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Fig. 2. Radiosurgical dosimetry of 33-year-old woman with unruptured arteriovenous malformation in the right occipital
lobe. Dose delivered to the optic radiation before referring to tractography (a) was intentionally reduced after its integra-

tion (b).

follow-up at 45 months. This was the only patient who devel-
oped permanent morbidity after the prospective integration
of tractography. Another patient exhibited mild transient
hemiparesis 12 months after treatment prospectively inte-
grating pyramidal tractography but fully recovered after ad-
ministration of oral corticosteroid agents. Frequency of
pre-existing epileptic attacks increased in 3 patients, and
new onset of convulsive seizure was observed in 1 patient
after radiosurgery. Nidus obliteration was confirmed by
magnetic resonance imaging or angiography in 42 patients
(29%) until last follow-up. Posttreatment hemorrhage was
observed in 2 patients during 319 patient-years. Neither of
them exhibited radiation-induced neuropathy before their
subsequent hemorrhage. The other patients had no compli-
cations throughout the follow-up period.

DISCUSSION

By integrating diffusion tensor tractography of the brain
white matter to radiosurgery, permanent and transient mor-
bidity could be reliably prevented in our patients with brain
arteriovenous malformations. Although many results of uti-
lizing diffusion tensor-based tractography for diagnostic
purposes have been reported (17), its integration into treat-
ment planning of radiosurgery is our original technique
and has not been performed at any other institute. Therefore,
though this is a retrospective case series, reporting our
results would be the most appropriate means to evaluate its
efficacy.

Although there are a variety of white matter fiber tracts,
we considered that the pyramidal tract would be the most im-
portant tract in preventing morbidity of radiosurgery because
its injury causes motor paresis and leads to decline of activ-
ities of daily living (18, 19). At the same time, the pyramidal
tract was practically the easiest one to draw from the
technical point of view (17). The optic radiation and the ar-
cuate fasciculus would be next important and are more diffi-
cult to draw (20, 21). Injury of the optic radiation causes
visual disturbance. Verbal function requires participation

of a distributed neural system in the dominant hemisphere,
and we integrated the arcuate fasciculus tractography to
preserve this function as much as practically possible. For
the time being, we are introducing the above three tracts,
considering them as critical white matter structures to be
preserved. Technical difficulty is also a consideration, as
mentioned above. Confirming above three tracts along
with anatomically identifiable critical structures of the
brain would be sufficient to prevent major disabling
morbidity.

Integration of tractography into intraoperative navigation
was also developed at our institute (13). However, it contains
risks of inevitable brain shift caused by craniotomy or tumor
removal, thus leading to poorer accuracy. On the other hand,
such a shift does not occur in the setting of integration of
tractography into radiosurgery. Therefore, we believe this
would be the most suitable clinical application of diffusion
tensor tractography in treating brain disorders.

Our study has several potential limitations. Our follow-up
pericd was not long enough to evaluate late adverse events
after radiosurgery (6), although it would be appropriate to
observe early radiation injury that usually occurs 6 months
to 2 years after radiosurgery (2, 6). Longer follow-up would
be necessary to investigate whether delayed radiation-
induced neuropathy does not affect our result.

Furthermore, the obliteration rate in this study group was
low, probably because the median follow-up period of 23
months was shorter than that usually necessary for nidus
obliteration, which is 3-5 years (22). One concern is that
obliteration on imaging or subsequent prevention of future
hemorrhage, which is the therapeutic goal of radiosurgery
for arteriovenous malformations, can be compromised by
modification of treatment planning by referring to tractogra-
phy. Therefore, we need to prove, by longer follow-up, that
this technique can provide morbidity prevention without
lowering the obliteration rate.

Another limitation of tractography is its reliability. There
is no guarantee that fibers do not exist where the tracts
is not drawn (17, 23). However, tractography has been
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proven to reflect anatomic pyramidal tract functioning in
intraoperative fiber stimulation analysis (24). Therefore,
as indicated in this study, irradiation while paying attention
to firmly depicted fibers could sufficiently prevent morbid-
ity, and practically this is the best and the only way to
prevent morbidity.
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The fact that the rate of tractography integration was
higher in the last 2 years suggests the feasibility and useful-
ness of the procedure. We hope our technique will also be ap-
plied to future treatment planning software so that even
physicians who are unfamiliar with complicated imaging
processing can utilize our methodology (10).
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NEUROSURGERY

Outcomes of Radiosurgery for Brainstem
Arteriovenous Malformations

reeriovenous malformations (AVMs)in-

voving the brainstem yield a high risk of-

hemorrhage and are often life-threatening, 1-4
Treatment modalities for these lesions include sur-
gery, as reported in several series.>” Stereotactic
radiosurgery (SRS) is another opton to treat
brainstem AVMs to avoid tisks of surgical removal.
Although there are several reports of results of SRS
for brainstem AVMs,">®” the precise outcomes are
largely unknown because of the rarity of these le-
sions. We previously reported the results of SRS for
30 patients with brainstem AVMs and concluded
that lower-dose treatment leads to treatment failure.'
Thereafter, we have principally treated brainstem

AVMs with enough margin = 18 Gy on the basis of
previous experience. To reevaluate the treatment
outcomes of SRS for brainstem AVMs using the
latest data available, we retrospectively analyzed
outcomes of 44 patients with brainstem AVMs who
underwent SRS at our institute.

PATIENTS AND METHODS

Clinical Materials

Between July 1990 and October 2009, 44 patients
with brainstem AVMs were treated by SRS at our
institute with the Leksell Gamma Knife. The AVMs
with a nidus that was partially or entirely located in the
midbrain, pons, and medulla oblongata were defined
as brainstem AVMs. The AVMs in the cisternal
portion without involvement of brainstem paren-
chyma were excluded from this study. In all patients,
diagnosis was confirmed with cerebral angiography in
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combination with computed tomography (CT) or magnetic resonance
imaging (MRI). Patients with an AVM nidus that had a largest diamerter
of < 3 cm were treated by SRS. One patient underwent evacuation of
a hematoma in the cerebellum before SRS. One patient required ven-
tricular drainage for acute hydrocephalus caused by intraventricular
hemorrhage, and the other underwent ventriculoperitoneal shunt for
obstructive hydrocephalus. Two patients were treated by endovascular
approach before SRS. No patient underwent surgical removal of the
nidus before SRS. The extent of the nidus was visually confirmed by at
least 2 neurosurgeons on CT or MRI. The volume of this visually
confirmed nidus was then calculated with computer software (Leksell
GammaPlan, Elekra Instruments AB, Stockholm, Sweden) and was
defined as AVM volume in this study. The modified radiosurgery-based
grading system scores (AVM scores) proposed by Pollock and Flickinger®
were also used to evaluate patient outcomes, calculated according to the
following equation in brainstem AVMs: 0.1 X (AVM volume in cm®) +
0.02 X (patient age in years) + 0.3 X 2.

The clinical characteristics are summarized in Table 1. Locations of
AVMs were ventral midbrain, dorsal midbrain, pons, cerebellopontine
angle, and medulla oblongata in 8, 8, 13, 8, and 6 patients, respectively.
Forty-four patients were followed up for 2 to 168 months (mean,
71 months; median, 49 months) after SRS. Among them, 41 patients were
followed up for > 1 year. Patient age at the time of SRS ranged from 5 to
68 years (mean, 40 years; median, 39 years). The mean largest diameter of
the nidus was 16 mm (range, 7.5-27 mm). The mean nidus volume was
1.3 em® (range, 0.1-3.9 cm?). The mean radiosurgery-based AVM score
was 1.52 (range, 0.75-2.13). Thirty-six patients (82%) experienced
46 hemorthages before SRS. Between the time of diagnosis and SRS,
excluding the first bleedings in patients who presented with hemorthage,
10 hemorrhages were observed during 57 patient-years. By the person-
years method, the annual hemorrhage rate after inidal presentadon unil
SRS was 17.5%. At the time of SRS, 31 patients (72%) showed neuro-
logical deficits caused by past hemorthage. They presented with motor
weakness-in 10 (23%), sensory disturbance in 9 (20%), cerebellar ataxia in
11 (25%), and cranial nerve symptoms in 25 (57%). For SRS with the
Gamma Knife, the maximal dose ranged from 20 to 50 Gy (mean, 37 Gy;
median, 40 Gy) and margin dose ranged from 10 to 20 Gy (mean, 19 Gy;
median, 20 Gy).

Radiosurgical Treatment

After the Leksell stereotactic frame was fixed on the patient’s head, the
patient underwent stereotactic imaging to obtain precise information on
the shape, volume, and 3-dimensional coordinates of the AVM nidus.
Only biplanar stereotactic cerebral angiography was used for radio-
surgical dose planning until February 1991. Thereafter, CT or MRI was
used in combination with angiography. Treatment planning was jointly
performed by neurosurgeons and radiation oncologists using commer-
cially available software. The first-generation treatment planning soft-
ware (KULA, Elekra Instruments AB), with which prescribed dose
planning was manually superimposed on radiographic imaging films, was
used until September 1998. Advanced planning software (Leksell
GammaPlan, Elekra Instraments AB), which enabled us to display
multiple radiographic images on the computer screen and simultaneously
superimpose isodose lines on them, was used thereafter. In principle, the
ideal dose applied to the margin of each AVM nidus was = 18 Gy.
However, 7 of 9 patients (78%) who underwent treatment until August
1991 were treated by margin doses < 17 Gy to avoid the risk of radiation

injury.
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TABLE 1. Clinical Characteristics and Radlosurgucal Dosnmetry for :
- Patients’ With Brainstem Arterlovenous Malformations
Characteristics Value

No. of patients int analysis ; 44

M/F ratio 29/15

Age,y o
Range 5-68
Mean . . : s 40
Median 39

Clinical presentation, n' (%) i L
Hemorrhage 36 (82)
Headache : ‘ 49
Incidental 2 (5)

_ Neurological deficit, n (%) Tl
No deficit 12 (27)
Motor deficit 10(23) -
Sensory disturbance 9 (20)
Cerebellar ataxia . 11(258)
Cranial nerve symptoms 25 (57)

Previous treatment, n'(%) FO
No previous treatment 39 (89)
Endovascular embolization = 0 0L ()
Hematoma evacuation 1@
Ventricular drainage 0 1(2)
Ventnculopentoneal shunt 1)

AVM score: » SR R
Range 0.75-2.13
Mean : ‘ ‘ R T 1.52 )
Median ’ ‘ 151

- Radiosurgical dosimetry -
Maximum dose, Gy
. Range ) L2050 o
Mean 37
CMedign L 0T g
Margin dose, Gy ‘
Range ; 00
Mean 19
Medign .~ o0

Follow-up Evaluation and Statistical Analysis

Afrer SRS, follow-up clinical examinations were performed at our
hospital or by referring physicians. Serial cerebral angiography was
performed every year until 1992. After 1993, the patients underwent CT
or MRI with contrast enhancement every 6 months, and angiography
was petformed when obliteration of the AVM nidus was strongly sug-
gested on those images.

Excellent outcome was defined as complete nidus obliteration without
hemorrhage after treatment or adverse events.

Statistical analyses were performed with JMP 8 (SAS Instltutc Inc,
Cary, North Carolina). The actuarial obliteration rate was calculated
with the Kaplan-Meier method. The Cox proportional hazard model was
used for univariate and multivariate analyses to evaluate factors poten-
tially affecting nidus obliteration and adverse effects.
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RESULTS

Obliteration Rate

Complete nidus obliteration was confirmed on angjography
studies (Figure 1) in 20 patients (45%) within 6 to 75 months
(median, 24 months) after SRS. The actuarial rates of AVM
obliteration confirmed by angiography were 44% at 3 years and
52% at 5 years. In 2 cases, MRI demonstrated complete obliter-
ation of the AVM nidus without angiographic confirmation. When
these cases are counted as having complete obliteration of the nidus,
the obliteration rates were 48% at 3 years and 57% at 5 years.

In other patients, no radiological change in nidus was con-

firmed in 4 patients by angiography and 1 patient by MRI

RADIOSURGERY FOR BRAIN STEM ARTERIOVENOUS MALFORMATIONS

Reduction of nidus volume was confirmed in 5 patients by an-
giography (Figure 2) and 13 patients by MRI. One patient died of
hemorrhage before a follow-up imaging study was performed.
If complete obliteration was not obtained, all patients were
conservatively observed without additional treatment.

Factors significantly associated with higher obliteration rate in
the multivariate analysis were hemorrhagic onset (P = .048) and
higher margin dose (P = .048; Table 2). For 37 patients who
underwent treatment with a margin dose = 18 Gy, the actuarial
obliteration rate was 57 at 3 years and 71% at 5 years (Figure 3).
Among 8 patients without prior hemorrhage, 6 patients were
prescribed = 18 Gy. On the other hand, 31 of 36 patients with

a history of hemorrhage underwent treatment with a margin dose

FIGURE 1. A and B, pretreatment angiography (A) and MRI (B) of an arteriovenous ma[formdzz"on in the midbrain thar
presensed with hemorrbage. A margin dose of 20 Gy was prescribed for the 2.9-cn” nidus. C and' D, complete nidus obliterarion
was confirmed 24 months after stereotactic radiosurgery by angiography (C) and MRI (D).

NEUROSURGERY

VOLUME 69 | NUMBER 1 | JULY 2011 | 47




KOGA ET AL

£

abltteratzan was confirmed 48 hs after stereovactic radi

- FIGURE 2. A and B, pretreatment angiograﬂay (A) and MRL(B) of an. arters
 presented with bydrocqpbalm A margin dose of 17 Gy was prescribed for the '1.9-cm® nidus. C (md D; zncamplete mdm

malfor e midprain thar -

gery. by angiography (C) and MRI (D)

= 18 Gy. There was no significant correlation between history of
hemorrhage and applied margin dose.

Complications and Hemorrhagic Events

Five patients (11%) developed T2-hyperintensity regions
around an irradiated field confirmed by MRI 5 to 12 months
(median, 7 months) after SRS. Neurological deterioration caused
by radiation injury was observed in 2 patients (5%) 7 months
after SRS. Of these 2 patients, 1 experienced transient ptosis,
which lasted for 1 month, and the other presented permanent
upward-gaze palsy.

48 | VOLUME 69 | NUMBER 1 | JULY 2011

Six patients experienced 6 hemorrhages 1 to 93 months
(median, 15 months) after treatment during 253 patient-years.
The annual hemorrhagic risk after SRS was 2.4%. All post-
treatment hemorrhages occurred before angiographic confirma-
tion of nidus obliteration. There was no bleeding after nidus
obliteration in this cohort during 77 patient-years. The charac-
teristics of the patients who suffered from hemorrhage after
treatment are described in Table 3. Although age, volume,
location of the nidus, AVM score, and number of hemorrhages
before treatment were examined, there was no statistically sig-
nificant factor associated with hemorrhage after treatment. Four

www.neurosurgery-online.com




“TABLE 2. Factors A'ssociat,edi‘(vjﬁth Angiographically Confirmed
- Obliteration of the Arteriovenous Malformation Nidus After
Stereotactic Radiosurgery® .

95%
Confidence
P Interval
Factor Univariate Multivariate Lower Upper
- Sex ‘ ; 72 83 0413 3312
Hemorrhage before 049° 048°  1.013 104.870
treatment
~AVM score - .99 37 0476  7.015
Use of advanced .94 .88 0247 2.860
software in dose planning ‘
- Margin dose .001° 048"

1.169 . 4.032

“AVM, arteriovenous malformation.
bp < 05.

patients died of rebleeding 1 to 93 months (median, 27 months)
after SRS. Therefore, the disease-specific survival rate at 3, 5, and
10 years was 95%, 92%, and 86%, respectively. Of the 4 patients
who died of hemorrhage after treatment, 2 patients had lesions in
the pons, 1 had a dorsal midbrain lesion, and the other had
a lesion in the ventral midbrain. There was no correlation be-
tween nidus location and death. There was no significant factor
associated with each radiation-induced neurological adverse effect
and mortality caused by rebleeding in this cohort.

For 37 patients who underwent treatment with a margin dose
= 18 Gy, nidus obliteration without adverse events or hemor-
rhage after treatment (excellent outcome) was achieved in
20 (54%) (5 of 7, 2 of 6, 5 of 10, 4 of 8, and 4 of 6 in patients
with ventral midbrain, dorsal midbrain, pons, cerebellopontine

angle, and medulla oblongata AVMs, respectively; Figure 4).

100
80

g l

g % ——218 Gy

, -+-<18Gy
40 ;

-3

5

N

0 12 24 36 48 60 72
Time after tretment (months)

FIGURE 3. Kaplan-Meier curve sk i g lativ
obliteration stratified by margin' dose.

rate of complete nidus
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There was no statistical difference between locations. Excellent
outcome was achieved in 10 of 20 patients (50%) whose AVM
score was < 1.5 and 10 of 24 patients (42%) whose AVM score
was = 1.5. There was no statistical difference between these
2 groups. Furthermore, excellent outcome was achieved in 1 of 6
patients (17%) who underwent treatment planned only by an-
giography and in 19 of 38 patients (50%) who underwent
treatment planned by angiography plus CT or MR, although it
was not statistically different (P = .20).

DISCUSSION

Deep-seated AVMs possess higher hemorrhagic risk and are
more likely to cause devastating hemorrhage.”"* The annual
bleeding rate of untreated brainstem AVMs is reported to be
15.1%,” which is consistent with our results, and the annual rate
of rebleeding is 17.8%." Considering this high risk of hemor-
thage associated with brainstem AVMs, earlier extirpation is
desirable before repeated hemorrhages. For this purpose, mi-
crosurgical resection can be a preferable treatment option.
However, surgery can be applicable for only limited cases, and
morbidity and mortality associated with surgical removal are not
negligible, ranging from 20% to 25% and from 0 to 20%, re-
spectively.>*'* Because the associated risks depend largely on the
nidus location within the brainstem, safe removal is not feasible
for AVMs located in the ventral midbrain, pons, and medulla
oblongata.” On the other hand, as for SRS, we found that there
was no significant difference in outcomes among each location
within the brainstem, and the associated morbidity was less than
that with surgical removal, which was reported to range from
5% to 12%.">%7 Despite the result that annual bleeding rate was
reduced from 17.5% to 2.4% after SRS, hemorrhage from in-
completely obliterated nidus can be critical and remains an issue
of major concern. The rate of complete obliteration was 52% at
5 years and was lower than that of AVMs in other locations. This
lower obliteration rate is consistent with other reports of results of
radiosurgery for deeply located AVMs involving brainstem
AVMs, which were 43% to 66%.>° As discussed in other re-
ports,® the intention to reduce the treated volume to reduce the
risk of complications might have led to insufficiént coverage of
the entire nidus and thus resulted in a lower obliteration rate.
At present, it is important to deliver a sufficient margin dose for
small AVMs, ideally > 18 Gy, to achieve complete nidus
obliteration on SRS. Radiation tolerance limit of the brainstem is
controversial despite precise analyses.'> However, a higher margin
dose may cause severe radiation adverse events. Because the
evidence of SRS for brainstem AVM is limited, we should
carefully apply higher doses, and cautious follow-up is manda-
tory. An AVM score > 2.25 was associated with poor outcomes
in a previous report,(’ although no patients in our series had a
score > 2.25. For brainstem AVMs, an AVM score of 2.25
corresponds to a 12.5-cm’ nidus in a 20-year-old patient, a
8.5-cm” nidus in a 40-year-old patient, or a 4.5-cm® nidus in
a G60-year-old patient. Therefore, an AVM with a score
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TABLE 3. Characteristics of the Patients Who Suffered From Hemorrhage After Treatment” o ,
No. of Hemorrhages Timing of Hemorrhage Outcomes
Age, y Location Volume, cm? AVM Score Before Treatment After Treatment, mo After Treatment
24 o Dorsal midbrain 04 1.12 1 T o Alive ‘
56 Dorsal midbrain 36 2,08 0 93 Dead
37 Pons 02 136 1 1 .~ Dead
53 Pons 04 1.70 2 37 Dead
45 - - Ventral midbrain 05 155 2 16 " Dead
64 Cerebellopontine angle 25 212 1 13 Alive

“AVM, arteriovenous malformation.

< 2.25 or a nidus volume that is smaller than approximately
10 cm® might be a good candidate for SRS. For larger lesions,
multimodality treatment strategy combined with SRS, surgical
removal, and endovascular treatment should be discussed.”>'¢
Because there was no evidence regarding repeated treatment for
brainstem AVMs, we conservatively observed the patients for
whom complete obliteration could not be achieved. However,
concerning the aggressive nature of brainstem AVMs even after
SRS, additional treatment should be considered because the safety
and efficacy of repeated radiosurgery or surgical removal for in-
completely obliterated AVMs in other locations have been es-
tablished.'”"'® Although obliteration rates changed from 57% to
71% between 3 and 5 years after treatment, it is not clear whether
this result warrants observation even 3 years after treatment.
Concerning aggressive hemorrhage from an incompletely oblit-
erated nidus, retreatment or microsurgical resection might be
considered for incompletely obliterated lesions at about 3 years
after first SRS."® In our series, previous hemorrhage was associ-
ated with higher obliteration rate, consistent with previous re-
ports."”*% Although the reasons for this association are not clear,

the endothelial damage caused by the hemorrhage possibly

100%
80%
80% % Others
40% u Excellentoutcome
20%
0% - - S— - |

& 5 ) A& @
S o © &
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;k(FlGURE 4, The»mzmbe;r and rate of patients for whom compkte nidus oblit-
 eraion without new deficit or rebleeding was achieved in each location..
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promotes occlusion of the internal lumen and thrombosis of
AVMs, as indicated in previous studies.'*?

Delayed complications such as hemorrhage from obliterated
AVMs, chronic encapsulated expanding hematoma, and delayed
cyst formation were not observed in our cohort, probably owing to
the relatively small size and deep location, because it is known that
larger AVMs at lobar locations are at higher risk for those adverse
events.>* However, these late complications occur even > 10 years
after treatment, and evaluating the incidence now is premature. At
present, chose complications are reported as relatively rare phe-
nomena,”* but the cumulative risk might be much higher in young
patients with long lives ahead of them. Therefore, continual follow-
up is recommended even after AVM obliteration has been dem-
onstrated on angiography. In this study, we presented the outcomes
of SRS for brainstem AVMs on the basis of our maximum follow-
up data, but SRS is a relatively new treatment modality, and our
knowledge of its long-term risks is still limited. We need to observe
patients carefully for longer periods.

CONCLUSION

From the long-term follow-up data, we confirmed that a suf-
ficient margin dose was necessary to effectively obliterate brain-
stem AVMs. Even with sufficient doses, radiation-related
morbidity was relatively low, and SRS was considered to be
acceptable as an alternative treatment for small brainstem AVMs.
Because incompletely obliterated lesions could cause lethal
hemorrhage, additional treatment, including reirradiation and
surgical resection, should be considered when complete obliter-
ation cannot be achieved by first SRS. Arteriovenous malfor-
mations, especially in the ventral midbrain, pons, and medulla
oblongata, where total surgical removal is difficult, would be
a good candidate for SRS. However, for large AVMs or lesions in
the dorsal midbrain or cetebellopontine angle, surgical removal or
a combination of SRS, surgery, and endovascular treatment might
be appropriate. The incidence and the risk of delayed compli-
cations are still not clear, and we should continue to observe
patients carefully, even after angiographic obliteration has been
confirmed after SRS.
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patients remained neurologically worse, and 2 died of rebleeding (4,4%).
In line with Koga et al, we think that our series demonstrates that much
better results may be obtained with the use of a higher dose in the
treatment regimen. Instead of a dramatic reduction in the marginal dose,
safety must be ensured by a cautious analysis of the angioarchitecture on
the stereotactic angiography and magnetic resonance imaging and
confinement of the treatment volume to the nidus proper with the
exclusion of arterial feeders, draining veins, and perinidal angiogenesis.
Risk prediction models like the one reported by Flinkinger et al” are very
useful, but they must not be misused. They must be applied with the
following 2 major principles kept in mind: These models do not take
into account the role of the degree and extent of restrictive definition of
the rarget to the nidus proper, and the worst postradiosurgery compli-
cation is bleeding in the brainstem.

Jean Regis
Marseille, France

1. Regis J, Massager N, Levrier O, Dufour et al. Gamma-knife radiosurgery for.
brainstem arteriovenous malformations: preliminary results [in French]. Neuro-
chirurgie. 2001;47(2-3)(pt 2):291-297.

2. Flickinger J, Kondziolka D, Lunsford L, et al. Development of a model to predict
permanent symptomatic postradiosurgery injury for arteriovenous malformation
patients: Arteriovenous Malformation Radiosurgery Study Group. Int J Radiat
Oncol Biol Phys. 2000;46(5):1143-1148.

Koga et al report the outcomes of Gamma Khnife radiosurgery in
a select group of patients with arteriovenous malformation (AVMs)
in critical areas of the brainstem. Because of these locations, optimal
doses for obliteration have to be tempered by the risk of adverse radiation
effects in valuable real estate. They confirm that a minimal dose to the
AVM margin of = 18 Gy can enhance the obliteration rate. In this series,
the rate by 5 years is as high as 57% of patients. We believe that the
radiosurgical technology must provide excellent conformality of the 3-
dimensional dose delivery and high selectivity of the dose, so thar critical
structures receive tolerable doses of radiation. Both volumetric magnetic
resonance imaging and angiography must be used to target the AVM.
Residual AVMs after a period of 3 to 5 years must have additional
options considered because the hemorrhage rate continues to present
major morbidity or mortality risks to the patient. Relatively few patients
will benefit from endovascular techniques because total obliteration is
almost never achieved and volumes are frequently the same after em-
bolization, even if flow is reduced to a component of the AVM. Some
patients may become eligible for surgery at centers with excellent mi-
crosurgical skills. Some patients will benefit from repeat radiosurgery.
The risk-benefit analysis in brainstem AVM patients is quite complex.

L. Dade Lunsford
Pittsburgh, Pennsylvania
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o+ 47 C&BDECFHAIBE (SRS)
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Stereotactic Radiosurgery with Gamma Knife: Terahara A*! (*'Department of Radiology, Toho University Omori

Medical Center)

The first Gamma Knife in Japan was installed in 1990. Treatment methods and strategies have changed mainly based
on a lot of clinical experience and data accumulated in the past 20 years, not on basic data from radiation biology. The
prescribed peripheral doses for radiosurgery, for instance, were selected and changed based on a thorough consideration
of clinical results for desired endpoint such as obliteration of AVM and tumor control and also adverse effect including
brain necrosis and cranial nerve injury, taking into account dose-volume analysis. Since there are still many unresolved
questions for radiosurgery, approach from a standpoint of basic radiation biology will be also required.

Key words: Gamma Knife, Radiosurgery, SRS, AVM
Jon J Cancer Clin 56(6): 469~473, 2010

FL&HIC

AT 1 —F Y OBMEABHE TH- L 71N
B, 1951 FICERLAEMFHOBSH (SRS
stereotactic radiosurgery) #EB 3 A4 DICE
RENLOBHAV/=TFTAT7THD, 1968 Fick
DRPIDI= vy PHBFELTVS. ¥OR=Ra
B, SRR L Lo TR ORISR
iK&»>Tay ba—)LT &\ BHIEMRIE L IG5
TH5EHTHVWGOhAH, CT, MRI &\ A
BZHORBEDLDY, RETII DS LHEHBIRS
% (AVM) R L OBFRICAAVWbh
BE5CI-TW5.

BAICIVTIE, 1990 FEiIC R T AKEEFEIH
BRRCBROIOT /T4 7BBAEHh, 4T

*1 WRRFERY v 7 — KBRBE RSB

206 L7 B. WAL AVM &5 L UBEMERIE
%9, HHREHE &\ Ao REIBE O BBICEICAVS
hTwich, BEEERRL SRBRBIEL -1
b, BEBEKEBOEBRICLIEL{ AL
IO, BARRLIMITHYmML, 20104
12 AOREAT, 56 BRicEBEEhTW5. 20D
BHBRERIC BT 3BT OV T H—EDFHEA
Boh, I LAHBRHTELLTEZDONTY
5.
AFRCRPICHASh A YT, EREKT—
Fodied, 1EKBRREBH TH DO HE
BHOF—2ZEHTACLLELL, ZOHE
RLERGR, FEFR, BVEBEELAHRE
ZEIOPWTHLLThRVWALE D - 7. Haikst
BYAFLADRED L ShkMEhicbDTER
{, BAWHEICKITAREFTHEICTOy FL
THRT £ WV LACHRTIMEIT 5 &\ D Rk
FHETH 7. BRFABICHWCAEBOELED
T, BFEOERBELD LRRL - Tt ED
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h5s.

CO 20 EBOBIKEROERMICED, Bk
MALBOH, —MTRERAEOHAR, EEDL
THhT&. CORTIIZDEHEAEIRDE-T
Al

@ .
10AVM [cx$ B/ >~vF17SRS

AVM izx4 5 SRS O Bivik, Mm% FB54
A7 ®HIC nidus OPAEAB AL THB. 1990
SEARE, WEHE 20~25Gy THELTXIE, 2
FRIC S~ ALY B Oh, FERRRLER
i23%LEHh TV

YT MEEYREOEBOA THREETT
2 TWieh, ZhRG TR FE—4'y b L7253 ni-
dus © 3 RIEMERBFH 67w, EECT
EBELTHEIC R 7. XHICEMNER S
LCO#H CT © MRI 26t L CHREHE %
RTBEH3%D, nidus B2 LD EHICAEL
THRRETO CLHTMELRD, nidus AERD
MALELTWAY, BERHEY AT LSRR
Kula » 5B #ED GammaPlan L EF 2 h, £
E{RAEEV AT LN TES L TRAS & DI0k
ST LIKRERHETH- .

Nidus PAZERIZ, MWEDIhTWAHEF LV
PAELS, SETTHRE, 5T~ NEE
THY, AEETICHLROENELI P IBEHED
5T LbbhoTEAD, ik, BEEOHNMD
YRZI2WTHF— X HEFE N, nidus OB
EHBONIMICHEMDY AT S HFZ LR
PLTWA I EHPRINAD. HIC nidus PHEH
BoONAHEIHMMY AZ7RELCESKSHDIT
%<, I HMBEOY R7ELBB/OLHY, £
0.3%, 10 4E C22%DRBMIY A7 BHH L bd
o TEAY. Nidus B/hs<, ABRBRLB
FOEBICHZEREB L WIF—F TS
B, PEZAVM BEBVWHEETRHINhBCL
BEhotl b, REFHOFRH—EOHED
EHTRETHAD, BBTHIELAZEUD (e
quivalent uniform dose) Z W A=BH &7 - 7.
DR, BFRERB LU EUD HHAZERICET
5RELETFTHY, ARAFREIHFETII L

MOWIR H56% -H6% 2010461

Bols. ELBROKEL AVM Tit, LT
HE TOHRBEWHEEES S DD, Bk
FAERISEVED ORI L, £/ 236Gy
PEOH BRI TIIAEROM EIJFLA LR
GNEVEVIRELHYD, FERRDIRAT D
ZEBLT, RABRRTIIEFENE LTORERE 20
Gy K THRE%ETT-> T3,
EREOFHFEFRAERICOVTE, EBEIR
PREL, UL 2UBERBOHOLATWA
B, TREECEAL LT, BEtEOHER
REOERICEZbDLBbh 5. kWX HE
5T 1.5% TH- /L.
BAEEOEERERICOWTE, ENEEREIC
& o TERMERVB LB SBEmiE & 0%
N EERKLIWOICR->TER.

®
20 EMREECHTDIH T4
SRS

BRI LT, S0 18~
220Gy BAVWSGIhT W, LaLkhs, ik
CFT LCERT LTV ABEMERER AR OH
EEHB 2~ HCRE LS LrD, BEZI2
~14 Gy BAWHNRTWS., ¥/, RFHEER
I MRI [\, AHRBIRSEBHEOHRICTR
BIL—HT2E5E5BDVay PERAVREWN
S HRREOHE LBV E- T, HERGRER
BENA—E/FOUVRNVETRILTWS. FH
THENHBER-> THWBHBEICIE, BREOENDER
B 5~ BIBETHHEL K-> TS, AHREE
TFTh, RArHEE (REEE TH 5O THEE
PHEERTALBEZRRWD, BRENBLRAHE
BOWABBHONTWAEWR) iF, 85~97%
L RIFEBESBEEh T3,

®
3O HERRE(CHd B H v+ 17 SRS

fME IS LT b 24 #0id 18~20 Gy BE DI
BHREFAVOhTWAR, RETiE 14~18 Gy
BEOXRPEDOFESAVOh, BEREE L R
DEHBTORFTHEARIL, 85~95% LG xh
T3, SOV ERBETLRFHETEE O
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HbdHD, ABBRE 12~14Gy ICTHREETT
> TWHERGHS. FMICL 55 BELHR
HEDOMBMICH LTIX, SRSHERVWHILL
Eh, NEZEBTHNIL SRS BT, K&ic
H5 T & N AT R VBRI BRAF AT IS 5 L C
SRS Aifibh 5. HEMMEORFEE FH
K, BREBICHLTOIHATSS. i, 5K
R\EBAHEDOMWEE I35 SRS Tid, fEHRED
BEFEE 2 THESE VD, ERBLETH
AltdbbhoTEL.

@
10 TEXRBEEICHTBH~T17
SRS

TFTRAFRGICH LTI, SVeVvEEEERED
BERULERE 15~20GyBREORBHETHC
LT, RFHMERIE 5% E L O RIFREED
BB, FIVEVELAMBOEA T LGB 25
~35Gy BEDOBHBLELEN, Jvy ¥ V/7RA
REEFIVEVELTER L > RV VELR
PBIC BT BHRINVEMHITOWTOEDRIT, B
K& TENHHY, 5~8UBREDOEYPR L&
2 TWAY, k7, BHMETEHTHALDIC, &
MEH LRLEXADOMREE 8~10Gy LI Fick X
RABLEBDHHLENTWS.

®
50 EBIMMEBICHT 31 v F 4
7 SRS

EEENER I EEEE TH 55, HE LTH
BEEEETT, RB3m AT L, ZOMhD
FUELERLALETHY<F 47 SRSORVHE
BiczdEXONS. HV<F 47 SRS R
BEE LT LbDBY, ARICEVWTH, B
RS SRS BERNLSVWERTHD, 26408
6 HELDTWS.

AUBBEE LTI 18~25Gy BER LS HW
6h, RFFHERIE S~ HEE LBEEIhTEH
D, HEOFH L RAREOHHRHBONTWS
B, KEZMERBITY, FHERHEVCEHRTSHS S
LHMESh TS, EMRITHRERETL, &
RoOE L HEHRMCBONBHELEVT L
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L, ZRBHOL LY LFHFHERIE I,
ERBKEENOEEBHI S TEHILID,
QOL DH» 6 3 L NIFELWHEERELTELE
WHonTWAa. ¥k, BWRICK- T, SHOB
BB LTCLL2BMBHETD Y, BEMIC
SRS ZHWAHBBE*ETLTW5. BMEBOMA
BiZoWTik ¥, Hv<F 47 SRS DHERR
THABICTAC L X #HME LT, Japan Lek-
sell Gamma Knife Society Study Group ic £ 5%
ERARBRRR LTHOh TV 5.

®
607>+ 47 SRS (CHITZIEHK
%E (volume effect)

Hv/=FH AL 7%BvW/o SRS Tid, 1EAER
BSBRBHETDNZN, OB, BEOK
HRERCAVONIBRBICHBELTLRDEH
W, COXSREBRBFTIIERICE, BHE
BB PEVHEICE, EEAKRORABRALE <
BBHEVWDS, Whwa ‘“AR%HE (volume
effect)” #$%%. SRS DHEBBERMIEE3cm UT
THHLBENWY, CORBEDONIZEROM
BiCH W Th, ARt PMEThidERREOBH S
THETHD, BEBKELLBICLAHST, B
BETFAIRETHEEVD, BRIE—BHBGRS
FELTWALEZLNTWS. HyF 47
RICBWTIL, BREOER EOELORERES
fl D EEIFIE BYIC el L TH W AVM EESIIC B\
T, ELZDOHIETAHRNBTHOhTEL.

Kjellberg i3, BBFHREAVWA AVM o33
% SRS DF5F% 1983 FFICiE LT 09, WK
BIUERTF—F 2L, 1% REBBEHE
SAVEBRELTWS. ChidBHE—ADEL
REZThZhYEE@ICELY, £ 7mm T50
Gy, 850 mm T 10.5Gy DA KA LEHE T,
ChENEVRRIC TRELXTRAE, BEERER
H1BHUTIRZED WD HDTHS.

Flickinger &{}, SRS ORiEA#FM T B4 D
DRBEBHHBRETNERBLTWSD. Chi
BYAF 4 v 7 EFI (logistic model) %% &
K LcbOT, EFOMEMKITEERECHELT
&, FARRICRICT S LER, 5 VUNIVOKRES
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BHENEHEIIE, DEH—EOBE THESE
CAHRLLTHHAIhTWS., COEFNICESS
BOMEREBRALTRTHRESHEDRS A v
%, Kjellberg 5ORB LI 1% REEFHEHRE
SAVELRBL—HLTWID, CO54 /B
SRSIEHEWVWTHERERETHEOHNL FSLV
D—2L L THAVWbhTWA. BL, TOEFV
Tit, EFHAROBOBWIC LIBEHIHTS
REDOHEVWIEBEhTHEOT, &, FBEIC
X, SOSA VOTHUTEREZT>BETDH,
LD BEVWHERRORESEDLATW
.

Flickinger H{%, AVM %3 5 SRS #0DH
B EDELICOWT, REERT—F LONGEY
B L, 192414 LTw3Y. B LOE
{LDOMB LBk« ZREBBH/IT A — 7 —2ZOf
ORFLOBFRERTLAER, SEREREBHT
i3, LIRAROABPEEZRTFTHY, RESH
BREF)V (integrated logistic formula) 2%h
P EOREREFHART LITEZ> T
T4 CORIEREERT, BREROEBEILOR
AFHERTIEZ L, KENTERERRT5H0RY
ARTBETFNE LTERESINTWS®D, 2O
|EDOBTHEDONRTWANS A —F—DEBEHY)
Tl o LD 5.

X C, D Flickinger b1, &G KCEH
HPL, IVERKKEWTHAWRTWETFIVIC
OVWTHRFHLTWS, AVM IR T BN VT4
7 SRS #OEH LOFELHBLICIL 12 Gy DL EH
Batahiswi (V12) 8, EREOFEHRIC
RENEBUBEEZEF TH- L LBELTY
B9, X6, KEMTERBRICEALT, VI2
LBIC L AGBKREAITERAVWSTFHET IV Z
BB LTWABO, Fhickhid, sITAEDTH
e LTiBRSYRAZHEL, B/ PRBIED
BT, TOEFVERWGHRESh
FHYAZIZ, LRBOHAL FS54ViCk-TRE
EHELTVTS, AREBICE>TAER
B EBRINTWBID,
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E )

H/RFA47 SRS, BBEBAZBASHTH
520 EREABLTVEY, AMTHEVEBE- &
S, RSB HVREROTFT—FTiERL, B
CETHERERPTFT—XOEREZ L LIC, 4F
BROTERLBHEOEE &L\ » bl i$tOR
HLBTbh, HRALTEBLTELLWIONH
HTh5s.

H/RFATHHFLVBEOS—T7 27V 3 V)
TIRBHTESRSEAL, RO 257
VFELIFHLVEZRREOHERIC K > THEIR
HHMELZBRAATHD, HBOALRLT,
FEFEROREICH T 5L EH S URBSHIC L S
EAHGHRER (SRT) LWHELZEHOLE
bh, ETETHECHESKTA LBNES
nTWw3. ZOBRICED K > MimEmEds LU
BERVWAHOHBYTHAONRE, ERFTHER
H3&\Wv. BEKEPHORKLT, KEEILD
77a—FHbEETHAHLBbh35.
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