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摘要

電腦輔助神經外科手術在近年有明顯的進步，事實上，電腦導航手術已經成為神經外科的常規。事實上，微創方法已經徹底改變了神經外科，藉由電腦導航，神經外科醫師可以利用更小的傷口進行更困難的手術。最微創的神經外科當屬功能性神經外科與放射手術。筆者在住院醫師時期就對電腦在神經外科的應用有濃厚的興趣，認為這是一種新奇，先進的治療技術。也有幸得到院方及科內師長的支持下，在去年到美國UCLA醫學中心，進行為期一年的進修，學習放射手術和功能性神經外科的技術和觀念。
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過程

加州大學洛杉磯分校(UCLA)醫學中心在全美排名第三名，可以說是西岸最好的。筆者的指導教授Prof. Antonio De Salles本身是放射手術的先驅，也是功能性神經外科的專家。教授是在巴西出生，接受完住院醫師訓練才到美國，和本科杜永光主任一起在MGH當研究員。Prof. De Salles和電腦刀的發明人Prof. John R. Adler也曾共事過。他為人非常親切，不管是對病人、住院醫師、或對我們這些研究員，永遠都是滿臉的笑容。

之前筆者也曾到Stanford醫學中心向Prof. Adler學習CyberKnife(電腦刀)，獲益良多。但當時因為本院的電腦刀中心開幕在即，進修的部分比較著重於治療的計畫與執行。這次在UCLA進修，雖然用的機器不是本院現有的CyberKnife，但筆者也更有機會到門診去看看，對病患的選擇與追蹤有更深的了解。除放射手術外，也有機會接觸功能性神經外科與其他立體定位手術。
基本上，筆者在UCLA的工作內容比較像臨床研究員。早上到了醫院，就先到放射手術計劃室，看看有沒有新出爐的影像。若有尚未畫輪廓的，就先將之完成，以利物理師們做初步計畫。等Prof. De Salles來了，再一起檢視剛畫好的輪廓和初步的計畫，並討論計畫是否需要修正。專門做立體放射治療的放射腫瘤科醫師是Dr. Selch，他通常也會一起來確認治療計畫。
若是當天有手術，筆者便會隨教授一同到手術室。除了深部腦刺激需時較久外，其他大部分的功能性手術都蠻快，較常見的如三叉神經痛做radiofrequqency或balloon compression、nerve/ganglion block等。門診採取約診的方式，大部分都安排在週四和週五下午。門診前，需要和住院醫師一起準備病患的簡報。教授會要求把病患的資料和影像都做成PowerPoint，不但搜尋方便，下次病患回診時也比較省時省力。
除了門診、手術室的活動外，每週五早上的功能性神經外科討論會和稍晚的放射手術討論會，也需報告病例與期刊，和本院的病例討論會、期刊討論會類似。
因為教授對醫學影像科技有興趣，筆者也向教授提出了一個比較沒那麼臨床的計畫，即放射手術後的彌散張量造影(DTI)變化，也收了八九個病患資料。但因分析來不及，只好帶回國，請教醫學工程所的老師看看如何做進一步分析。
心得

因為筆者之前也到過Stanford，在此將UCLA和Stanford在放射手術方面的不同處做一比較，當作此次進修之心得：

甲、
病人選擇

放射手術的適應症，傳統上都是侷限於顱內病變。不管是良性或惡性的腫瘤、血管病變(如動靜脈畸形)、或功能性病變(如三叉神經痛)，只要不適合傳統開顱手術，都應該把放射手術列為考量，尤其是體積小的病變，放射手術有時比顯微手術更有可能保留神經功能。

由於顱內放射手術大都與神經外科疾病有關，最早推廣到顱外的放射手術，應該就是同屬神經外科領域的脊椎病變治療。早期脊椎放射手術仍須植入定位標記(fiducial markers)，但新的技術已經可以直接追蹤脊椎，不需要定位標記，侵襲性又更小了。因此，不管病變位於脊椎骨、硬脊膜外、硬脊膜內、或甚至脊髓內，都可以考慮電腦刀放射手術治療。最常看到的適應症，仍是轉移性的脊椎腫瘤。

在Stanford，很常做七、八顆腦轉移的放射手術，甚至多達一打的也做。在UCLA，我剛去的時候，超過四顆的一律做全腦照射，但慢慢的也越做越多，現在也做超過五顆的，最多做到八顆。看來用放射手術來治療腦轉移，以避免或延遲全腦照射，似乎是目前的趨勢。
對於仍有聽力的聽神經瘤病患，Stanford都是給予18Gy/3的標準劑量，但UCLA都把這種病人送去做立體定位放射治療(SRT)，分26-28次給予治療，同樣的情形也發生在腫瘤靠近視神經時。他們是希望能把對聽力或視力的不良影響降到最低。果然對於聽神經瘤病患的聽力保留，是較GammaKnife好，但是否較Hypofractionation(3-5次)好，仍需進一步研究。
另外UCLA會分五次做大型的動靜脈畸形，雖然無法馬上治癒病灶，但可以安全的把病灶縮小，以利將來的治療。筆者已經整理了這部份的資料，投稿至期刊。
乙、
病人設置

Stanford用CyberKnife，基本上是無框式放射手術。而 UCLA用的是Novalis系統，需要釘頭。在今年初，又新增了一台Novalis TX，可以不必釘頭。但在治療三叉神經痛時，還是會釘頭，以確保病患在治療時不會亂動，畢竟治療三叉神經痛的量很高(Max: 90G)，目標區又小。此外，需要血管攝影來做治療計畫時，也得釘頭，因為目前傳統血管攝影還無法應用到無框式治療。
另外，Novalis的治療和CyberKnife一樣，都需要CT做基礎影像，不像Gamma Knife是以MRI做基礎影像，而有影像扭曲所可能造成的誤差。

丙、
治療計畫

做治療計畫前，當然需要先把病灶和關鍵結構都先描繪出來。這也是筆者做最多的部份。感覺上UCLA用的BrainLab計劃系統比CyberKnife的Multiplan人性化，限制也比較少。
至於治療計畫本身，Brainlab的系統通常用Forward Planning來做放射手術，因此速度超快。但也有缺點，就是有時目標區下方會有比較多的熱區，只好靠修正目標輪廓來補償。當然新的系統已經可以用Inverse Planning，更可以做Rapid Arc，但缺點就是耗時很久，和CyberKnife的計畫比起來，差異就不大了。
在劑量方面，Prof. De Salles開的劑量感覺上較Prof. Adler低一些。以動靜脈畸型為例，Prof. Adler覺得20Gy才能提高治癒率，但Prof. De Salles有時會覺得15Gy就夠了。他的理由是「留著青山在，不怕沒柴燒」，因為他看過很多放射線壞死的悲慘案例。若是沒有完全消失，再治療一次即可。當然兩種想法各有道理，沒有誰是誰非的問題。
4、 治療輸送

Novalis在每個Arc前後，可以調整病人位置或測量誤差，而CyberKnife則是更進一步，在每一個Beam之前，都可以即時調整Gantry來對位。但是治療的時間，Novalis則是比較快，尤其時Novalis TX，床也可以是自動調整，更省時。若是用Rapid Arc，只要一個Arc就可完成治療，比CyberKnife動輒上百個Beam快多了。但是仍少將Rapid Arc使用在SRS病患，多用在SRT病人。
至於治療後，在本院都是給一周左右的類固醇。之前在Stanford則僅在每次治療後給一劑。在UCLA的常規則是不使用類固醇，除非有強烈的適應症。由此也可見每個醫學中心在細節上，還是有明顯的不同。
5、 治療結果
筆者在這一年當中，整理了脊索瘤、動靜脈畸形、腦幹轉移等三種疾病的放射手術治療資料。其中動靜脈畸形的論文已經投稿至Neurosurgery。初稿將附於本文之後。
建議事項
1. 對於放射手術，台灣健保僅給付三叉神經痛、顱內之腫瘤、血管瘤與動靜脈畸形。因此本院也大多治療顱內的病患，應該多加推廣脊椎病變、尤其是脊椎惡性腫瘤之放射手術。
2. 對於腦轉移的病患，健保僅對於經全腦照射後仍有殘存或復發之病例。但國外的趨勢是盡量做放射手術。本院或許也應思考這個方向，筆者已提出研究計畫來評估放射手術在此類病患的角色。
3. 本院的功能性神經外科與神經內科的合作其實較UCLA好很多，應該繼續保持。對於功能性神經外科，本院大多僅治療帕金森症、顫抖或肌張力失調等運動疾病。FDA於今年通過其應用於強迫症與應用於癲癇之上市前許可，本院未來應該也有很大的發展空間。

4. 本科已購入Pulsed wave之radiofrequency stimulator，未來在疼痛治療方面，應該更有可為。
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Abstract:

OBJECTIVE:

Treatment of giant cerebral arteriovenous malformations (AVMs) remains a challenge. We proposed hypofractionated stereotactic radiotherapy (HSRT) as a part of staged treatment, and evaluated its effect by analyzing volume changes of AVMs.

METHODS:

From 2001 to 2007, 20 patients with AVMs were treated by HSRT and were followed using magnetic resonance imaging. The median age was 34 years (range: 8-61 years). Previous hemorrhage presented in 11 patients and seizure in 9. Ten of them had previous embolization and 4 had failed radiosurgery. Thirteen AVMs (65%) were classified as Spetzler-Martin Grade V, and 7 as Grade IV. The median pretreatment volume was 46.84 cm3 (range: 12.51-155.38 cm3). The prescription dose was 25-30 Gy in 5-6 daily fractions. The median follow-up was 31 months.

RESULTS:

The median AVM volume decreased to 13.51 cm3 (range: 0.55-147.14 cm3). The residual volume varied from 1.5% to 98%. The volume decreased 44% every year on average. We noted that 6-Gy fractions were more effective (p = 0.040) and embolized AVM tended to respond less (p = 0.085). After HSRT, we have re-irradiated 4 AVMs, 3 amenable to single dose and one with fractions. After HSRT, one patient had ischemic stroke and one had increased seizure frequency. One AVM bled during follow-up (2.06% / year).  No complete obliteration was confirmed.

CONCLUSION:

HSRT can turn giant AVMs into manageable by single dose radiosurgery. The AVM volume decreased 44% annually. Six-Gy fractions were better than 5-Gy and embolization seemed unhelpful. There was no increase in bleeding risk with this approach.

Running title:

Hypofractionated radiotherapy for AVM

Keywords:
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The successful management of large cerebral arteriovenous malformations (AVMs) remains a challenge.  Giant AVMs classified as high grade, i.e., Grade IV and V in Spetzler-Martin classification were previously considered untreatable(15),. Although controversial, most clinicians agree that treatment should be provided for selected patients, especially for those with hemorrhage or progressive neurological deficits (3, 5). 

Despite current multimodality treatment including surgery, embolization and stereotactic radiosurgery (SRS), the results are still far from satisfactory, even at centers with large volume and high level of expertise. For example, Chang et al. reviewed their results of multimodality treatment for gaint AVMs at Stanford University and reported complete cure in only 36% of patients. That was at the cost of 15% mortality and another 15% long term morbidity (3). Moreover, it has been reported a higher bleeding risk for incompletely treated AVMs, compared to those without treatment 


(5, 10) ADDIN EN.CITE . Although the actual risk of partial treatment remains unsettled (6), bleeding of AVMs might follow hemodynamic changes induced by partial resection, embolization, or staged volume SRS.

SRS is an effective option for small AVMs, but efficient dose could cause major damage to the surrounding normal tissue in giant AVMs. In order to prepare high grade AVMs to become suitable for complete treatment without the risk of partial treatment, a strategy that covers the whole nidus is proposed. We used fractionated SRS, also known as hypofractionated stereotactitc radiotherapy (HSRT), trying to make AVMs smaller without causing unacceptable morbidity. After these AVMs decrease in size and become lower in grades, they can be treated with surgery or single dose SRS efficiently. Moreover, residual large fistulas not responding to radiation after treatment of the whole nidus can be approached by embolization.

We have thus analyzed, retrospectively, our own results in the treatment of large AVMs with HSRT, especially regarding the effects on volume and safety of the procedure.

METHODS

Between 2001 and 2007, we treated 24 patients with symptomatic solitary cerebral AVMs greater than 5 cm in maximal diameters by HSRT. Four were lost of follow-up. The clinical follow-up of remaining 20 patients ranged from 12 months to 6.8 years, with a median of 32 months. The median age was 34 years (range: 8-61 years). Hemorrhage was the presenting symptom in 11 patients and seizure in 9. These AVMs were classified as Spetzler-Martin Grade IV in 7 patients and Grade V in 13 (65%). Four of them had previously failed radiosurgery and 10 of them had embolization performed 9 days to 5 years before HSRT (median: 50 days). The clinical data are summarized in Table 1.

HSRT was performed with the Novalis linear accelerator (BrainLAB A.G., Heimstetten, Germany), equipped with multileaf collimators (MLC), using 6 MV photons. HSRT was administered in 5 or 6 daily fractions of 5 or 6 Gy. The total dose was 25 or 30 Gy delivered to the target encompassed by the 90% isodose line. Treatment planning was based on CT, MR, and angiography. A noninvasive stereotactic frame was attached to a thermoplastic mask during CT, angiography, and before irradiation. The target volume was defined as complete nidus of the AVM without margin, and ranged from 12.51 to 155.38 cm3 (median 46.84 cm3). The HSRT plan could consist of either static beams or dynamic arcs, as long as it provided good conformity. 

Follow-up consisted of clinical evaluation and magnetic resonance imaging (MRI) scans on a yearly base. The imaging protocol included T2-weighted fast spin echo and 3D time-of-flight (TOF) sequences, both used for volumetric measurement. Volumetry of the nidus size was performed with image processing software (1).

The volume changes over time were fit into the exponential decay model, i.e.

 V (t) = V0e-λt
, where V (t) is the nidus volume at time t, V0 is the pre-HSRT volume, and λ is the decay constant. We arbitrarily defined good response if the AVM volume in the last MRI follow-up showed decrease faster than 50% annually. Otherwise, we would say that the AVM responded suboptimally to our treatment. In other words, the threshold is the decay constant of ln 2 per year (i.e., λ ≈ 0.693/year).

Cerebral angiogram was repeated at 3 years after HSRT, and re-treatment with SRS or HSRT was offered depending on the residual size of the AVM.

We analyzed the volume change using R, an open-source statistical language (16). Fisher's Exact Test and Student's t-Test were used and probability (p) values of less than 0.05 were considered statistically significant.

RESULTS

Clinical follow-up

During follow-up of 12 to 81 months (median: 32 months), only one AVM bled. The patient was a 24-year-old male, who was slightly hemiparetic from 2 episodes of bleeding before HSRT. His AVM in the right basal ganglion was 56.39 cm3 at treatment and was not previous embolized. The minor hemorrhage presented with headache 15 months after HSRT of 5 Gy x 5 and did not deteriorate his neurological status. Overall, the risk of post-treatment hemorrhage was 2.06% / year.

Two other patients had non-hemorrhagic worsening after HSRT. One patient with a right thalamic AVM had an ischemic stroke in right temporal lobe 3 months after HSRT; he complained of headache without experiencing new neurological deficits. Another patient reported increased seizure frequency, which improved after oral steroids. Neither of them had permanent deficits. Therefore, temporary adverse effect of our treatment was 10% and the long-term morbidity was virtually zero. Although both of them were treated with regiment of 6 Gy x 5 this regimen did not reach statistically significant level for increased risk with this dose (p = 0.190). 
Imaging response

One AVM of 36.25 cm3 decreased in volume to 0.55 cm3 checked on MRI performed 30 months after treatment. It was difficult to determine whether there was residual AVM or only scar tissue. Since cerebral angiogram was not performed, we could not confirm its complete obliteration. The other 19 AVMs were not totally obliterated at the last image follow-up. Fig. 1 shows an illustrative case.

The MRI follow-up was from 12 to 80 months after HSRT (median: 25 months). The number of MRI follow-ups was 1 to 7 during this period (median: 2). At the last image follow-up, the volume of AVM was 0.55 to 147.14 cm3 (median: 13.51 cm3). The residual nidus volume ranged from 1.5% to 98% (median: 39%), therefore all AVMs decreased in size (Fig. 2). 

Time-dependent obliteration 

We plotted the volumetric data to visualize the dynamics of AVM obliteration. Using the linear model (Fig. 3A), the coefficient was –0.2574, i.e., the volume decreased approximately 26% per year on average. Therefore, the AVM should be completely obliterated 3.9 years after HSRT.

Using the exponential decay model (Fig. 3B), the decay constant was 0.5857, i.e., the nidus volume remained about 56% or decreased 44% every year. Comparing the sum of squared residuals (5.108 vs. 2.946), we considered the exponential model a better fit, since the AVM obliteration did not follow the linear model prediction.

Factor correlated with response to HSRT


Based on the volume at the last follow-up and reduction rate of 50% / year as threshold, 8 AVM responded well to HSRT and 12 responded suboptimally. They were plotted in Fig. 4, together with the threshold we used. The final volume in the good response group was from 1.5% to 46% (median: 6.2%), and from 11% to 98% (median: 46%) in the suboptimal response group.

Possible prognostic factors were listed in Table 2. Dose scheme of 6 Gy per fraction were related with good response (p = 0.040). Also, previous embolization tended to result in suboptimal response, although it was not so statistically significant (p = 0.085). The other factors did not have obvious effect on the response to HSRT.

Subsequent Management


Four patients were re-irradiated, 3 of them amenable to single dose SRS. We repeated HSRT for one patient whose AVM became 65.69 cm3 from initial 119.74 cm3. We did not observe complete obliteration of these AVM as yet.

Discussion

Treatment of large AVM


While routine treatment for giant or high-grade AVMs is still controversial 


(5, 6) ADDIN EN.CITE , many clinicians now accept treatment of selected patients with such AVMs. The common indication of treatment includes hemorrhage, progressive neurological deficits, intractable seizures and other severe symptoms, e.g., disabling headache.


It is generally accepted that there is no single treatment modality providing satisfactory result for large high-grade AVMs. These lesions are usually inoperable. Embolization might be useful for AVM-related aneurysms or high-flow shunts associated with AVMs, but it won’t cure the disease. Irradiation, including SRS and HSRT, rarely obliterate these AVMs completely in a single treatment course. Therefore, multimodality treatment has been used for such lesions. 

If an acceptable risk of morbidity is 5% per procedure (3) and a patient requires 3 courses of embolization before surgery can be performed, the cumulative risk is already 15% before operation, where the surgical risk is usually no less than 10% for such lesion. Since we have not observed permanent morbidity, HSRT promises safety to prepare large AVMs for final treatment, i.e., surgical resection or SRS. In addition, since HSRT decreases the size and thus downgrades these AVMs, the actual surgical risk might become lower.

Radiosurgical treatment of large AVM

Radiosurgery has proven useful in the treatment of small AVMs of the brain. However, poor obliteration rates were observed for large lesions, especially lesions larger than 5 cm in its largest diameter. This failure is mainly because the need to reduce the dose to prevent complications. Therefore, several strategies have been developed for large AVMs, including repeated treatments, as well as dose or volume fractionation schemes. Jones et al. reviewed recent radiosurgical literature for large AVM and compared these approaches (7). However, none of them achieved obliteration rates as effective as that for small ones.


Veznedaroglu et al reviewed their results of HSRT and reported a 7.2-fold greater occlusion rate of 7-Gy over 5-Gy cohorts (17). However, they had actually abandoned the 7-Gy scheme due to high overall treatment related morbidity rate of 43%, and a sustained complication of 14%. We used 5-Gy and 6-Gy fractions and showed that our dose scheme was relatively safe, but obliteration was only partial. However, if we use HSRT as a preparation procedure for further definite treatment, its ability to decrease the size of AVMs becomes very useful in the multimodality approach of these difficult AVMS.

Obliteration dynamics of AVMs


Although Wowra et al. defined “obliteration dynamics” as time-dependent decay of the transnidal blood flow (18), they actually studied the sequential change of AVM volume. We would rather use this term for nidus volume change instead of flow change, because it is difficult to quantify flow through the AVM nidus 


(4, 9) ADDIN EN.CITE . For small AVMs, obliteration dynamics might be less important because the goal is complete obliteration, which can be simply evaluated by complete obliteration rate. In large AVMs, especially when the goal is volume reduction for further definite treatment, the best tool is to evaluate time-dependent change in volume, i.e., obliteration dynamics as we demonstrated. 


In Wowra’s study, nidus volumes measured during sequential examinations were related to 4 distinct follow-up intervals, which were referred to as T0 through T4, with T0 indicating the date of radiosurgery. At their T3, about 1 year after treatment (13.3 ± 1.9 months), even the group with delayed response had residual nidus volume of 26.4%, which was better than the overall average (56% at 1 year) in our study. However, their AVMs were much smaller (median volume: 1.8 cm3 in their study vs. 46.84 cm3 in this present study.


Zabel-du Bois et al. (20) defined partial obliteration as reduction of nidus more than 50% in diameter. They gave median total dose of 26 Gy in 4 to 5 fractions and the median time to partial obliteration of large AVMs was 12.1 months after HSRT. Their AVMs were slightly smaller (median: 27 cm3) and had a faster volume reduction than our present study. 

Our exponential decay model was very simple. We feel it better than Wowra’s methodology in description of the volume change. We showed that on average the residual volume of nidus became 56% of previous year, which was equivalent to 17% at 3 years. This would turn an 80-cm3 AVM to one of less than 14 cm3, possible to be treated with single-dose SRS 


(11) ADDIN EN.CITE , or resected if surgically accessible. However, some of our patients’ AVMs responded suboptimally to HSRT, but even in this group of patients, the AVM volume decreased to a median of 46%.

The basic concept of this study was the use of HSRT as a safe AVM volume reduction approach in preparation for further therapy. Therefore, we tended to retreat after 3 years, causing the data points to be within 4 years. One could wait longer before further treatment. Lindvall et al. reported (8) significant occlusion rates between 2 and 5 years after HSRT. Nevertheless, one must balance the risk of retreatment complications against the risk of hemorrhage while AVMs are still patent.

We differentiated good and suboptimal responses by 50% annual volume reduction at the last MRI follow-up. It was based on the exponential decay model we proposed. However, we had noticed that some AVMs decrease very fast in the first few months, but then became stationary over time. This could be shown by the data points below the threshold curve in Fig. 3B. Since exponential model expects proportional changes over each time interval, it could not model AVMs with stationary size after fast volume reduction. Nevertheless, before a better model is proposed, exponential decay model is still recommended because it is simple and required only one parameter.

Factors related to response


Although the average volume reduction seemed substantial, there was pronounced variability in this small patient sample. The most important factor was dose per fraction. Compared to 5-Gy fractions, better response to HSRT was observed using 6-Gy fractions. This was compatible with Jones’ review that there appears to be a minimum dose per fraction (7 Gy) necessary to achieve high occlusion rates (7). Since our goal was preparation of the AVM for further definite treatment instead of complete obliteration, 6 Gy per fraction might meet the requirements and avoid the high morbidity associated with 7-Gy fractions, which were observed by Veznedaroglu et al (17).


Although the actual radiobiology of AVMs might differ from that of tumors, Qi et al. (13) did radiobiological analysis for AVMs and yielded a/ß ratio of 2.2 ± 1.6 Gy. They proposed some fractionation regimens, including 7.05 Gy x 4 and 5.60 Gy x 6. These would be equivalent to about 6.2 Gy x 5, which were close to our usual prescription (6 Gy) in 5 fractions. On the other hand, our regimen of 6 fractions (5 Gy x 6) would then be slightly insufficient. Although their goal was complete obliteration, which was different from ours, we would suggest 6-Gy fractions over 5-Gy whenever possible.


The use of embolization before radiosurgical technique is controversial. For smaller AVMs, several studies suggested embolization as a negative predictor of obliteration 


(2, 12, 14) ADDIN EN.CITE . However, for large AVMs, Veznedaroglu et al. (17) reported that the reduction in size by the embolization increased the obliteration rate with no latency period haemorrhage after a fractionated stereotactic radiotherapy. This present study suggests embolization unfavorable for obliteration dynamics, although this tendency was not statistically significant (p = 0.085). Moreover, Yang et al. (19) reported that pre-radiosurgical embolization was a strong and independent determinant of latency period hemorrhage for patients without previous hemorrhage.  This was not confirmed here.

The tendency of subpotimal response of embolized AVM might be caused by more difficult target definition and subsequent volumetry due to image artifacts caused by embolization material. It is also possible that AVMs undergoing embolization were just more difficult AVMs with fistulas and aneurysms and thus worse responders.


It seems that routine pre-HSRT embolization must be questioned, as it was not beneficial in our observation. It might be reserved for AVMs with high risk of bleeding, e.g., those with intranidal aneurysms. Embolization might be also beneficial for AVMs associated with a large arteriovenous fistula, which are less sensitive to radiation (3). 

Conclusion

HSRT turns giant high-grade AVMs manageable by single dose radiosurgery or surgery. After HSRT, these AVMs decreased 44% in volume annually. It seemed 6 Gy x 5 fractions was better than 5 Gy x 6 fractions. Prior embolization was not beneficial in this small sample.
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FIGURE 1. Illustrative case of a cerebral arteriovenous malformation in the left sensorimotor cortex. Lesion treated by hypofractionated stereotactic radiotherapy (HSRT). A, 3D time-of-flight magnetic resonance image (MRI) taken for HSRT planning. The volume was 28.82 cm3. B, MRI 12 months later. The volume decreased to 9.22 cm3. C, MRI 33 months after HSRT when we re-treated the patient with single fraction radiosurgery. The volume became 1.17 cm3. D-E, angiography just before HSRT. F,  angiography 3 years after.

FIGURE 2. Change in nidus volume before and after treatment. Note the volume was made in log scale for better visualization. 

FIGURE 3. Volume change over time after treatment. A, linear fitting. B, exponential decay model. RSS: residual sum of squares.

FIGURE 4. A, volume change over time of the good response group. B, suboptimal response group. The curve in each plot is our threshold, which is the exponential decay curve of 50% / year.
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TABLE 1. Characteristics of patients and treatment parameters

	Patient characteristic
	No.
	%

	Total no. of patients
	20
	

	Male / Female
	7 / 13
	35 / 65

	Age, median, years (range)
	34 (8 - 61)
	

	Presenting symptoms
	
	

	    Hemorrhage
	11
	55

	    Seizure
	9
	45

	    Headache
	15
	75

	    KPS, median (range)
	90 (50 – 100)
	

	Previous embolization
	10
	50

	Previous radiosurgery
	4
	20

	AVM volume, median, cm3 (range)
	46.84 (12.51 – 155.38)
	

	Location
	
	

	    Frontal / temporal
	4
	20

	    Parietal / occipital
	10
	50

	    Deep*
	6
	30

	Spetzler-Martin Grade
	
	

	    Grade IV
	7
	35

	    Grade V
	13
	65

	Prescribed dose and fractions
	
	

	    6 Gy x 5
	9
	45

	    5 Gy x 6
	5
	25

	    5 Gy x 5
	6
	30

	
	
	

	
	
	


*Deep locations include basal ganglion, thalamus and brainstem. AVM, arteriovenous malformation; KPS, Karnofsky performance scale
TABLE 2. Factors related to AVM response

	Factors
	Good response

N = 8
	Suboptimal response

N = 12
	p

	Patient characteristics
	
	
	

	    Age (years)
	30 ± 15
	37 ± 17
	0.353

	    Male
	4
	3
	0.251

	    Headache
	6
	9
	0.694

	    Seizure
	4
	5
	0.535

	    KPS
	79 ± 18
	92 ± 12
	0.103

	AVM characteristics
	
	
	

	    Bleeding
	5
	5
	0.325

	    Previous SRS
	2
	2
	0.535

	    Previous embolization
	2
	8
	0.085*

	    Volume (cm3)
	50 ± 20
	53 ± 42
	0.834

	    Deep locations
	4
	2
	0.137

	    S-M Gr. IV
	3
	4
	0.608

	Treatment parameters
	
	
	

	    6 Gy / fraction
	6
	3
	0.040**

	    6 fractions
	1
	4
	0.306

	    25 Gy
	1
	5
	0.187

	    Static beams
	3
	3
	0.455

	
	
	
	

	
	
	
	


S-M Gr., Spezler-Martin Grade;  * p < 0.1; ** p < 0.05
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