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Z» ABSTRACT

The stereotactic radiosurgery for arteriovenous malformation (AVM) began in the early 1970s. Nowadays, by 2000 world-wide, more
than 27,500 patienis have undergone Gamma Knife radiosurgery for cerebrovascular disease (CVD). New concepts, consisting of oblitera-
tion rate, postradiosurgical hemorrhagic risk, dose selection for treatment, and radiosurgery for pediatric AVM, medium:to-large sized AVM, -
cavernous malformation, venous angioma, so on, have been established. Gamma Knife radiosurgery has been considered as an effective
managenient stratege with relatively few side effects for AVM. However, recently delayed radiation-induced complications were reported in
321t0 12.5% in range. Therefore, the long-term follow-up is thought to be mandatory even after treatment goal, complete obliteration, is

confirmed. (Kor J Cerebrovascular Disease 4:9-16, 2002)
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Indications of Radiosurgery for
Cerebrovascular Disease
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WAL E Ak HERAgs HEdar) e (AVM)
ol 94% (226,000 & AA8F3L QA cavernous malfo-
rmation, venous angioma, AV fistula, aneurysm% 7]k
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TE HsgW71ge gigh 257t gy Axska ok
(Fig. 1).

Current Status of Radiosurgery for
Cerebrovascular Disease
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Functional disorders
Vascular disorders 6%

Total treated cases 150,982

o
AV fista 1% CM4% VAOSE

Aneurysm 0.4%

Vascular disorders 27,5643

Fig. 1. Accumulatednumber of pa-
fients treated in worldwide Gam-
ma Knife center (Dec. 2000)

Table 1. Gamma Knife radiosurgery for AVMs: published 2-year  Table 2. Gamma Knife radiosurgery for AVMs: published 2-year

obliteration rate in past

obliteration rate in present

Shefield Q6 59% 1985—1990 Shefield 615 76% —2000

Pittsburgh 112 1% 1987—-1992 Pittsburgh 402 80% —2000

Karolinska 310 83.2% 19711986 Karolinska 1000 86.5% —-2000
98+ WP O 2 invasive methodQ]l HE#E94S tlas  (Pittsburgh study)®

multiple pulse sequence MRI%} three dimensional TOF
MRAE o]gs}o] st #4734} 7Fsaisoh'? e,
w2 e %”‘(}73?@,34 long—term follow=up®] ©}Fo]A|H
A 7)) QAR Aol vt E& EE S o)
7FA FE)2] complication®] BI1¥ 1 itk utohet
ARGl st AeEe) 71 2 £A1789) latency pe-
riodE £9 4 e A2 WA (source) ©JH device
o] Jfto] oA A=A F&k1 9L single fraction—large
"~ dose] g WAPAAE S (radiobiology) ©] HEsHA 73
5)x] 28131 9107 cavernous malformation®l] Tk AR
Tz ‘b.lood flow”} oFd blood volume?] ¥3FE 0|45
o A BATHE B9I8 4 Q= neuroimaging tool?] blood—
' pool scintigraphy (PET, SPECT) % functional imaging
o] A PFgo) gk Aejolth

‘New Concepts of Radiosurgery in
.. Cerebrovascular Disease

1. Radiosurgery for arteriovenous malformation

1) Postradiosurgical obliteration rate
- Zyéars'obliteration rate in past(Table 1) and pres-
ent(Table 2). :
— 2years obliteration rate according to AVM size
100% in b'elbw lce, 85% in 1~4cc, 58% in 5~10cc
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2) Postradiosurgical hemorrhage

HAbAE S FHE7) (latent period) E1F A= rebl-
eeding rate™ natural history %} SA8K 1.3~8.2%% K
753 g)on HIo)= latent period 717F % WY

‘o] o3t WS radiation effect?} ©)Eo) A HA] FEA]

Az GFEe) o s AEd 7S XBskA &
& o] nle) Zhgths Fo] wepgolA 1 Qlrk HEgh
Steiner TR 844 3 complete obliteration® ¢l
A AEEE ok g Hislo] s o s HAdke

JoME AEEE do APE0] s Sitk

3) Dose selection

HEwAso] gt WAbAgEo] AldE 27]el Karolin-
ska institute o)A experimental reseach 2 944
282 EUE target marginal doseZE A& 25Gy o1&
Zgafol 312 AEANE 9 F vk EEs}o] o]
of] Z=8F dose selection®] ©]&H O} o= ¥ 271
o wa} ztol= 9lort small-sized targete] It marg-
inal doseZ 20Gy AEE w&o] AE3l % high doseE
Agst 499} GAKSE obliteration rate® A& 4 g B
wtolz} complication rated £Y 4+ 819] low dose sel-
ection A-g2 FAZ H3}aL it

4) Radiosurgery for pediatric AVMs
Zrote] HEAuy o] gigh WAk Mk 2
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Previous hemorthage (4~23%)

No previous hemorthage (0.1~0.7)

0 10 20 30 40

Before radiosurgery (17~32%)
During latency period (8.8~22%)
D After latency period (1.1~5%)

) Fig. 2. Natural history and published hemorthagic risk after radiosurgical treatment in cavemous matformations.

8% 4 9l°™ immature brainel thd} radiation?] toler-
ability7} X2 2 low doseE Z-&3}A o] N g a7}
o AET, HEG] dIETL Al B3l g Wil ol
2} blood Vesselﬂ size} fragility ol embolization®]
golshA drh= F2o] 540] 917] wliol AdQlel ule o3
THEA B2 Aow duix] 1Sk AlsE Amos ol
EEo] v}t Tehd Hole AunlHE viEre 2 A2
& F2rEAY] /g3 immature blood vessel] radiation
off thet sensitivity7} 317 treatment planning®%] <] o
Ao® PHEL VATl 2Y 5 Ux 5 Lol et
PA 0] FAEO] Be FR AEaA Aol g
&2 Ao ARRpEe] AdH 1 9lon XgARE A

Qe 9} frtstAY B Frke datgo] Bugm gl

5) Radiosurgery for medium to large-sized AVMs
Z730] & HFdN718 2] 7%, single—stage irradiation
& AsEl) el 1 ol Al diE high rad-
iation3} A AP0} o1F PR3] Y3 low dose
9] Abg-0 % 218t low obliteration efficacy wjF-olc}, vRA}
% A embolization ATCZH sizeS Z2A7)E=
ABE g 25 ot EEe) S v, 2]} 9
o 812k recanalization®] Qol'd = Q17| wiite] A&
¥ targetingS & AN Hgo] AN 4 glo] Hz
o= & o gER] SH=tkY9? A2 AW large sized
AVMe] tigh WAE2] WS compartment treatment
(staged—volume reatment) 9 staged—dose treatment”}
b=l nidus®) Z718} Bool wel X gHbo] Meld 4
QoM™ ol2st Alg WU O small AVMelH ) obliter-

ation rate$} FAFSE T2 A7E0] BuHy vk Large
sized AVMel| tjgt A& G395 Eo)7] Yar=
X~-ray angiography$} &7 stereotactic—MRI$} MRAS
olg3tol AVMe] 33+ 22 43| AAal= Ho) W=
Al B 23} multiple small isocenter® 2-43}0] target
volume# radiation volume2 7}s-dt UX|A|7)= Ao &
K3}3 radiation®] homogeneityZ %°]HA] target ma-
rginTH 8] A= ZA ] e steep dose gradientE
= 7 v #4171 dose planning systeme o]48=

Zole,

2. Radiosurgery for cavernous malformation

SAFE ALl gk YA A E o H s s
ARE] A k. dfushd simadd Bl igh WAk
T o7 BARE 7T gl=dl A, ekt gt
SV 283 ofF A% 9k natural history W&ol pat-
ient selection®] of#lgo] vk EAl, 71 F&a HAAp
1l MRIFIAFZE Wae] g S Fs7)7) o5
dose planningA] overestimation®® 397} @} radia-
tion—induced complication?] 9&4do] =t} A, HA2
imaging modality 2+ WP HBZF2] w4 ojF-5 g
7 gloh A, SR dago) that 7 axbo)m kg
radiation dose”} o}2] F#lAg)x] ghrp=7 Solth!? (Fig,
2) HFAM71E ] WAAGET v wA] siEAE B A
radiation—induced complication®] &2 Zo® UWsF=
H 7 Rl E:E JuddaEe H5yur|ged vs ¥
HEel o Bol gXsY Wi daA EAo] 43
ol ©Y50] glo] 5] WHEAES: o] Fo sinusoid®
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T3] low—flow?) venous structure®] 717k venous
infarctiong o] dolE Aoz A Fudd
Fo mE2X] oA A8 (venous angioma) Z EHE &
397} 9oV Hui71go) targetlel T4 25 o ve-
nous infarction®ll 2J& do] AT 4 7] wEolth
e HEAwr|Ee gixgdE P2t dose planning
o] 7hsaRAul st ETEe = MRITHCE target loc-
alization 3}7] wjie] 43Hek dose planning®] o7 o
Folt}, 759t BL AT E EY)Ze treatment mod-
ality7re) X 2AFE0] ArEHAN Pl mE A=
W delo] 8.8 A Fgan WA £ A8FE o=
A% BE) Az A 922 3, o)1) £
2 9 o7l Ho| gl incidental lesion®l tEIXE expec-
tant managementZ A|HFTh B4, 28 4o symp-
tomatic lesion®] Th3AE 7538t microsurgery s A
o} AR, SAPIEE L o)dd ol £8E Yol Y
Wz e 737t 871538 deep seated small sized le-
sion®ll 7F¢ &340 11 eFA g X @ahio] & & glok

3. Radiosurgery for venous angioma

19935k Karolinska institute® ¢} venous angioma
13¢e] djgt Gamma knife radiosurgery2] 421 X5
A} uaH o% WA olsh HAH ATERLE Al
o= Aotk 159 AxE B8 Byl ulE AVMe| 1]
ShZ o] 29kAINH(30.8%) 718 Me) obliteration
He AL g1s 5 9w A Xash v & W 4
2 A2A FAS Frs) FHR-e] Hzo] QR ¥
YF Ao 28T £ e AE FEIL FeA TAE
9= venous drainage?] 2~ 2k 7] $18)
o] EH“Z} alternative treatment® ¢} 884 rk= A
& o] X299 rationale® F4319th? Venous ang-
jomaol tlgh WG] A s AQ1oRE A,
caput medusae®] 5744 HeZ <3| effective radiation
field BPZolE BIAAAE vein Eo] EAIT 5 7] Wzl
A3 targetingo] o1 23 B4, A8 27074 v
%@@.47]837% o] venous angioma®lls= arterial compo-
nent7} A8 itk xjolo] glom® 22 Fel nis) 4
wo] At 0 2 MAle] 2 wgtel] uhel
3t gk EE?} venous angiomas A HFEES
A ok Ag] o] Hasks e g g g3
Aufel] venous drainage® Hol7] o) =7
AP Z22z0) o8t A AT cerebral swellingoltt venous

infarctions k12 4= 13 thF-2 benign clinical course
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2 RoluA incidentalstA] WARE 797t Bol FHtoll=
radiosurgery®] contraindication®¢] stz AR A =
Ak
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4. Radiosurgery for DAVF(dural arteriovenous fistula)

DAVF th3t radiosurgery ) limitations AVMelA] ¢}
2 nidus’t 97) w2l artery 9} venous compartment
7h A4EE A4S M targetOF Aok HEE com-
plete coverage”} ©13 3L AVMel U510 rebleeding rate
7} 0™ high flowol] thél radioresistance® emboliza-
tiono] Ao} A|BE O} recanalization 52 HAECE
o135k A9 o]4% radiosurgery?F ol Al E3IIT) |
2 2o]= DAVFES] 26 9lo1A radiosurgerys A Al
sl 7155 WS A7)0 transarterial = transvenous
embolization& A|#e}= staged treatment’} X EEA4E
ol gir}, olE| st WPHE embolizations WA Algh 5
radiosurgery S 8F= 23} 81w & v recanalization © & <!
slo] 2SS incomplete targetinge W& ¢ A3 w4
A719) FAE S3A A 4 9o latency perigd%"&.‘ﬂ

rebleedinge 43 & 4 9= Aol glek?

5. Radiosurgery for aneurysm

o Zlup}ol L centerolA A48l unruptured small
arterial aneurysme] thgt radiosurgery”7t A== = A
7 g geirE Fals] FEE Re] gtk 22k AVM
3} association® ]
2o 93 A9k intranidal aneurysm, £ venous
aneurysm®l 8} radiosurgeryAl F2 ZA¥g0] HiE1
ola ol2ld Azh= AVMe] tig radiosurgery$- ©F7|
= 22]9] hemodynamic change %= aneurysmol| thgh
direct radiation effectol] @&t 702 Fzdr} ™

9= aneurysm® feeding artery <t

Complications of Radiosurgery for
Cerebrovascular Disease

HAbAS4re] FES Adnkd o g AleF 6~8714 T
uhE ok 9~3%9) WSS Beltka d#iA ATk 1
2}, # A% Bl gt follow—up 713ke] HojA|1 &
Bt Z7 A o1 Helel EFTE Ak HaL
T MM T 32~125%% ¥A BRusm ok

A eE § aEE S AVME volume, loca-
tion, radiation dose, planning method 5°] ZAHM Al&
T 27 MRIOIA 2k 30%2 871 Jsts Kol o]
F 1301w 20] ek 2o el ok Qe




AT wed 12Gy volume ©]4o]¥ postradiosurgical
imaging change’} 7€ 4= 9l WAbde] WSt deep
white matter %+ brain stem AVMelA g ghalgo)

%‘4—.”

1. Treatment failure and hemorrhagic risk

HE W1 agee] 7P Fad A
rgeting errore]™ 719]ol) suboptimal dose] A&, &= W
Bl 2449 radioresistance’} 9¢le] & £ itk 53], ¢
At target localizatione nidus® 2717} & W] 2-D an
 giography WO plannings AlBeh= AT, e 285§
Hksk Oﬂ"’ﬂ/}{ small nidus7} masking® 73-% midline deep—
seated lesion?| anterior ciréulation?% posterior circulat-
ion?] dual supplyE W= 79 FollAl dojd Qv 1
9]¢l hematoma”} resolution= ¥4 nidus”} reexpansion
= 7399} embolization 9] recanalization H&= 791
% complete coverage”} £7153kA Bk

WAL FEd BRSSP s ofnlg hE
-2 oAk AVMe| st WAIGEAl TR EAI7E EHE
- o)t ﬁ‘r"éﬂjl & Wy £8 g A
ok 2~4%% FEA g HT A=l
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2. Radiation-induced complications(Adverse Radiation
- Effect : ARE) .
P 0 2 AREE MRIGH WA & 3 4=
T2WIAS] high signalg zt= W o2 2957 & ho-
mogeﬁeous enhance ¥ #W¥e BBB7} I3 HA Y va-
- scularization®] Z7Fg radiation injury® VFERATE WAL
Marde 5 237 ‘rieuroimaging studyellX] ARE¥ ¢F 16~
30%ol4) BAE T 7API ol wel Au] ol 2ol7} 9]
o} MRIZF CTRI} 47 ARES] ¥H3e 94 5= glow
(31% : 11%), Nzwhe BE gt oF 1/3¢14 sympto-
matic AREZF 4810 015 ol et 7291 217484
ol @B AREE 52 AVM A F9)9] ¥z
o4} radiation injury S W& 5 HAEN 2ALAL En)
75‘93 2 demyelinaﬁon, edema 723! radiation nec-
rosisE, B2 4= vk 78R4 FAg dose planning©
2 RS A7 ARES] S S Y 5 ole A
o AAELY : '

QIOYRL - b

1998de] B uE HAMA 87) centerold] FEoE AT
3 Aol 5P radiosurgery £ AlEih> 1255912 AVM
1= 1024 (8.1%) oA radiation—induced complication
o] ¥hsl o FHFe] FHEE radiation necrosis7t
7F3 woky1 18)9) cyst formation, vascular stenosis, se-
izure, cranial neuropathy S°] 24& 4 otk Hs)
93\]:}'3)

1) Radiation necrosis

External beam irradiation®]l ©J3t brain reaction<> Al
group L2 TEE=H X7 5 S acute reaction, A
BF FolA 7714 Alelol] BEehs early delayed rea-
ction, FALBIAM A Alojol| WS late delayed rea-
ction £01™,% acute reaction} early delayed reaction
9] 9= 71992 ¥ Jate delayed reaction cerebral
atrophy el 28H volume©] 748 79 malignant tu-
morolA2 48 mass lesions WER= A2 v)71e]do]
T Zsg ATE vk £ Sith

ARE®] 2HE total dose, treatment time, dose fraction
Zof o] 33 WO radiosurgery$h 2o large dose,
single fraction?] XZ2HE A EA 71540 S718HA 2
ok HARAel 2t W] wEls $E2 9N DAgE)
o] coagulative necrosis, cystic cavitation with gliosis,
patchy demyelinations Kol W74 A, glial cell
£3] oligodendrogliadll A4 &4 2% white matter
degeneration® demyelination®] ¥4 %Y E4), endothe-
lial damage®ll 9+ A7FHAR-E© 2 vasculitis 4270] W
et A, HRARA ] 2% intracellular free radical®] li-
pid membrane®] €4 9] cell membrane dysfunction
7} cell death® op7]sith= A 507 249t ™ Radiation
necrosis® Aol ARG E] o8 sk $HEF
= 713 Azt A0 7 Kjellberg,' Flickinger 579 3%
isoeffect dose—volume curve® brain necrosisS &%
& Qe 71F0] dA) dF e Hol A8 Itk Radi
ation necrosis®ll 93 S W] YR} F#o| glom
55 steroid theraphyol] £& H-e-g Holn zloidgo=
AARE s sk A HolE A a4 A8Vt
Had % 9t}

Multi—instituitional analysis (1998l W=H radia-
tion necrosis YA & overall symptom resolution rate
L 54%+7%50m oldd] hemorrhage history”} $i&
At A% SAS Bl BRlA FAEEEe] A

st
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2) Delayed‘ cyst formation

T W97 gt HAbE s & delayed cyst
formation®] T F}E B1E T Q=] BA7IHLS
oz AEsHAl LdEAA] EAT blood—brain barrier$]
w27} 7 8% 98-S dh angiography 7 nidusé]
&gk obliterationo] Bl AL-AE nidus WA radi-
atioh—induced vascular change”} Al%5)7) wjiolzla &
Aska 9lek Cyst formation®] FANI =+ Karolinska In-
stituteolA1= 1600¥ % 52, Forster 5 1400# % 3
g, Tanakat 4008 5 248 9% 0.2~05%%] w2 o
&g B35l glovl Yamamoto T& 38# £ 3#E
7.9%] HANITE WSS ST BHIA s Yk
R E b EE AR S SRR I

Aele oz deAm okt

3) Arterial occlusion or stenosis

Large major cerebral artery+= radiation®] A33] re-
sistantdte] #A2) FEAENA 100Gy oVdel =& o
Welg wsE vepdeiar sigivk. T2, #2 charged
particle radiosurgeryell4] maximal target dose 28Gy=
283} 20419 ZA}oll A major cerebral artery occlusion®]
R95,%7 Lindquist £ ghe 24 71548 1%
oJstE vl E%X]‘?& major vessel®ll 15~25Gy AEe} &
AR postradiosurgical stenosist occlusione] #44& 4=
ATk 35k olejel] Fmpol HabTES whe AVM
Aol digh 34 HPAxGEolA TS5 dudA
H3lEo] mEA oAl BiH T 9Iok® HTel: Gamma
plans ©]&-3% three—dimensional analysis technique]
7H‘?=}§!affected vessel?] actual radiation dose’} S35
WA 10Gy o] WA 2APE 9o AVME #Egis
A4} pial érteryoﬂ/ﬂli intimal hypertrophy7} %51
225Gy - olAtoflA] = elastic lamina® fragmentation¥} 213}
€ intimal hypertrophy”} #4%]¢] complete occlusion®]

dojd 5 9SS FAPTH= Bk gk

- 4) Occlusive hyperemia

Spetzler® = high—flow AVME] &8 A7 Fof w4
3}? poétdperative bleeding®|L} brain swellings 43}
= NPPB {normal perfusion pressure breakthrough) 2]
Nde Edesiedl AVM 919 32 chronic hypop-
erfusion®® EPEo] 3131 autoregulation©] B7Fsgh 4
B2 AVMS] 544 AA Fol= HAAQ perfusion pre-
ssure o] —‘?—%Oﬂ’hyperemia% %}*@‘S}ﬁ local capillary
bed”} #1251 edemaz} AR SlSiEh AVMel g
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W F radiosugerys TEA AA T T A4E
O 7o) A R wiel A= o]gt Akt
& 9 5 9 aRgoln 7)He) Agiez
#4 gt 23y, 200085 Mayo clinic®] Pollock
Vol dsto] Agow WSS F AT O NPPBY}
A % glrke Zlo] maERA ol that Dol ol
. Radiosurgery &l occlusive hyperemia’} 24
1= 718 nidus7h HAHWA AVM 7919 auto-
regulation 7]'s& A3t hypoperfusion vessel®] normal
perfusion pressure® A HA 2= 4= §l31 T3 ni-
dus 99 venous structure® o 2J5te] ZAAQ
autoregulation®] 3] =@A] Wby 4= Qlopy FAHE, o]

N n o
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ﬁ
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pe RopE o

yo &

4 32

gk e WAlES ok 792 B ET 9o} radios-

urgery % venous structure®] patency®ll thdt FH7A}
7} AEs] AlSEnE Adaog ] B caseE FHsH
B Aoz oAkET)

5) Hemorrhagic stroke after angiographically confir-
med nidus obliteration

MpAHIS ] o8] AVME] ghs)alo] Bhlgl - g
hemorrhagic stroke®] 22 A|ApEel] o) WAMATE
5] shtz HaE et olelst $Fo| treated nidus
9] rupture] 2J8+ 14, radiation—induced vessel occ-
lusion®l] 23t hemorrhage infarction 9= AgkelA A
B 4 gloh 33 MRIOWA infarctionazdo] Holx] ¢ko
HA w22 hyperintense area® & AAEE o
& o treated AVMSE ruptured] 23+ A&z A
H7|% 3l AVM target 99 irradiated brain W9 £
Are 22 d70 2 HE] hemorrhagic stroke¢] 288 &4

%]\ ]—4_.39)

o i

6) Appearence of DAVF and newly found AVM

Fpo] 2 WAMIGEE w2 AVM 345 angiography
A total obliteration® H2l Fof AjZ2- DAVFY AVMO|
WA 797t RaE e, $A71e B3] deA
UA o1} DAVFE] W2 major sinus”} radiation ef-
fectel] &8} partial occlusion HHA 7|22 sinus el
FE213k= minute arteriovenous fistulaZ} AA= dAlo =
Akl a1, AMEL- AVME] 2L radiosurgery Fof 1t
ek 4= Q1= thrombosed vessel?) recanalization, nidus
219} organized hematomaZ5F-E] X|42¢] Aj22- FHo)
A%, AVM F9)2] VEGF (vascular endothelial growth
factor)®¥ ¢l €]8F angiogenesis Sl 28] AVMo| £HA
3] A FoIE v BB JHT  glow, ol



3 FHZE pediatric AVMOT Ra18]0] 2o} cere-
st ol 2gsihy 34

brovascular immaturity 7} £

%E}}z)zm
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