprogression is a well-known phenomenon after SRS of VS. Nevertheless, the 

definition and reported duration or frequency of this phenomenon vary in the literature. 
To shed some light on this topic, we conducted an extensive literature search that included 
studies that met the following criteria: (1) single fraction SRS; (2) median follow-up of at 
least 24 months; and (3) volumetric response analysis. Eleven series with a total of 982 
patients (Table 4) matched these criteria. While most of the available series reported 
results from the Gammaknife (GK), our series is one of the first retrospective surveys with 
detailed analyses of volumetric responses in vs. after robotic-guided SRS using the 
Cyberknife®. 



Cancers 2023, 15, 1496 10 of 16 
 

 

Table 4. Summary of pseudoprogression after single fraction SRS of vs. evaluated by volumetric analysis in former studies. Incidence and time course 
of pseudoprogression. 

Study n Mean FU 
(months) 

Radiation 
Technique 

Tumor 
Volume 

(ml) 

Incidence 
of PP (%) 

Definition of PP Mean Volume 
Increase (%) 

Median Yime 
to Peak for PP 

(months) 

Late Peak 
(% of Collective 
@ Median Ttime 

to Peak) 

Duration of PP  

Yu, 2000 [18] 91 22 GK  63 NA 20 6 NA  

Nakamura, 2000 [6] 78 34 GK 0.6 41 Volume increase of 
more than 20% 

NA 12 6.4%  
@ 24–36 months 

24 mo 

Nagano, 2008, 2010 
[19,20] 

87 65 GK 2.5 77 Volume increase > 10% 58 8.6 NA 90% resolved after 
5 yr 

Van de Langenberg, 
2011 [21] 17 40 LINAC 2.09 54 

Volume increase 
>19.7% NA 5 (3-17) NA 15 (8–27) mo 

Hayhurst, 2012 [11] 
 75 29 GK 1.7 23 Volume increase > 10% 23 NA NA NA 

Kim, 2013 [22] 60 42 GK 0.34 47 Volume increase > 10% 
within a year NA NA NA NA 

Mindermann, 2014 
[10] 235 62 GK 1.85 NA 

Volume increase > 20% 
within 24 months NA 6-18 NA 12-18 

Matsuo, 2015 [23] 44 165 LINAC 2.38 54.5 
Volume increase > 20% 

within 24 months 88 9 
7.1% @ 

39.6months  

Kim, 2017 [24] 235 34 GK 2.2 18 Volume increase > 20% 
within a year 

NA 7 (4–55) NA NA 
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Breshears, 2019 [16] 18 49 GK 0.74 42 
Volume increase at 
any time during FU 

followed by reduction 
49 12.5 

10% 
@36–48 months 

28.8 mo, 90% 
resolved at 6.9 yr 

Fouard, 2021 [17] 42 83 GK 0.69 63.5 
Volume increase > 13% 
at any time during FU 
followed by reduction 

64 6-12 mo 17%  
@ 36–48 months 

24 mo, 

Our study 63 66 CK 1.5 29 
Volume increase > 20% 
at any time during FU 
followed by reduction 

57 18 12.7%  
@ 36 months 

12.5 mo, 90% 
resolved after 4 yr 

 



Cancers 2023, 15, 1496 12 of 16 
 

 

The incidence of pseudoprogression in our study was within the range of the other 
current studies (Table 4). Accordingly, pseudoprogression (PP) varied with an incidence 
of 4.7% [25] to 77% [19,20] and five-year tumor control varied between 87% [26] and 100% 
[27]. Some authors explain this disparity as being due to the large variation in observation 
periods in these studies [17]. Apart from this factor, different types of tumor volume 
measurements (2D or 3D) and different MRI protocols may hinder the general 
comparability of the results. 

Comparable to our results, most patients seemed to develop a peak of volume 
increase between 6 months and 1 year after SRS (Table 4). However, in our series, seven 
patients had no early volume increase but developed a late transient tumor swelling, 
peaking at 3 or 4 years and then resolving very slowly. Other authors [16,17,23] also 
observed this late peak around 36 months after SRS (Table 4). Of note, this is the crucial 
time point for some authors to define loss of tumor control. For instance, Delsanti et al. 
[28] defined treatment failure as “a continuous growth for more than 3 years after 
radiosurgery”. Mindermann et al. [10] were even stricter and defined tumor progression 
in the case of a tumor volume increase of more than 20% after 24 months.  

Taking into account the present data, these definitions should be regarded with care, 
since all tumors still regressed spontaneously, even after 36 months or later. The case 
illustrated in Figure 4 demonstrates this observation and is in line with the results of 
Breshears et al. [16]. In about 90% of cases with transient enlargement, they observe a 
transient tumor enlargement at 3.2 years after SRS. Furthermore, both Breshears et al. [16] 
and Fouard et al. [17] reported that the transient enlargement resolved completely in 90% 
of the patients after up to 6.9 years, which is quite similar to our results, where a remission 
was observed in 94% of the patients after five years.  

4.1. Morphological Changes after SRS of Vestibular Schwannoma 
Besides volume changes, we also observed morphological changes such as transient 

loss of central contrast enhancement in 65% of the patients, which is within the range of 
45 to 83% reported in the literature [2,6,17,21,23,28]. The tumors showed loss of contrast 
only within the first year after SRS, but this phenomenon was not related to early or late 
PP, since in the patients with late PP, loss of contrast was also only apparent within the 
first year. These findings are similar to those of several other authors [17,21]. For instance, 
in the study of Fouard et al. [17], loss of contrast enhancement was also found in 
progressive tumors. This observation suggests that these morphologic changes may only 
represent an early radiation effect and are not necessarily predictive for early or late PP or 
PD. 

So far, hardly any data are available about the mechanisms underlying 
morphological changes and PP. Iwai et al. [29] investigated the pathological changes in a 
group of patients who had salvage surgery after a median interval to radiosurgery of 28 
months. Half of the patients had histologic findings of intratumoral hemorrhage, presence 
of macrophages, myxoid degeneration or necrosis; all changes were regarded as radiation-
induced. Several authors have assumed that tumor enlargement after SRS is also due to 
radiation-induced tumor necrosis or chronic intratumoral hemorrhage [29,30]. 
Accordingly, here we suggest that during follow-up, the natural time course of tumor 
regression should be taken into account and surgical approaches should be limited to 
subtotal removal for functional preservation [29]. 

4.2. Risk Factors and Complications of Pseudoprogression  
Similar to the morphological changes after SRS, the pathological explanation for PP 

is not really known yet. However, vs. cells react with a combination of acute inflammation 
and vascular occlusion to radiation [29,31]. Therefore, it is, on the one hand, not surprising 
that morphological changes and also temporary enlargement occur. On the other hand, it 
is all the more incomprehensible that this phenomenon only affects a subset of treated VS. 
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To date, possible risk factors for the development of PP are largely unknown or discussed 
controversially, although prognostic assessment for PP occurrence would be important 
for post-interventional management. Regarding patient-, tumor- or treatment-related 
factors such as age, tumor volume and radiation dose, we did not find any influencing 
factors. This goes in line with the majority of the available studies [6,18,21,23,32], with the 
exception of the study of Kim et al. [24], which showed that solid-type tumors had a higher 
probability of developing PP. This might be due to the fact that cystic tumors have less 
tissue that can respond to radiation. 

New insights can probably be gained from MRI-based radiomics. A study by 
Langenhuizen et al. [33] detected PP in 38 out of 99 patients.  A correlation between 
patient- and treatment-related factors and PP was not evident. However, textural features 
from MRI scans derived from the three-dimensional gray-level co-occurrence matrices 
(GLCM) showed a prognostic value for PP with a sensitivity of 0.82 and specificity of 0.69. 
These findings suggest that MRI-based tumor texture analysis provides information that 
could be used to predict PP and serve as a basis for individualized vs. treatment and FU 
strategy, especially in patients with large VS in which the phenomenon of PP is most 
relevant. 

In our series, we did not find a significant association between postradiosurgical 
clinical deterioration (cranial neuropathies, ataxia and hydrocephalus) and PP. This is in 
line with a majority of studies [6,10,11,16,17,32]. Nevertheless, a relationship between 
onset of new cranial neuropathies or hydrocephalus was present in some studies within 
the first year after SRS [19,34,35]. For example, Pollock et al. [35] reported adverse effects 
in 20% of patients with tumor growth. However, the number of patients with AEs without 
tumor growth was not shown in that study. Nagano et al. [19] saw an association with 
tumor volume increase of more than 30% associated with a significantly higher rate of 
cranial nerve impairment (e.g., facial hemispasm, facial weakness and facial dysesthesia). 
Aoyama et al. [34] reported a rate of post-SRS hydrocephalus, with 11% of patients and a 
median of 11.3 months after the treatment [34]. Tumor expansion and tumor size 
measuring 30 mm or greater are considered as risk factor for the new onset of 
hydrocephalus. In general, it is not so much the size but rather a higher protein 
concentration of cerebrospinal fluid after SRS [36] which leads to a blockage of arachnoid 
granulations and is therefore seen as the main risk factor. This hypothesis also explains 
better why smaller tumors and cases without PP can also develop hydrocephalus. 
However, in many other series [2,4,6,7,11,16,17,19–21], the development of hydrocephalus 
plays no or only a minor role. 

4.3. Development of RANO Criteria for vs. after SRS 
The phenomenon of pseudoprogression seems to be a quite typical phenomenon for 

vestibular schwannoma and is almost absent in other benign tumors such as 
meningiomas, hemangiopericytomas, pituitary adenomas or glomus tumors. However, 
in meningiomas, PP after SRS occurs in 5–11% and is typically associated with 
morphological changes indicating intratumoral necrosis [37]. In VS, the situation is 
probably more complex, as in many tumors, PP occurs without morphological changes.  

Regarding benign brain tumors, RANO criteria are, so far, available only for 
meningioma [15], but not for VS. Thus, apart from arbitrarily defined criteria for 
distinguishing progression from pseudoprogression in VS, clear recommendations for 
response assessment would be helpful (Tab 3.). Even the well-established guidelines for 
the treatment of treatment of VS [1,5] do not provide a consistent and clear 
recommendation, only the guideline of the International Society for Radiosurgery (ISRS, 
[38]) mentions that PP should be considered within the first three years after SRS.  

In order to fill this gap, we here propose additional response criteria to existing 
RANO criteria [15] to overcome the ambiguities and different results of the various 
studies. These criteria use the well-established RANO terms of “stable disease” (SD), 
“partial response” (PR) and “progressive disease” (PD), as these allow a clearer 
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understanding of the tumor response after treatment. The percentage volume changes of 
the respective category are taken from the RANO criteria for meningioma [15]. In 
addition, the time interval in which volume changes occur should be considered. 
Therefore, we suggest the new category, “pseudoprogression” (PP), divided into early 
and late occurrence.  

Some studies on PP in vs. suggest >20% for the definition of PP. We follow this 
definition. On the other hand, the RANO criteria for meningiomas define PD as >25% 
volume increase [15]. Since 20% and 25% are very close to each other and late PP can still 
be present after 36 months, it is difficult to separate both definitions. Especially, the 
temporal overlap makes it difficult to define a valid threshold. In our study, the best 
discriminatory power is 40%, because at >48 months all but three patients with late PP fell 
below this threshold. An increase of the threshold value, on the other hand, bears the risk 
of overlooking true progression. Furthermore, we follow the results of the study by 
Fouard et al. [17]. They found that all patients with true progression had a volume increase 
of 37-43% at 36-48 months, so a value of 40% seems plausible. Further studies with a larger 
cohort might show that the current thresholds should be set differently after all.  

Furthermore, our proposed RANO criteria take the duration of tumor enlargement 
into account, and as such, are in line with our results and results from the existing 
literature (Table 4). 

Nevertheless, any response assessment criteria have the problem that they must tell 
stable from progressive disease also from the clinical viewpoint. As there were only mild 
clinical deteriorations associated with pseudoprogression in our cohort, salvage treatment 
was never necessary. If a clinical deterioration correlates with the imaging changes and 
appears to be uncontrollable, a new intervention may be required. However, surgery as a 
salvage treatment should always be considered carefully to avoid treating too early and 
to allow the tumors to regress spontaneously.  

4.4. Conclusion and Practical Implications of Proposed RANO Criteria for VS 
The criteria proposed here are primarily intended to provide guidance for post-

interventional management. Patients with vestibular schwannomas scheduled for 
radiosurgery should be informed about the phenomenon of early and late 
pseudoprogression. High-resolution contrast-enhanced T1-weighted MRI should be used 
as gold-standard for follow-up imaging, as this sequence allows the best visualization of 
the tumor. Annually, MRI exams are recommended during the first 5 years and can be 
reduced to an interval of 2–3 years if the tumor volume is stable or smaller than before 
treatment [17]. A slice thickness of 2 mm or less should be used because volume 
measurement errors increase exponentially with the slice thickness [39]. In clinical routine, 
the measurement of transverse tumor diameter may be adequate in most of the cases [40]. 
Any case with suspected progressive disease in MRI controls should be examined in short 
intervals (e.g., 3–6 months) by thin-slice MRI and 3D volumetry of the tumor, since the 
latter can reduce measurement errors [41–43]. Even in large tumors with or without onset 
of new symptoms, caution regarding salvage surgery or radiotherapy is required. 

5. Conclusions 
In light of the newly developed response criteria and the inconsistency of the actual 

recommendations, the criteria for tumor progression often proposed in the literature (e.g., 
tumor volume increase of more than 10–20%, tumor growth after 3 years, no return to 
pretreatment volume after transient swelling) are, in our opinion, no longer valid and 
should not be used. Additionally, longer observation periods after SRS are strongly 
recommended based on these findings. 

Author Contributions: Conceptualization, D.R. and M.I.R.; methodology, D.R. and A.H.; software, 
V.N. and A.H.; validation, V.N. and M.E.; formal analysis, D.R., M.E. and M.K.; investigation, D.R., 
B.S. and S.T.J.; data curation, M.K.; writing—original draft preparation, D.R.; writing—review and 



Cancers 2023, 15, 1496 15 of 16 
 

 

editing, E.C., C.B., S.T.J.,V.N., M.K. and M.I.R.; supervision, M.I.R. All authors have read and agreed 
to the published version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki, and approved by the Institutional Ethics Committee of the University hospital of 
Cologne (16-476, date of approval: 2016-12-20).  

Informed Consent Statement: The ethic committee of the University Hospital of Cologne approved 
the study protocol (Identity: Az 16-476). Due to the retrospective character, the ethic committee 
waived the need for informed consent. Nevertheless, informed consent was obtained from all sub-
jects involved in the study.  

Data Availability Statement: Not applicable. 

Acknowledgments: Not applicable. 

Conflicts of Interest: The authors declare no conflict of interest.  

References 
1. Goldbrunner, R.; Weller, M.; Regis, J.; Lund-Johansen, M.; Stavrinou, P.; Reuss, D.; Evans, D.G.; Lefranc, F.; Sallabanda, K.; 

Falini, A.; et al. EANO guideline on the diagnosis and treatment of vestibular schwannoma. Neuro-Oncology 2020, 22, 31–45. 
https://doi.org/10.1093/neuonc/noz153. 

2. Ruess, D.; Pohlmann, L.; Grau, S.; Hamisch, C.; Hellerbach, A.; Treuer, H.; Kocher, M.; Ruge, M.I. Long-term follow-up after 
stereotactic radiosurgery of intracanalicular acoustic neurinoma. Radiat. Oncol. 2017, 12, 68. https://doi.org/10.1186/s13014-017-
0805-0. 

3. Ruess, D.; Pohlmann, L.; Hellerbach, A.; Hamisch, C.; Hoevels, M.; Treuer, H.; Grau, S.; Jablonska, K.; Kocher, M.; Ruge, M.I. 
Acoustic Neuroma Treated with Stereotactic Radiosurgery: Follow-up of 335 Patients. World Neurosurg. 2018, 116, e194–e202. 
https://doi.org/10.1016/j.wneu.2018.04.149. 

4. Watanabe, S.; Yamamoto, M.; Kawabe, T.; Koiso, T.; Yamamoto, T.; Matsumura, A.; Kasuya, H. Stereotactic radiosurgery for 
vestibular schwannomas: Average 10-year follow-up results focusing on long-term hearing preservation. J. Neurosurg. 2016, 125, 
64–72. https://doi.org/10.3171/2016.7.GKS161494. 

5. Germano, I.M.; Sheehan, J.; Parish, J.; Atkins, T.; Asher, A.; Hadjipanayis, C.G.; Burri, S.H.; Green, S.; Olson, J.J. Congress of 
Neurological Surgeons Systematic Review and Evidence-Based Guidelines on the Role of Radiosurgery and Radiation Therapy 
in the Management of Patients With Vestibular Schwannomas. Neurosurgery 2018, 82, E49–E51. 
https://doi.org/10.1093/neuros/nyx515. 

6. Nakamura, H.; Jokura, H.; Takahashi, K.; Boku, N.; Akabane, A.; Yoshimoto, T. Serial follow-up MR imaging after gamma knife 
radiosurgery for vestibular schwannoma. AJNR Am. J. Neuroradiol. 2000, 21, 1540–1546. 

7. Hasegawa, T.; Kida, Y.; Yoshimoto, M.; Koike, J.; Goto, K. Evaluation of tumor expansion after stereotactic radiosurgery in 
patients harboring vestibular schwannomas. Neurosurgery 2006, 58, 1119–1128; discussion 1119–1128. 
https://doi.org/10.1227/01.NEU.0000215947.35646.DD. 

8. Pollock, B.E.; Lunsford, L.D.; Kondziolka, D.; Sekula, R.; Subach, B.R.; Foote, R.L.; Flickinger, J.C. Vestibular schwannoma 
management. Part II. Failed radiosurgery and the role of delayed microsurgery. J. Neurosurg. 1998, 89, 949–955. 
https://doi.org/10.3171/jns.1998.89.6.0949. 

9. Fukuoka, S.; Oka, K.; Seo, Y.; Tokanoshi, M.; Sumi, Y.; Nakamura, H.; Nakamura, J.; Ikawa, F. Apoptosis following gamma knife 
radiosurgery in a case of acoustic schwannoma. stereotact. Funct. Neurosurg. 1998, 70 (Suppl. 1), 88–94. 
https://doi.org/10.1159/000056411. 

10. Mindermann, T.; Schlegel, I. How to distinguish tumor growth from transient expansion of vestibular schwannomas following 
Gamma Knife radiosurgery. Acta Neurochir. 2014, 156, 1121–1123. https://doi.org/10.1007/s00701-014-2063-3. 

11. Hayhurst, C.; Zadeh, G. Tumor pseudoprogression following radiosurgery for vestibular schwannoma. Neuro-Oncology 2012, 
14, 87–92. https://doi.org/10.1093/neuonc/nor171. 

12. Goldbrunner, R.; Minniti, G.; Preusser, M.; Jenkinson, M.D.; Sallabanda, K.; Houdart, E.; von Deimling, A.; Stavrinou, P.; Lefranc, 
F.; Lund-Johansen, M.; et al. EANO guidelines for the diagnosis and treatment of meningiomas. Lancet Oncol. 2016, 17, e383–
e391. https://doi.org/10.1016/S1470-2045(16)30321-7. 

13. Rueß, D.; Fritsche, F.; Grau, S.; Treuer, H.; Hoevels, M.; Kocher, M.; Baues, C.; Ruge, M.I. Stereotactic Radiosurgery of Cavernous 
Sinus Meningiomas. J. Neurol. Surg. Part B Skull Base 2020, 81, 158–164. https://doi.org/10.1055/s-0039-1683430. 

14. Sorensen, A.G.; Patel, S.; Harmath, C.; Bridges, S.; Synnott, J.; Sievers, A.; Yoon, Y.H.; Lee, E.J.; Yang, M.C.; Lewis, R.F.; et al. 
Comparison of diameter and perimeter methods for tumor volume calculation. J. Clin. Oncol. 2001, 19, 551–557. 
https://doi.org/10.1200/JCO.2001.19.2.551. 



Cancers 2023, 15, 1496 16 of 16 
 

 

15. Huang, R.Y.; Bi, W.L.; Weller, M.; Kaley, T.; Blakeley, J.; Dunn, I.; Galanis, E.; Preusser, M.; McDermott, M.; Rogers, L.; et al. 
Proposed response assessment and endpoints for meningioma clinical trials: Report from the Response Assessment in Neuro-
Oncology Working Group. Neuro-Oncology 2019, 21, 26–36. https://doi.org/10.1093/neuonc/noy137. 

16. Breshears, J.D.; Chang, J.; Molinaro, A.M.; Sneed, P.K.; McDermott, M.W.; Tward, A.; Theodosopoulos, P.V. Temporal 
Dynamics of Pseudoprogression After Gamma Knife Radiosurgery for Vestibular Schwannomas-A Retrospective Volumetric 
Study. Neurosurgery 2019, 84, 123–131. https://doi.org/10.1093/neuros/nyy019. 

17. Fouard, O.; Daisne, J.F.; Wanet, M.; Regnier, M.; Gustin, T. Long-term volumetric analysis of vestibular schwannomas following 
stereotactic radiotherapy: Practical implications for follow-up. Clin. Transl. Radiat. Oncol. 2022, 33, 1–6. 
https://doi.org/10.1016/j.ctro.2021.12.003. 

18. Yu, C.P.; Cheung, J.Y.; Leung, S.; Ho, R. Sequential volume mapping for confirmation of negative growth in vestibular 
schwannomas treated by gamma knife radiosurgery. J. Neurosurg. 2000, 93 (Suppl. 3), 82–89. 
https://doi.org/10.3171/jns.2000.93.supplement. 

19. Nagano, O.; Higuchi, Y.; Serizawa, T.; Ono, J.; Matsuda, S.; Yamakami, I.; Saeki, N. Transient expansion of vestibular 
schwannoma following stereotactic radiosurgery. J. Neurosurg. 2008, 109, 811–816. https://doi.org/10.3171/JNS/2008/109/11/0811. 

20. Nagano, O.; Serizawa, T.; Higuchi, Y.; Matsuda, S.; Sato, M.; Yamakami, I.; Okiyama, K.; Ono, J.; Saeki, N. Tumor shrinkage of 
vestibular schwannomas after Gamma Knife surgery: Results after more than 5 years of follow-up. J. Neurosurg. 2010, 113, 122–
127. 

21. van de Langenberg, R.; Dohmen, A.J.; de Bondt, B.J.; Nelemans, P.J.; Baumert, B.G.; Stokroos, R.J. Volume changes after 
stereotactic LINAC radiotherapy in vestibular schwannoma: Control rate and growth patterns. Int. J. Radiat. Oncol. Biol. Phys. 
2012, 84, 343–349. https://doi.org/10.1016/j.ijrobp.2011.12.023. 

22. Kim, Y.H.; Kim, D.G.; Han, J.H.; Chung, H.T.; Kim, I.K.; Song, S.W.; Park, J.H.; Kim, J.W.; Kim, Y.H.; Park, C.K.; et al. Hearing 
outcomes after stereotactic radiosurgery for unilateral intracanalicular vestibular schwannomas: Implication of transient 
volume expansion. Int J. Radiat. Oncol. Biol. Phys. 2013, 85, 61–67. https://doi.org/10.1016/j.ijrobp.2012.03.036. 

23. Matsuo, T.; Okunaga, T.; Kamada, K.; Izumo, T.; Hayashi, N.; Nagata, I. Long-term follow-up results of linear accelerator-based 
radiosurgery for vestibular schwannoma using serial three-dimensional spoiled gradient-echo MRI. J. Clin. Neurosci. 2015, 22, 
320–325. https://doi.org/10.1016/j.jocn.2014.06.100. 

24. Kim, J.H.; Jung, H.H.; Chang, J.H.; Chang, J.W.; Park, Y.G.; Chang, W.S. Predictive Factors of Unfavorable Events After Gamma 
Knife Radiosurgery for Vestibular Schwannoma. World Neurosurg. 2017, 107, 175–184. 
https://doi.org/10.1016/j.wneu.2017.07.139. 

25. Kondziolka, D.; Lunsford, L.D.; McLaughlin, M.R.; Flickinger, J.C. Long-term outcomes after radiosurgery for acoustic 
neuromas. N. Engl. J. Med. 1998, 339, 1426–1433. https://doi.org/10.1056/NEJM199811123392003. 

26. Yang, I.; Sughrue, M.E.; Han, S.J.; Fang, S.; Aranda, D.; Cheung, S.W.; Pitts, L.H.; Parsa, A.T. Facial nerve preservation after 
vestibular schwannoma Gamma Knife radiosurgery. J. Neuro-Oncol. 2009, 93, 41–48. https://doi.org/10.1007/s11060-009-9842-3. 

27. Benghiat, H.; Heyes, G.; Nightingale, P.; Hartley, A.; Tiffany, M.; Spooner, D.; Geh, J.I.; Cruickshank, G.; Irving, R.M.; Sanghera, 
P. Linear accelerator stereotactic radiosurgery for vestibular schwannomas: A UK series. Clin. Oncol. 2014, 26, 309–315. 
https://doi.org/10.1016/j.clon.2014.02.008. 

28. Delsanti, C.; Roche, P.H.; Thomassin, J.M.; Regis, J. Morphological changes of vestibular schwannomas after radiosurgical 
treatment: Pitfalls and diagnosis of failure. Prog. Neurol. Surg. 2008, 21, 93–97. https://doi.org/10.1159/000156712. 

29. Iwai, Y.; Yamanaka, K.; Yamagata, K.; Yasui, T. Surgery after radiosurgery for acoustic neuromas: Surgical strategy and 
histological findings. Neurosurgery 2007, 60, ONS75-82; discussion ONS82. https://doi.org/10.1227/01.NEU.0000249251.78794.45. 

30. Prasad, D.; Steiner, M.; Steiner, L. Gamma surgery for vestibular schwannoma. J. Neurosurg. 2000, 92, 745–759. 
https://doi.org/10.3171/jns.2000.92.5.0745. 

31. Witham, T.F.; Okada, H.; Fellows, W.; Hamilton, R.L.; Flickinger, J.C.; Chambers, W.H.; Pollack, I.F.; Watkins, S.C.; Kondziolka, 
D. The characterization of tumor apoptosis after experimental radiosurgery. Stereotact. Funct. Neurosurg. 2005, 83, 17–24. 
https://doi.org/10.1159/000084475. 

32. Meijer, O.W.; Vandertop, W.P.; Lagerwaard, F.J.; Slotman, B.J. Linear accelerator-based stereotactic radiosurgery for bilateral 
vestibular schwannomas in patients with neurofibromatosis type 2. Neurosurgery 2008, 62, A37–A42. discussion A42–A43. 
https://doi.org/10.1227/01.neu.0000325935.23852.9d. 

33. Langenhuizen, P.; Sebregts, S.H.P.; Zinger, S.; Leenstra, S.; Verheul, J.B.; de With, P.H.N. Prediction of transient tumor 
enlargement using MRI tumor texture after radiosurgery on vestibular schwannoma. Med. Phys. 2020, 47, 1692–1701. 
https://doi.org/10.1002/mp.14042. 

34. Aoyama, H.; Onodera, S.; Takeichi, N.; Onimaru, R.; Terasaka, S.; Sawamura, Y.; Shirato, H. Symptomatic outcomes in relation 
to tumor expansion after fractionated stereotactic radiation therapy for vestibular schwannomas: Single-institutional long-term 
experience. Int. J. Radiat. Oncol. Biol. Phys. 2013, 85, 329–334. https://doi.org/10.1016/j.ijrobp.2012.05.003. 

35. Pollock, B.E. Management of vestibular schwannomas that enlarge after stereotactic radiosurgery: Treatment recommendations 
based on a 15 year experience. Neurosurgery 2006, 58, 241–248; discussion 241–248. 
https://doi.org/10.1227/01.NEU.0000194833.66593.8B. 

36. Shimizu, Y.; Miyamori, T.; Yamano, J. Hydrocephalus after Gamma Knife Radiosurgery for Schwannoma. Asian J. Neurosurg. 
2019, 14, 487–490. https://doi.org/10.4103/ajns.AJNS_278_18. 



Cancers 2023, 15, 1496 17 of 16 
 

 

37. Jung, I.H.; Chang, K.W.; Park, S.H.; Jung, H.H.; Chang, J.H.; Chang, J.W.; Chang, W.S. Pseudoprogression and peritumoral 
edema due to intratumoral necrosis after Gamma knife radiosurgery for meningioma. Sci. Rep. 2022, 12, 13663. 
https://doi.org/10.1038/s41598-022-17813-9. 

38. Tsao, M.N.; Sahgal, A.; Xu, W.; De Salles, A.; Hayashi, M.; Levivier, M.; Ma, L.; Martinez, R.; Regis, J.; Ryu, S.; et al. Stereotactic 
radiosurgery for vestibular schwannoma: International Stereotactic Radiosurgery Society (ISRS) Practice Guideline. J. 
Radiosurgery. SBRT 2017, 5, 5–24. 

39. Snell, J.W.; Sheehan, J.; Stroila, M.; Steiner, L. Assessment of imaging studies used with radiosurgery: A volumetric algorithm 
and an estimation of its error. Technical note. J. Neurosurg. 2006, 104, 157–162. https://doi.org/10.3171/jns.2006.104.1.157. 

40. Choi, Y.; Kim, S.; Kwak, D.W.; Lee, H.S.; Kang, M.K.; Lee, D.K.; Hur, W.J. Maximum diameter versus volumetric assessment 
for the response evaluation of vestibular schwannomas receiving stereotactic radiotherapy. Radiat. Oncol. J. 2018, 36, 114–121. 
https://doi.org/10.3857/roj.2018.00031. 

41. van de Langenberg, R.; de Bondt, B.J.; Nelemans, P.J.; Baumert, B.G.; Stokroos, R.J. Follow-up assessment of vestibular 
schwannomas: Volume quantification versus two-dimensional measurements. Neuroradiology 2009, 51, 517–524. 
https://doi.org/10.1007/s00234-009-0529-4. 

42. Walz, P.C.; Bush, M.L.; Robinett, Z.; Kirsch, C.F.; Welling, D.B. Three-dimensional segmented volumetric analysis of sporadic 
vestibular schwannomas: Comparison of segmented and linear measurements. Otolaryngol.-Head Neck Surg. 2012, 147, 737–743. 
https://doi.org/10.1177/0194599812447766. 

43. Li, D.; Tsimpas, A.; Germanwala, A.V. Analysis of vestibular schwannoma size: A literature review on consistency with 
measurement techniques. Clin. Neurol. Neurosurg. 2015, 138, 72–77. https://doi.org/10.1016/j.clineuro.2015.08.003. 

 
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual 
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury 
to people or property resulting from any ideas, methods, instructions or products referred to in the content. 

 
 


