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Objective: Adequate radiation doses for repeat gamma-knife radiosurgery (GKS) for trigeminal 

neuralgia is investigated in our series and meta-analysis. 

Methods: Fourteen patients treated by ipsilateral repeat GKS for trigeminal neuralgia were 

included. Median age of patients were 65 (range 28  78). Median target dose of the first GKS 

was 85 (range 70  90, within 100% isodose line). Median target dose of the second GKS was 85 

(range 50  90). Median cumulative dose was 170 (range 140  180). Patients were followed 

median 10.8 months (1  151) after the second gamma-knife surgery. Brainstem dose analysis and 

vote-counting meta-analysis of 19 studies were performed. 

Results: After the second gamma-knife radiosurgeries, pain was relieved effectively in 12 patients 

(86 %) (Barrow Neurological Institute Pain Intensity Score (BNI) I  III). Post-gamma-knife 

radiosurgery trigeminal nerve deficits were mild in five patients. No serious anesthesia dolorosa 

was occurred. The second GKS radiation dose ≤ 60 Gy was significantly associated with worse 

pain control outcome (p = 0.018 in our series, permutation ANOVA, and p = 0.009 in the meta-

analysis, two-tailed Fisher s exact test). Cumulative dose ≤ 140  150 Gy was significantly 

associated with poor pain control outcome (p = 0.033 in our series and p = 0.013 in the meta-

analysis, two-tailed Fisher s exact test).) A cumulative brainstem edge dose > 12 Gy tended to be 

associated with trigeminal nerve deficit (p = 0.077). 

Conclusion: Our study suggests that the second GKS dose is a potentially important factor. 
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Introduction 

For recurrent or refractory trigeminal neuralgia, repeat gamma-knife radiosurgery (GKS) is known 

as an effective treatment with low complication rate (3, 4, 8, 15, 17, 18, 20, 34, 36, 37, 41, 44-47). 

In the second GKS, radiation dose lower than the first GKS was tended to be used in previous 

studies (44). In the second GKS, radiation doses as low as 40 Gy were sometimes used (3, 4, 8, 34). 

However, outcome of the second GKS dose about median 40 Gy was usually worse than studies 

with higher doses (4, 8, 48). The second GKS dose about 50  60 Gy resulted in variable outcomes 

(13). Therefore acceptable lower margin of the second GKS radiation dose and indications can be 

controversial in the range around 50  60 Gy. In a few studies, cumulative dose was speculated to 

be important after review of literature (8, 44). However, statistical significance was marginal and 

outcome scoring methods were variable in these studies (8, 44). Therefore, most important factors 

for repeat trigeminal neuralgia is not yet determined. 

The purpose of this study is to determine the optimal repeat GKS dose for trigeminal neuralgia 

and prognostic factors using our data and performing meta-analysis. However, in previous studies, 

meta-analysis could not be performed because detailed distribution of data were not shown in 

most studies (8, 44). In addition, pain control outcome was classified in various methods (38, 44). 

To overcome this problem we used simple and versatile vote-counting method with dichotomous 

distinction of pain control outcome (14). 

We also analyzed and reviewed the brainstem doses administered as these levels are closely 

related to dose determinations and possible complications (5, 6, 28, 29, 34). 

 

Materials and methods 

Between December 1992 and January 2015, 283 trigeminal neuralgia patients were treated by GKS 

in Asan Medical Center, Seoul, Korea by J.K. Lee or D.H. Kwon. Medical records were analyzed 

retrospectively. Among them, 17 patients were treated by GKS twice between February 1998 and 

December 2014. Pain characteristics fulfilled the diagnostic criteria of classical trigeminal neuralgia 

(10). All patients had medically intractable pain more severe than Barrow Neurological Institute 

Pain Score (BNI) IV (38). Because recurrence occurred in contralateral trigeminal nerves, two 

patients were excluded. One patient who was associated with epidermoid cyst was excluded. 

Finally 14 patients were included for the study. No included patient had history of multiple 

sclerosis or associated MR mass lesion (43). One patient was previously treated by microvascular 

decompression in a different institute. 
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Treatment indications for retreatment using gamma-knife radiosurgery 

Patients with recurrent or refractory trigeminal neuralgia after the first GKS was included for the 

study. Pain should be worse than BNI IV to be recommended for the second GKS. 

 

Imaging 

After the application of the Leksell G frame (Elekta, AB) under local anesthesia, CT scan was 

obtained to fuse with MR for retrogasserian targeting and check MR distortion in 23 GKS (82.1 %) 

among total 28 the first and the second GKS. CISS (constructive interference in steady states) 

(Siemens, S.A.S.) was used in 21 GKS (75.0 %). MPRAGE sequence was obtained in 10 GKS cases 

(35.7 %). In the cases without CISS or MPRAGE sequence, T1 and T2 sequences were used for 

planning in 4 GKS (14.3 %). 

 

Target 

Gamma Knife (model B, C and PERFEXION, Elekta AB) was used consecutively. Planning software 

versions increased from Leksell GammaPlan Wizard 5.30 for the earliest case to 5.34, 9.0.0 and 

10.1.1 successively. 

In our study, target isocenter locations are relatively constant and retrogasserian targets just 

above the retrogasserian petrous bone was used (23). Targets were identified usually with MRI 

fused with CT images in most 25 GKS (89.3 %) except 3 GKS (10.7 %) targeted root-entry zone. 

When retrogasserian target was used median distance from the brainstem and target was median 

7.6 mm (23). In one patient, target location was changed between the first and the second GKS. In 

all patients, single isocenter and 4 mm collimator was used. Plugging pattern was used in 12 GKS 

(42.9 %). 

 

Radiation dose 

Radiation dose within 100 % isodose line was estimated. Median target dose of the first GKS was 

85 (range 70  90, within 100% isodose line) (Fig. 1A). Median target dose of the second GKS was 

85 (range 50  90) (Fig. 1A). Median cumulative dose was 170 (range 140  180) (Fig. 1B). 

 

Follow-up and pain control outcome 
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Patients were initially followed one month after the GKS. Later, patients were followed with 1  3 

months intervals. Outcome measure was done using Barrow Neurologic Institute Pain Score (BNI) 

(38). 

 

Prognostic factors and statistical analysis 

Pain control outcomes were compared in dichotomous groups distinguished ≤ 60 and > 60 Gy for 

the second GKS dose, ≤ 150 Gy and > 150 Gy for the cumulative dose and ≥ 70 and < 70 months 

for inter-treatment intervals. Pain control outcome was also distinguished dichotomously into BNI 

I  III versus BNI IV  V groups for Fisher s exact tests. Most statistical results were analyzed in 

SPSS® except for the following analyses. Two kinds of nonparametric ANOVA, the Scheirer-Ray-

Hare test and ANOVA based on the permutation method, were performed for two factors, the 

second GKS dose and inter-treatment interval, and the pain control outcome measured by the BNI 

score (1, 26). Because the Scheirer-Ray-Hare test is not implemented in most statistical software, 

this analysis was performed using the ANOVA sum of square results from statistical software R 

and the Matlab® codes of the Scheirer-Ray-Hare test (9). Permutation ANOVA using Manly s 

approach was calculated using R codes (26). 

 

Brainstem radiation doses 

Brainstem radiation doses were evaluated using two kinds of measurements, the brainstem edge 

dose, which is the maximum radiation dose at the surface of the brainstem, and the VB12, the 

volume of brainstem with a radiation dose greater than 12 Gy (6, 28, 29, 35). Cumulative 

brainstem edge doses were calculated by summing the first and second GKS brainstem edge 

doses (Fig. 3). These factors were compared between the two groups with or without 

postoperative trigeminal nerve deficits using a Mann-Whitney U test or Fisher s exact test (Table 

3). The reviewed literature on brainstem radiation doses in trigeminal neuralgia GKS is listed in 

Table 4. Brainstem radiation doses are largely determined by the target isocenter to the brainstem 

surface distance and were analyzed using a Fisher s exact test (Fig. 4). 

 

Meta-analysis about radiation doses and pain control outcome 

Brief meta-analysis based on dichotomous classification of previous studies based on radiation 

doses and pain control outcomes and the vote-counting method was performed to evaluate pain 

control outcomes of the second GKS and the cumulative dose (2, 7) (Fig. 3). Detailed literature 
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review was not the purpose of this study and a comprehensive review was done recently about 

the repeat GKS (44). However, no meta-analysis was performed about the second GKS dose in 

previous studies (44). Only cumulative dose was analyzed and discussed in previous studies (8, 44). 

The studies found by combinations of keywords gamma-knife radiosurgery , repeat , salvage , 

recurrent , refractory  and trigeminal neuralgia  were included for the meta-analysis also 

including the present study (44). When a study containing review or related citations was found, 

the previously included studies were also added for the meta-analysis (44). Case reports with one 

or several cases were excluded and studies with at least 10 patients were included (42). Partially 

duplicate studies from the same GKS center were considered as single vote (17, 18, 25, 42). 

Mean or median doses were variably used in previous studies and they were used directly for the 

dichotomous classification of radiation doses in the meta-analysis (44). When only the range of 

doses were presented, approximate median values were used based on distribution of patient 

numbers according to dose (45). The second GKS dose was classified into ≤ 60 Gy and > 60 Gy 

groups considering our results and trends in literature (44). The cumulative dose was classified 

into ≤ 140 Gy and > 140 Gy groups (44). The pain control outcome was classified into the initial 

pain relief ≥ 80 % and < 80 % groups. We did not subjectively or arbitrarily classified outcome 

and instead adopted outcome classification results from a recent comprehensive systematic review 

directly for the meta-analysis (44) (Table 2). Each study was counted as a vote and statistical tests 

were performed by two-tailed Fisher s exact tests. 

 

Results 

Demographics 

Median age at the second GKS was 65 (range 29  78) years. There were five male and nine 

female patients. Nine patients were treated for right trigeminal neuralgia and five patients were 

treated for left side. Patients were followed median 11 (range 1  151) months after GKS. Before 

the first GKS, symptom duration was median 3.5 (range 1  13) years. 

 

Pain locations 

Presenting pain mainly involved V1 and V2 area in 5 patients and V2 and V3 area in 9 patients. In 

five patients pain area changed or extended to other area during the treatment course.  

 

Treatment outcome of the first gamma-knife radiosurgery 
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After the first GKS, 11 patients (78.6 %) recurred in the ipsilateral side after initial pain relief (BNI I 

 III). These patients recurred at median 4.5 years (Range: 2  7) years. In three patients (21.4 %), 

initial pain relief was not enough and considered refractory. After the identification of 

refractoriness, the second GKS was done median 2 (range 0  4) years later. Median interval 

between the first and the second GKS was 45 months (range: 10  124 months).  After the 

second GKS, 12 patients (85.7 %), pain was relieved effectively (BNI I  III) (38). After the second 

GKS, Two patients still had at least moderate pain (BNI IV). 

 

Trigeminal nerve deficits 

After the second GKS, trigeminal nerve deficits were mild hypesthesia in two patients and mild 

allodynia in three patients. No serious anesthesia dolorosa was occurred. 

 

Single prognostic factor analysis: radiation doses 

Two patients who received 50 and 60 Gy within 100% isodose line in the second GKS had poor 

pain control outcome (BNI IV). No patient had BNI V outcome. In contrast, the other patients who 

received > 60 Gy had good pain control outcome (BNI I  III). This difference was statistically 

significant (p = 0.01, two-tailed Fisher s exact test) (Fig. 2A). 

For cumulative dose, the group with ≤ 150 Gy had worse pain control outcome (p = 0.033, two-

tailed Fisher s exact test) (Fig 2B). 

 

Single prognostic factor analysis: the inter-treatment interval 

These two poor pain control outcome patients mentioned in the previous section had long inter-

treatment intervals, 10 and 7 years. There were four patients with inter-treatment interval longer 

than 7 years. When compared the group with inter-treatment interval ≥ 7 years (4 patients) and < 

7 years (10 patients), there was different tendency in outcome differentiated in good (BNI I  III) 

or poor (BNI IV) groups (p = 0.066, two-tailed, Fisher s exact test) (Fig 2C). 

 

Two prognostic factor analysis: two-way ANOVA of the radiation dose and the inter-treatment 

interval 

Because the number of patients analyzed in our current study was small and our data distribution 

did not satisfy normality assumptions in Shapiro-Wilk tests (the lowest p-values were 0.005 for 
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radiation dose and 0.008 for inter-treatment interval), we used two kinds of nonparametric two-

way ANOVA to perform a combined analysis of radiation dose and inter-treatment interval (1, 9, 

39). The first method was the Scheirer-Ray-Hare test, which is conservative and has low statistical 

power (9, 39). In the Scheirer-Ray-Hare test, the p-value of the effect of the radiation dose on BNI 

outcome grades was 0.16 while the p-value of the effect of the inter-treatment interval was 0.87. 

Using Manly s approach to permutation ANOVA, which has a higher statistical power, the p-value 

of the effect of the radiation dose on BNI pain control outcomes was 0.018 while the p-value of 

the effect of the inter-treatment interval was 0.71 (26). Interaction effects could not be calculated 

with ANOVA because of the insufficient dataset, namely, because there were no patients with a 

short inter-treatment interval and low radiation dose. 

 

Meta-analysis using dichotomous groups and the vote-counting method 

During literature search, 21 studies were found (Table. 2) (3, 4, 13, 15, 17-20, 25, 34, 36, 41, 42, 44-

47). Except two studies with 119 and 79 patients, most studies had about 15  50 patients (Table. 

2). Two studies published only with two year interval from single center was reduced to one vote 

(17, 18). Partially duplicate studies including repeat GKS patients as a subgroup was also 

considered as a vote (25). Two studies from a single center with ten year interval were counted as 

two votes considering long interval and largely different patient groups (13, 34). One study with 

insufficient information was removed (41). Finally included 19 studies including the present study 

and collected data were shown in table 2. In several studies, mean or median values of radiation 

doses were not presented (44, 45, 47). However, number of patients according to dose categories 

were shown (45, 47). Median values were speculated from these dose distribution data (44, 45, 47) 

(Table 2). 

The vote-counting meta-analysis showed that the second GKS dose > 60 Gy is significantly 

related with pain control outcome greater than 80 % in the second GKS (p = 0.0013, two-tailed 

Fisher s exact test) (Fig. 3A). The cumulative dose > 140 Gy is also significantly related with pain 

control outcome greater than 80 % in the second GKS (p = 0.009) (Fig 3B). 

 

Brainstem radiation doses, target locations, and post-GKS trigeminal nerve deficit 

Brainstem radiation doses and distances between target isocenters and brainstem surfaces are 

summarized in Table 1 and Figures 4A and 4B. In three GKSs (3/28, 10.7 %), the archived data 

were missing (Table 3). The brainstem edge doses and distances were categorized into two groups 

with thresholds of 12 Gy and 5 mm for the statistical analysis. When the distance was shorter than 
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5 mm, the brainstem edge dose was significantly higher than 12 Gy (p = 0.000042, Fisher s exact 

test) (Fig. 4A). When the distance was longer than 8 mm, the brainstem edge dose was 

significantly lower than 6 Gy (p = 0.000079, Fisher s exact test) (Fig. 4A). 

A high cumulative brainstem edge dose tended to be associated with a post-GKS trigeminal nerve 

deficit (p = 0.077, Fisher s exact test; Table 3 and Fig. 4C). However, other factors were not related. 

The literature on brainstem radiation doses in trigeminal neuralgia GKS is briefly reviewed in Table 

4 (5, 6, 27-29, 34). 

 

Discussion 

Appropriate statistical method for pain control outcome analysis 

Three kinds of statistical tests, the Fisher s exact test, Scheirer-Ray-Hare test, and permutation 

ANOVA, showed different results for factors related to the pain control outcome (Fig. 2) (9, 12). 

Therefore, the selection of the appropriate statistical method is crucial for obtaining a valid 

conclusion. We believe that permutation ANOVA was the most appropriate method for our case 

series, considering its high statistical power and a lack of requirement for a normal distribution (1, 

26). The statistical power of two-way ANOVA based on the permutation (resampling) method is 

similar to that of standard parametric ANOVA, which suggests similar p-values, 0.0168 and 0.745 

for radiation dose effects and inter-treatment interval effects, respectively (12). Because the 

Scheirer-Ray-Hare test, which is a kind of nonparametric two-way ANOVA, is considered 

conservative and has low statistical power, the results were not significant (9). The Fisher s exact 

test considers each factor separately and does not consider the combined effects of two factors, 

similar to two-way ANOVA. Therefore, we believe that permutation ANOVA is the most 

appropriate method for reaching a conclusion. 

 

Radiation doses and pain control outcome 

There were tendencies to decrease dose in the second GKS in our series and literature. However, 

this is not a practice based on firm supporting data (44). In contrast to equivocal effects of 50  

60 Gy for the second GKS in literature, 50  60 Gy radiation was significantly associated with 

worse outcome in our study and meta-analysis. The meta-analysis first attempted for the repeat 

GKS was effective in showing the influence of the radiation doses (Fig 3). 

 

Inter-treatment intervals as a prognostic factor 
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For inter-treatment intervals, most studies analyzed group of patients with about 2 year interval 

between the first and the second GKS (4, 15, 47). Report of long inter-treatment interval GKS for 

trigeminal neuralgia is rare. One study with median 46 and the other with 72 months interval 

have been reported (3, 44). In our study, the median interval was about 4 years. Because, studies 

with long inter-treatment intervals were rare, we could not meta-analyze. In addition, outcome of 

long median inter-treatment intervals seems to be as good as the other studies and in our series 

(3, 44).. Long interval tended to be associated with worse pain control outcome in Fisher s exact 

tests (Fig. 2B). However, low doses, 50 and 60 Gy were used in these patients. Therefore, a low 

radiation dose can be a confounding factor in the analysis of the inter-treatment interval. In 

addition, the results of permutation ANOVA that considered both factors suggest that the inter-

treatment interval is not likely to be a significant factor for pain control outcomes. Therefore, we 

believe that there is currently no evidence to suggest that a long inter-treatment interval (≥7 

years) is a negative prognostic indicator. 

 

Statistical limitations 

Because our current case series did not contain patients with low radiation doses (≤ 60 Gy) and 

short inter-treatment intervals (< 7 years), it was not statistically possible to calculate the 

interaction effect between the two factors. This is because we could not determine how low 

radiation doses interact with a short inter-treatment interval versus other conditions with different 

factor combinations (30). Although we used several statistical methods, the statistical results for 

our case series were limited and not fully reliable, mainly because of the small number of cases. 

Therefore, we performed a meta-analysis of the literature to supplement our present results. 

 

Meta-analysis methodological considerations and limitations 

The meta-analysis results in our current study should be cautiously interpreted considering the 

limitation of the vote-counting meta-analysis. From our results and meta-analysis, we speculate 

that the second GKS dose > 60 Gy or cumulative dose > 140 Gy is significantly related with 

outcome. The second GKS dose had slightly lower p-value than the cumulative dose in the meta-

analysis. However, the cumulative dose is also very significantly related with the pain control 

outcome. Therefore we could not conclude that the second GKS dose is more important than the 

cumulative dose. Our study only suggest that the second GKS dose is potentially an important 

prognostic factor in the second GKS. 

We could not perform more detailed meta-analysis except the vote counting method (2, 7). For 
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more detailed meta-analysis, we needed distribution of dose-pain control outcome relationship. 

However, most studies in literature present only summarizing statistics, for example, mean or 

median dose. 

Vote counting method is a simple and limited meta-analysis method which can be biased and 

should be used cautiously (14). In our study, simple vote counting meta-analysis was statistically 

useful, probably because of methodologically relatively homogeneous studies with Leksell 

gamma-knife, a single target, and 4-mm collimator (Fig. 3 and Table 2). A limitation of the vote 

counting method is that studies with unequal sample sizes have single vote for each study (14). 

However, most previous studies included have relatively similar sample sizes from about 15 to 

about 40 (Table 2). Only two studies had considerably more patients (Table 2) (34, 46). Therefore, 

we think sample size correction is not crucially important in our analysis. Another common 

limitation of the vote counting methods is that dichotomous distinction of the variables can be 

subjective. However, 140 Gy for cumulative dose and below 70 Gy for the first GKS dose was 

previously suggested to be an important cut-off dose (21, 44). In addition, 50  60 Gy for the 

second GKS was a gray zone with equivocal pain control outcome in previous studies. Cut-off for 

acceptable pain control outcome, greater than 50 % improvements and outcome classification 

result data were adopted from previous studies (38, 44). Therefore, we think our cut-off value 

selections are relatively objective and supported from literature. 

Thus, we think vote counting meta-analysis is a suitable and probably inevitable method in the 

present study. Considering very low p-value in the meta-analysis and consistency with our results, 

we suggest that the second GKS dose is at least comparably or more important than the 

cumulative dose. 

 

Biological effects of the trigeminal neuralgia GKS and the second GKS dose 

There is no established method to calculate cumulative doses in trigeminal neuralgia. Usually, the 

first and the second GKS doses were simply summated to calculate the cumulative dose (8). In a 

study, distances between targets and dose distributions in the first and the second GKS was 

considered for the cumulative dose calculation (48). However, biologic effects of the inter-

treatment interval was not considered (48). In comparison to biological fractional radiation effects 

on tumors and cell-divisions, biological fractional effects on the cranial nerve in trigeminal 

neuralgia is not well known (44). For white matter, effects of whole brain radiation is mainly 

known as a dose-dependent demyelinating effect decreasing fractional anisotropy and increasing 

mean diffusivity in diffusion-tensor images (31, 32). This white-matter effect is progressive up to 

about one year (31, 32). However, after one year, trigeminal neuralgia tend to recur and biological 
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effects of the first GKS may decrease progressively or disease itself may aggravate resulting loss of 

the first GKS effect (8, 44). Therefore, we speculate that biological effect of radiation dose cannot 

be simply summated especially when the inter-treatment interval is long. Therefore, the second 

GKS dose may be independently important. 

 

Brainstem radiation dose measurement methods and toxicity thresholds 

For brainstem radiation dose evaluation, the most widely used measurement methods and 

thresholds from previous studies were adopted (5, 28, 29). The brainstem edge dose is the 

maximal radiation dose at the brainstem surface and has been given various names, such as the 

brainstem surface dose, brainstem margin dose, DBmax, and dose for the first 1 mm3 of the 

brainstem (5, 6, 28, 29, 34). The VB12 is also a common measure (28, 29). The 12-Gy threshold 

also has clinical importance and gamma-knife tumor margin isodoses are frequently about 12 Gy 

(11, 22, 24, 33). Furthermore, brainstem-related complications have been suggested to be related 

to the VB12 (40). 

Our current results also showed a tendency for the 12 Gy cumulative brainstem edge dose to be 

associated with postoperative trigeminal nerve deficit (Table 3). A brainstem edge dose at about 

the 12 Gy threshold may be a surrogate marker of the 10 Gy ose suggested to be the toxicity 

threshold for cranial nerve nuclei inside the brainstem (33). 

Two patients treated with 50 or 60 Gy had high brainstem surface radiation doses, about 20 - 21 

Gy, and VB12 values of about 13  14 mm3 (Table 1). In these patients, the radiation doses were 

limited by brainstem doses. Brainstem radiation doses are also reported in the literature to be a 

limiting factor (28). 

 

Target and brainstem radiation doses 

Target location is a controversial point in repeat GKS for trigeminal neuralgia. In some studies, 

root entry zone radiation dose were suggested to be important and root entry zone targets were 

used (3, 15, 20, 36). In the other studies, retrogasserian targets were also effective and suggested 

to result in lower complication rate (23, 35, 44). In one study, moving target location slightly was 

tended to be related with good outcome (48). Our study suggests that maintaining the same 

retrogasserian target for the repeat GKS is acceptable for most patients. 

The major benefit of a retrogasserian target is a reduction in the brainstem radiation dose, which 

might be related to trigeminal sensory and brainstem-related complications in our current study 
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and in previous reports (27-29, 33, 35, 40). Target distances over 5 mm from the brainstem surface 

are recommended to maintain brainstem doses below 12 Gy based on our results and previous 

studies of single GKS for trigeminal neuralgia (28) (Table 1 and Fig. 4A and 4B). However, in the 

repeat GKS for trigeminal neuralgia, the cumulative brainstem dosage may exceed 12 Gy with a 5-

mm target distance (Fig. 4 and Table 3) and may be related to complications. In our previous 

study of a retrogasserian target GKS for trigeminal neuralgia, it was possible to perform GKS with 

a median 7  8 mm distance when the target was selected to be as distant from the brainstem as 

possible (23). At this distance, the cumulative dosage can be restricted to below 12 Gy, even in 

repeat GKS patients (Fig. 4A). 

 

Conundrums related to brainstem radiation doses and trigeminal nerve deficit 

In a recent study of repeat GKS for trigeminal neuralgia, the cumulative brainstem dose was 

suggested to be associated with trigeminal nerve deficit (34). However, the suggested threshold in 

that study was much higher at 43.9 Gy (34). In our previous study of single GKS for trigeminal 

neuralgia, distant targets resulted in more facial numbness (23). In other studies, no relationship 

was reported (6). Thus, the relationship between brainstem dose and trigeminal nerve deficit is 

complex and there is no clear conclusion. The number of patients was small in our current study 

and the statistical power of our analysis was marginal without multiple comparison corrections 

(Table 3). 

 

Trigeminal nerve connectivity reduction, pain control, and trigeminal nerve deficit 

The inconsistent results to date for brainstem doses and trigeminal nerve deficit may suggest that 

the brainstem dose itself is not the only determinant of trigeminal nerve deficit. Interestingly, 

trigeminal nerve deficit is well known to be related to pain control outcomes (28). Thus, we 

speculate that both high-dose radiation disconnection of the trigeminal tract, as shown in a 

recent diffusion tensor imaging study, and possibly brainstem radiation can cause trigeminal nerve 

deficit (16). 
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Figure legends 

Fig. 1. The first and the second GKS radiation doses were shown separately (a). In the second GKS, 

lower doses were usually used. The highest dose was 90 Gy. In one patient, 50 Gy was used and 

60 Gy was used in another patient in the second GKS (a). Cumulative dose was calculated as a 

simple additive value of the first and the second GKS considering identical targets in almost all 

patients (b). Biological fractional radiation or inter-treatment interval effects were not considered 

calculating the cumulative dose (b). 

Fig. 2. Comparison between low dose group (≤ 60 Gy) and high dose group (> 60 Gy) in the 

second GKS in relation to pain control outcome (a). Low dose group showed significantly worse 

outcome than high dose group (p = 0.01 in the Fisher s exact test) (b). Comparison between the 

long inter-treatment interval group (≥ 70 months) and the short inter-treatment interval group (< 

70 months) (c). Long treatment interval group tended to have worse pain control outcome (p = 

0.066 in the Fisher s exact test). Two patients with BNI IV outcome had both low radiation dose (≤ 

60 Gy) and long treatment interval ≥ 70 months (c). In two-way permutation ANOVA analyzing 

effects of both factors together by the resampling method, the radiation dose (p = 0.018) in the 

second GKS was the only significant factor and the inter-treatment interval (p = 0.71) was not 

significant. 

Fig. 3. Meta-analysis by the vote counting method. One previous study was counted as a data 

point in the scatter diagram (a, b). All studies with the mean or median second GKS dose > 60 

Gy showed acceptable pain control percentage greater than 80 % (a). The studies with the mean 

or mean second GKS dose ≤ 60 Gy had worse pain control outcome (acceptable pain control 

percentage < 80 %) more frequently (five of seven studies, 71.4 %) (a). This difference was 

statistically significant (p = 0.001, two-tailed Fisher s exact test) (a). The cumulative dose > 140 Gy 

was also significantly related with higher acceptable pain control percentage ≥ 80 % (p = 0.003, 

two-tailed Fisher s exact test) (b). The studies with the cumulative GKS dose ≤ 140 Gy had worse 

pain control outcome (acceptable pain control percentage < 80 %) more frequently (five of eight 

studies, 71.4 %). 

Fig. 4. (a) Scatter plot of the target isocenter to brainstem surface distances and brainstem edge 

doses. To limit the brainstem edge dose below 12 Gy, the distance should be longer than about 5 

mm (p = 0.00004 in Fisher s exact test). By limiting the brainstem edge dose to below 6 Gy, the 

cumulative brainstem edge dose can be reduced to below 12 Gy. This 6 Gy threshold is related to 

an 8-mm distance (p = 0.00008 in Fisher s exact test). (b) VB12, the volume of the brainstem with 

a radiation dose greater than 12 Gy, is minimized with a distance greater than 5 mm in single GKS. 

(c) Cumulative brainstem edge doses were compared between groups with or without trigeminal 

nerve deficit. Cumulative brainstem edge doses > 12 Gy tended to be associated with post-GKS 
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trigeminal nerve deficit (p = 0.077 in Fisher s exact test).  
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Table 1. Patient demographic, radiation dose and treatment interval 

Number Gender Age at 

2nd 

GKS 

Targ

et 

side 

Radiat

ion 

dosag

e in 

the 1st 

GKS 

Time to 

recurren

ce 

(years) 

Inter-

treatme

nt 

interval 

(years) 

Radiation 

dosage in 

2nd GKS 

Cumulat

ive 

dosage 

Treatme

nt 

outcom

e of the 

second 

GKS 

(BNI 

score) 

Target-

brainstem 

distance 

of 1st/2nd 

GKS (mm) 

Brainstem 

edge 

radiation 

dose of 

1st/2nd 

GKS (Gy) 

Cumulative 

brainstem 

edge 

radiation 

dose (Gy) 

VB12 of 

1st/2nd GKS 

(mm3) 

Trigeminal 

nerve deficit 

1 F 72 Lt 90 7 11 50* 140 IV 6.7/3.6 8/21 29 0/14  

2 F 68 Rt 90 5 7 60 150 IV 4.7/4.1 19/20 39 10/13  

3 F 73 Rt 90 7 9 70 160 III 4.4/- 21/- - 25/-  

4 M 71 Lt 85 2 5 72 157 III 6.7/6.2 9/11 20 0/0 Hypesthesia 

5 F 28 Rt 70 0 4 75 145 II -/3.5 -/28 - -/36  

6 M 68 Rt 85 4 4 80 165 III 3.2/3.6 14/12 26 19/0 Allodynia 

7 F 52 Rt 85 2 2 85 170 I 3.6/5 20/10 30 25/0 Allodynia 

8 F 72 Rt 90 0 4 85 175 I 7.1/8.8 7/5 12 0/0  

9 M 66 Rt 85 0 1 88 173 III 7.7/7.8 7/7 14 0/0 Allodynia 

10 F 66 Lt 80 2 4 90 170 II 5.4/4.6 11/18 29 0/15 Hypesthesia 

11 F 43 Lt 85 5 6 90 175 III -/6.1 -/8 - -/0  

12 M 78 Rt 85 6 9 90 175 II 10/7.4 4/7 11 0/0  

13 M 71 Rt 90 2 4 90 180 II 8.1/5.8 6/11 17 0/0  

14 F 70 Lt 90 4 4 90 180 III 9.5/7.2 4/8 12 0/0  

* = Patients were sorted according to the second GKS dosage; Lt = left trigeminal nerve targeted for GKS; Rt = right trigeminal nerve targeted for GKS; VB12 = the volume of the 

brainstem with a radiation dose >12 Gy. 

 



M
ANUSCRIPT

 

ACCEPTED

ACCEPTED MANUSCRIPT

Table 2. Summary of the present and published studies and selected data* used for the vote-counting 

meta-analysis about the repeat gamma-knife radiosurgery for trigeminal neuralgia 

  
Repor

t year 

Num

ber 

of 

patie

nts 

Interval 

(month

s) 

The 1st 

GKS 

dose (Gy) 

The 2nd 

GKS 

dose (Gy) 

Cumulative 

dosage 

(Gy) 

Acceptab

le initial 

pain 

relief (> 

50 %)* 

Follow-up 

duration 

(months) 

The present 

study 
2015 14 45 85 85 170 86.70% 11 

Tuelasca et al. 2014 13 72 85 90 175† 89% 33.9 

Park et al. 2012 119 26 80 70 145 87.80% 48 

Aubuchon et 

al. 
2011 37 46 78.3 84.4 171.7 81% 45.6 

Kimball et al. 2010 53 33 70 70 150 70% 42 

Verheul et al. 2010 79 - 80 80 160 96% 28 

Dvorak et al. 2009 28 18.1 80 45 125 61% 19.7 

Wang et al. 2008 34 17.4 73.4 70† 143.4† 85.3% 21.6 

Gellner et al. 2008 22 18.8 75.2 74.3 149.5 100.0% 64.5 

Huang et al. 2008 20 8 79.3 52 131.3 60% 60 

Pollock et al. 2005 19 16 81.6 76.1 163.1 95% 24 

Urgosik et al. 2005 19 12.5 77.5† 77.5† 155† 89% 36 

Zhang et al. 2005 40 17 75 40 115 65% 28 
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Herman et al. 2004 18 8 75 70 145 88% 24.5 

Brisman et al. 2003 45 18 75 40 115 62% 15 

Hasegawa et 

al. 
2002 27 22.3 75.6 64.4 139.4 85.2% 20.4 

Shetter et al. 2002 19 - 78.2 46.6 124.8 88% 13.5 

Zheng et al. 2001 12 - 75.6 74.2 149.8 91.7% 18 

Pollock et al. 2000 10 13 70 90 160 90% 15 

Mean or median values presented from previous studies were shown. * = Most outcome classification data 

and cut-off were adopted directly from a recent systematic review and not subjectively re-evaluated for the 

purpose of the meta-analysis to maintain objectiveness (44) and partially duplicate studies from single 

center were excluded;  † = speculated median values from the patient number distributions among dose 

categories. 
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Table 3. Brainstem radiation dose measurements compared between the two patient groups distinguished by postoperative trigeminal nerve 

deficit 

 Brainstem 

edge dose* at 

1st GKS 

Brainstem edge 

dose at 2nd GKS 

Cumulative 

brainstem edge 

dose 

VB12 at 1st GKS 

 

VB12 at 2nd GKS Cumulative 

VB12 

Cumulative 

brainstem edge 

dose > 12 Gy 

p-values of Mann-

Whitney U or 

Fishers exact tests 

0.25 1.0 0.31 0.63 0.59 0.32 0.077† 

*the maximum radiation dose at the surface of the brainstem; VB12 = the volume of the brainstem with a radiation dose greater than 12 Gy; 

†result showing a tendency. 
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Table 4. Literature review of brainstem doses and trigeminal nerve deficits 

 Publication 

year 

Number of 

GKSs 

Brainstem edge to 

target isocenter 

distance (mm) 

Brainstem 

edge dose at 

the first GKS 

Brainstem 

edge dose at 

the second 

CBED in the 

repeat GKS 

(Gy) 

Volume of 

brainstem with 

radiation > 12 Gy 

Number in TND 

/ Number of 

total cases 

Relationship to 

trigeminal nerve 

deficit 
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(Gy) GKS (Gy) (percentage) 

Current study 2015 Repeat 5.8 ± 0.4, 

retrogasserian 

target 

8.3 ± 1.1 11.6 ± 1.9 19.9 ± 2.6 10.9 ± 3.3 5/14 (35.7%) Tendency (p = 0.077) 

in CBED > 14 Gy 

Park et al. 2012 Repeat 3  4 Mean of 28.1 

in TND 

Mean of 16.1 

in TND 

Mean of 

42.2 - 48.7 

- 20/79 (25.3%) Significance (p = 

0.034) in CBED > 

43.9 Gy 

Massager et al. 2007 Single Dose reduction or 

plugging in cases < 

5.5 

Limited to below 15 Limited to below 

10 mm3 

16.4  59% 

according to 

doses and 

shielding 

Significance (p = 

0.0001; doses and 

shielding), good pain 

outcomes (p = 

0.013) 

Cheuk et al. 2004 Single 2  4 anterior to 

root entry zone 

Median of 14 - 13/96 (13.5%) Not significantly 

related (p = 0.68) 

Matsuda et al. 2002 Single Mean of about 4  

5.5, < 4.5 mm in the 

TND (p = 0.039) 

Mean of about 20  35, > 25 in TND (p = 0.039) Mean of about 15 

-40, > 28 mm3 in 

TND (p = 0.027) 

7/41 (17.1%) All brainstem 

radiation measures 

significantly related 

Brisman et al. 2000 Single - - VB15 > 20 mm3 

associated with 

better pain relief 

- - 

CBED = the cumulative brainstem edge dose; TND = the trigeminal nerve deficit subgroup 
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Highlights  

Repeat gamma-knife radiosurgery for trigeminal neuralgia was reported and meta-analyzed. 

The second gamma-knife radiosurgery dose ≤ 60 Gy was the most significant factor. 

The cumulative dose ≤ 140  150 Gy was also a significant factor. 

Cumulative brainstem edge doses > 12 Gy tended to be associated with trigeminal nerve deficit. 

Long inter-treatment interval tended to be associated with worse outcome 
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ANOVA: Analysis of variance 

BNI: Barrow Neurological Institute pain score 

CISS: Constructive interference in steady states sequence 

CT: Computed tomography 

GKS: Gamma-knife radiosurgery 

MPRAGE: Magnetization prepared rapid acquisition gradient echo sequence 


