Supplementary material
Material and methods

The patient population from the participating centers ("new patients") differed from the patient population analyzed in the KLS study. The AVMvol, as defined during the dose planning (excluding feeders and draining veins), was on average 3.8 cm3 in the KLS study as compared to 7.1 cm3 for the new patients. In spite of this, Dmin was on average higher for the new patients, 20 Gy, as compared to 19 Gy in the KLS study. The patient's characteristics are presented in Supplemental Table 1. 
1
The relations between AVM hemorrhage and the parameters AVMvol, Dmin, age and sex of the patient, history of pre-treatment hemorrhage, prior embolization and AVM location (central or non-central) were analyzed. The AVM location was defined as central if in the brainstem, thalamus, basal ganglia, corpus callosum or intra- or periventricular. A hemorrhage was defined as imaging findings of an intracerebral or subarachnoid hemorrhage, causing permanent or transient clinical symptoms. In addition, an acute onset of severe neurological symptoms, from which the patient died before any imaging was performed, was defined as a hemorrhage. The natural course was defined as an annual hemorrhage rate of 3.1%. This was based on an earlier study, using the age distribution at the first hemorrhage as input data. we drew the conclusion that an annual pre treatment hemorrhage risk of 3.1% is a representative number for the patient population in the present study. Other possible estimations of the natural course are discussed below. 
2 As the age distribution  for the first hemorrhage in the present patient population  was similar to what was found in the total patient population in the study referred to,2
For statistical analysis, Fischer's exact test was used for nominal data and Wilcoxon two-sample test was used for continuous data. Mann-Whitney U-test was used for nominal and continuous data. The  Kaplan-Meier analysis was used to define the relation between the cumulative post-treatment hemorrhage rate and time after GKS. The Logrank (Mantel-Cox) test was used to define the impact different categorical parameter had on the hemorrhage rate. A result was considered statistically significant if P <0.01. Two decimals were used when reporting the P-values.

Does the hemorrhage rate differ between staged and low-dose treatments?
A staged treatment is here defined as a treatment of a part of the AVM followed by an additional treatment of the untargeted part of the nidus, typically six months to one year thereafter. The number of hemorrhages in this group was 7/48 (15%) within 2 years after the first GKS treatment as compared to 32/309 (10%) among the patients with AVMs ≥10 cm3 treated with a dose of ≤16 Gy (P=0.45). The number of patients is low, but it indicates that staged treatments carry a similar risk for post GKS hemorrhages as do low dose treated large AVMs. 

Comparison between KLS and the present study

This study confirms the earlier published relations between hemorrhage rate and AVMvol, Dmin and age. The increased hemorrhage rate for low Dmin is statistically significantly higher in the present study as compared to the KLS study (Fig. 2). Equations (2-4) can be used to estimate the number of hemorrhages in both the KLS and the total patient populations, compensating for differences in AVMvol, age and Dmin. Sixty-five (95% C.I. 50-80) hemorrhages was observed in the KLS patient population as compared to the predicted number 58. The corresponding numbers were 127 (105-149) observed and 137 predicted for all patients. Thus, after having compensated for AVMvol, age and Dmin, the relations between observed and predicted number of hemorrhages are similar in both the present and the KLS study. 

Hemorrhage rate versus age
A relation between age and hemorrhage rate, as seen in this study, has been reported earlier. This assumption was based on research assuming that AVMs are congenital. As shown below, this is not necessarily the case. Thus, the age dependence found must have other reasons. 
5 In the KLS study, the hemorrhage rate age dependence was assumed to reflect the natural course of the disease.1,3,4
As seen in Fig. 4, the relation between age and hemorrhage is linear. Thus, it cannot be explained by different responses to radiation between adult and pediatric patients. Could inflammatory response to radiation, resulting in thrombotization, explain the difference? The idea is appealing. as, in general, the inflammatory response can be assumed to be more pronounced in younger patients. The difference in inflammatory response is probably inconsequential for small AVMs, as a flow decrease rather than a redistribution will result. For large AVMs treated with low doses, a significant part of the AVM will receive low doses. Thus, thrombotization is less likely to occur in the whole AVM, resulting in an increased and age independent risk for hemorrhage. The inflammatory response for large AVMs treated with high doses may involve the whole AVM nidus in younger patients, resulting in a decreased flow, while the reaction is less pronounced in older patients, resulting in a redistribution and thus a higher risk for hemorrhage. Although poorly founded, the hypothesis is compatible with the findings in Fig. 5. There was almost a factor of two difference between the hemorrhage rate in old patients with large AVMs treated with high Dmin as compared to young patients with the same AVM and treatment characteristics (dark blue lines). Another observation supporting this assumption is that elderly patients have more difficulties coping with flow changes after AVM embolization, resulting in a higher risk for post treatment hemorrhage. Further research is necessary to support or contradict this hypothesis. 

Hemorrhage rate versus MRS and VRAS
The Modified Radiosurgery-based AVM Score (MRS) is defined as 0.1*AVM volume + 0.02*age + 0.5 (if central location except corpus callosum)6. We know from the present study that all these three factors are related to the hemorrhage rate after GKS, and thus a higher MRS  score must be associated with a higher post GKS hemorrhage rate. The hemorrhage rate was 1.6% for MRS<1, 3.2% for MRS 1<1.5, 8.1% for MRS 1.5<2.5 and 8.2% for MRS ≥2.5. 

The Virginia Radiosurgery AVM Scale (VRAS)7 assignes one point each for AVMs 2-4 cm3, eloquent AVM location, history of hemorrhage and two points for AVMs >4 cm3. The AVM location has been defined as peripheral/central/cerebellar in our study, and we thus used a central AVM location as proxy for an eloquent location. The hemorrhage rate was 2.0% for VRAS=0, 1.7% for VRAS=1, 4.9% for VRAS=2, 7.7% for VRAS=3 and 7.2% for VRAS=4. 

AVM volume only was, however, a better predictor than MRS or VRAS for the risk for hemorrhage. The hemorrhage rate was 2.2% for AVMs <1.5 cm3, 2.9% for AVMs 1.5<3 cm3, 4.4 for AVMs  3<6 cm3, 6.5% for AVMs 6<10 cm3 and 8.7% for AVMs ≥10 cm3. 

Comparison between pre and post GKS risk for hemorrhage

Many factors have been suggested to influence the risk for AVM hemorrhage, among others AVM size, location, intranidal aneurysm, venous stenosis and history of prior hemorrhage. The risk for AVM rupture will thus vary from patient to patient. In addition, the 2-4% annual hemorrhage risk for AVMs usually quoted makes it difficult to assess if the risk for AVM hemorrhage is affected between GKS and obliteration or not. One way to overcome this problem is to use the analyzed patient population as its own control, thereby eliminating the issues mentioned above. By dividing the mean number of pre treatment hemorrhages per patient with the mean age at treatment, method (a), the pre treatment hemorrhage rate can be calculated.

The conceptual problem with method (a) is to translate the pre treatment hemorrhage rate to the pre treatment hemorrhage risk. This must be done with caution, as the age at GKS is dependent of the age at diagnosis. Assuming that AVMs are congenital and that the risk for hemorrhage is age independent, we can easily calculate the annual risk necessary to result in any given quotient hemorrhaged/non-hemorrhaged AVMs at any given age by using the equation:




Q = 1-(1-(1-r)n)




(6)

where Q = the fraction AVMs that has hemorrhaged, r = the annual risk for hemorrhage and n = average age at GKS.

We found five articles using method (a) to define the pre treatment hemorrhage rate. The annual pre treatment hemorrhage rate was between 0.3% and 0.8% lower as compared to the annual hemorrhage risk necessary to achieve the hemorrhage/non-hemorrhage AVM rate in the articles. This inconsistency is an argument contradicting the assumption that AVMs are congenital. Consequently, the actual hemorrhage risk will be higher than the hemorrhage rate. 
8-12,
The amount of literature contradicting the old axiom of AVMs being congenital is increasing and summarized in a recent article by Tasiou et al. One of the papers above was presented at the recent neurointerventional meeting in Val d'Isère (2020). One of the participants, Dr. Berenstein from New York, asked how many of the hundreds of neuroradiologists present had seen an incidental AVM in a patient younger than six years, and nobody had. Furthermore, vein of Galen AV malformations, which is a different identity than AVMs, are not infrequently found on prenatal ultrasound, as opposed to AVMs, which are virtually never found. Thus, defining day one at risk as birth will result in an underestimation of the annual risk. 
2,14 Furthermore, findings from two studies based on big data are incompatible with this axiom.13
The problem above can be eliminated by dividing the mean number of hemorrhages between diagnosis (new hemorrhages) with the mean time between diagnosis and GKS. Unfortunately, this method (b) introduces another error, which can be illustrated by the following example. Let us monitor a patient population one year after the diagnosis. The average time for a post diagnosis (new) hemorrhage will be six months following the diagnosis if we assume that the risk for hemorrhage is time independent. Thus, the observation time will on average be the same before as well as after the new hemorrhage. Let us now assume that the patients are treated immediately after the new hemorrhage. If so, the observation time after the new hemorrhage is eliminated, which will decrease the average observation time and thus increase the calculated hemorrhage risk. The impact of this will depend on the number of patients with a new hemorrhage, and it will be significant if a new hemorrhage is the trigger for the treatment. As an example, 1875/5037 (37%) of our patients hemorrhaged within one year before GKS, which is clearly not representative for the hemorrhage risk. 
15
The annual pre treatment hemorrhage rate was 1.7% in our patient population, which can be compared to the 1.6, This confirms that method (a) will underestimate and (b) overestimate the risk. 
11 similar to the 7% that was found by Yen et al.16 reported in the articles above. Maruyama et al found an annual hemorrhage rate of 6-7% using method (b),9 and 2.58 2.411 2.0,12 1.8,10
Global post treatment hemorrhage rate

There were 17635 follow-up years between GKS and the first of the three following events: hemorrhage, obliteration or last follow-up. A total of 397 hemorrhages were observed before obliteration, yielding an annual post GKS AVM hemorrhage rate of 2.3%. This can be compared to the 2.4% (213/9059) hemorrhage rate seen during the first two years following GKS (213/8792 if the time between obliteration and two years is excluded). In addition, 23 hemorrhages were seen in patients with obliterated AVMs, which occurred on average 10.5 years after GKS. The number of observation years after obliteration was 11638, yielding an annual hemorrhage rate in obliterated AVMs of 0.2%. Thus, the total annual hemorrhage rate following GKS was (397+23)/(17635+11638) = 1.4%. 

The global hemorrhage rate in our study was compared to literature data reporting results from ≥100 AVM patients treated with radiosurgery in which the total time at risk for hemorrhage could be assessed. As seen in Supplemental Figure 1, the longer the follow-up time, the lower the global post treatment hemorrhage rate. Our interpretation is that the longer the follow-up time, the relative more important the obliteration rate and the relatively less important the hemorrhage risk for the post treatment hemorrhage rate.
1,4,9-12,17-29
Chye et al suggested that unruptured AVMs in male patients older than 40 years should not be treated, as they carry a higher risk for rupture the first five years following radiosurgery as compared to untreated AVMs. At a first glance, their suggestion contradicts the conclusions in our study. However, their analysis neither took AVMvol nor Dmin into consideration. Unruptured AVMs are on average larger and treated with lower Dmin. They are also diagnosed at older ages. Unruptured AVMs can thus be seen as a proxy for larger AVMs in older patients treated with lower doses. The actuarial five years hemorrhage rate for the 102 male patients older than 40 years at GKS with unruptured AVMs ≥5 cm3 treated with Dmin ≤16 Gy was 17% as compared the expected 14% in untreated patients. Thus, their observation is compatible with our results, but their recommendation is misleading.
30
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