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GAMMA KNIFE RADIOSURGERY FOR CEREBRAL ARTERIOVENOUS
MALFORMATIONS IN CHILDREN/ADOLESCENTS AND ADULTS. PART II:
DIFFERENCES IN OBLITERATION RATES, TREATMENT-OBLITERATION

INTERVALS, AND PROGNOSTIC FACTORS
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Purpose: To evaluate and compare obliteration rates (OBRs) and treatment–obliteration intervals (TOIs) for
cerebral arteriovenous malformations (cAVMs) treated with Gamma Knife radiosurgery in children/adolescents
and adults; and to determine factors predicting the OBR and TOI in these two populations.
Methods and Materials: This study concerned 62 children/adolescents and 193 adults observed for >3 years.
Fisher exact two-tailed and Wilcoxon rank–sum tests, multiple logistics, and Cox proportional hazard models
were used for statistical analysis.
Results: The overall OBR was 85.5% in children/adolescents and 87.6% in adults (p � 0.671), but children/
adolescents showed higher 36-month actuarial OBRs (69.35%) and shorter median TOIs (25.7 months) than adults
(66.84% and 28.2 months; p � 0.006 and p � 0.017, respectively). In children/adolescents, lower Spetzler-Martin
grades (p � 0.043) and younger age (p � 0.019) correlated significantly with OBRs, and lower Spetzler-Martin grades
(p � 0.024) and noneloquent cAVM locations (p � 0.046) with TOIs. In adults, low flow through the cAVM and
<6.2-cm3 volume were associated with both OBR and TOI (p � 0.012 and p � 0.002, respectively).
Conclusions: The differences in OBRs within 3 years and TOIs, although slight, seem to show that pediatric
cAVMs behave differently from those in adults after Gamma Knife radiosurgery. © 2006 Elsevier Inc.
Cerebral arteriovenous malformations, Gamma Knife radiosurgery, Children, Adults, Outcome.
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INTRODUCTION

erebral arteriovenous malformations (cAVMs) in children
nd adolescents present epidemiologic, morphologic, bio-
ogic, and clinical characteristics that differ from those in
dults, particularly in sex prevalence, brain location, hem-
rrhagic presentation, and active angiogenesis mediated by
umoral factors (1–33). The increasingly widespread use of
adiosurgical devices and their increased application to the
reatment of cAVMs give rise to the question of whether
hese different characteristics of cAVMs in children/adoles-
ents and adults could lead to different radiosurgical out-
omes. Could radiosurgery have different cAVM oblitera-
ion rates (OBRs) and treatment–obliteration intervals
TOIs) in these two populations? Several studies have been
eported regarding radiosurgical outcomes and factors pre-
icting the results of radiosurgery on brain angiomas in
hildren (1–12), but the nonpediatric radiosurgical series
ave included patients of all ages grouped together (13–29,

Reprint requests to: Antonio Nicolato, M.D., Department of
eurosurgery, University Hospital, Piazzale Stefani 1, Verona

7126, Italy. Tel: (�39) 045-807-3023; Fax: (�39) 045-807-2939; A

914
4–41), making it impossible to compare the data from
hildren/adolescents with those from adults. To our knowl-
dge, there is only one published study comparing the
adiosurgical outcomes of pediatric and adult cAVMs (30),
ut no detailed statistical analysis was made.
This retrospective study reports our experience with chil-

ren/adolescents (Group A) and adults (Group B) treated
ith Gamma Knife radiosurgery (GKR) for cAVMs. A

omparison between OBRs and TOIs was undertaken to
nd any significant differences between these two popula-

ions. In addition, the determination of prognostic factors
redicting the radiosurgical results in these two groups of
atients was performed.

METHODS AND MATERIALS

The calculation and comparison of overall and actuarial OBRs
nd TOIs, along with statistical evaluation of the parameters po-

-mail: antonio.nicolato@mail.azosp.vr.it
Received May 24, 2005, and in revised form Sept 1, 2005.
ccepted for publication Sept 6, 2005.
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entially correlating with radiosurgical outcomes, were carried out
or 62 pediatric/adolescent and 193 adult patients who had been
bserved for �3 years. The numbers of patients in whom cAVM
bliteration was achieved within 36 months of GKR were also
ompared. The median duration of follow-up was 29.0 months in
roup A (range, 6.2–77.2 months) and 36.7 months in Group B

range, 6.4–130.7 months). All patients underwent diagnostic
our-vessel biplanar or, more recently, rotational three-dimen-
ional digital subtraction angiography, either at the referring center
r at our hospital before treatment. Definition of the transit time
nd blood flow through the cAVM, as well as indications for
adiosurgical treatment, radiosurgical technique, and procedure
ave been described in Part I of this two-part report. The median
range) parameters of dose planning were as follows for Group A:
rescription isodose, 55.9% (40–90%); prescription dose (PD),
2.6 Gy (14–26.4 Gy); maximal dose, 41.3 Gy (27–55 Gy);
verage dose, 29.3 Gy (18.9–36.7 Gy); number of shots, 3.3 (1–9);
n Group B these figures were 55% (22–90%), 22.4 Gy (10–28
y), 42 Gy (20–62.5 Gy), 29.7 Gy (16.8–43.3 Gy), and 2.9

1–18), respectively. Patients were generally discharged from hos-
ital on the day after treatment and usually underwent postopera-
ive imaging (MRI and angio-MRI scans) and neurologic evalua-
ions at 6-, 12-, 24-, and 36-month intervals to assess vascular
esponse. When MRI imaging suggested cAVM occlusion (ab-

ig. 1. Cumulative complete occlusion rate curves after Gamma

Table 1. Statistical comparison between OBR
with GK

Ch

Patients (n)
Follow-up (mo), median (range)
Complete obliteration, n (%)

No
Yes

Latency period for obliterationa (mo),
median (range)

Abbreviations: OBR � obliteration rate; TO
Knife radiosurgery; cAVMs � cerebral arterio

a Continuous variable.
Tnife radiosurgery in children/adolescents and adults.
ence of flow-void signal, usually associated with gadolinium
nhancement), follow-up angiography was performed to confirm
omplete obliteration of the angioma. The radiosurgical response
f cAVMs was classified as complete obliteration or cure (suc-
essful treatment)—defined as normal circulation time, complete
bsence of pathologic vessels in the former nidus of the malfor-
ation, and the disappearance or normalization of draining veins

22, 23)—or as incomplete occlusion, unchanged, or increased
AVM volume (unsuccessful treatment). Follow-up data were
btained from hospital notes, imaging studies, and contact with
elatives and family physicians. Medical records, MRI, and an-
iography images for all patients were carefully reviewed. Statis-
ical comparisons between OBR and TOI in children/adolescents
nd adults (Table 1) were based on the Fisher exact two-tailed test
OBR) and the Wilcoxon rank–sum test (TOI). The cumulative
omplete occlusion rates were compared by the two-sample bino-
ial exact test. In Fig. 1, the difference between the 36-month
BRs in children and adults was evaluated by assuming that
atient follow-up stopped at 36 months and by modeling TOI with
lassic survival analysis.

Univariate and multivariate statistical analyses (Tables 2 and 3)
ere performed on 11 independent variables (9 variables adjusted

or sex and age) to evaluate whether they correlated significantly
ith the radiosurgical outcomes, defined as OBR and TOI (depen-
ent variables). The independent variables were selected bearing in
ind the most frequently reported differences between the char-

cteristics of cAVMs in children/adolescents and in adults, as well
s the most frequently reported prognostic factors associated with
adiosurgical obliteration of cAVMs. We also considered the blood
ow through the cAVM to be an independent variable, because its
otential prognostic power for radiosurgical cure has very seldom
een analyzed in previous studies (34). The study was limited to 11
xplanatory variables, owing to the limited number of cAVMs
vailable for analysis. Univariate and multivariate analyses of the
ssociation between obliteration and clinical characteristics were
ased on multiple logistic models in Groups A and B separately. In
he univariate analysis, variables in each model were the two
otential confounders sex and age, together with one of the clinical
haracteristics. A crucial aspect of the construction of multiple
ogistic models in multivariate analysis is the selection of vari-
bles. Classic stepwise automated variable selection algorithms
ave a series of well-known disadvantages (42). Therefore, we
referred to adopt the backward and forward bootstrapped step-
ise selection of Austin and Tu (43) with 1000 bootstrap samples.

OI in children/adolescents and adults treated
cAVMs

adolescents Adults p

62 193 —
.2–77.2) 36.7 (6.4–130.7)

4.5) 24 (12.4) 0.671
5.5) 169 (87.6)

.2–58.2) 28.2 (6.4–93.6) 0.017

atment–obliteration interval; GKR � Gamma
s malformations.
and T
R for

ildren/

29.0 (6

9 (1
53 (8

25.7 (6

I � tre
venou
he predictive power of the models was assessed by estimating the
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rea under the receiving operating characteristic curves (together
ith the 95% bootstrap bias-corrected confidence intervals [CIs]).
ccuracy of fit was evaluated by the Hosmer-Lemeshow good-
ess-of-fit test. We used the classical Cox proportional hazard
odel on Groups A and B to analyze TOI and to detect potential

actors. On the basis of internationally accepted criteria, values of
� 0.05 were considered statistically significant. Statistical anal-

sis was performed with Stata version 8.2 (StataCorp, College
tation, TX). Because this was a retrospective, single-center study,

he possibility of bias in patient selection cannot be ruled out.

RESULTS

The subjects of this study were patients with a follow-up
eriod of �3 years, or less if obliteration was angiographically
ocumented within 36 months of GKR. This interval was
hosen because several investigators (3, 11, 22–24, 26, 35)
ave maintained that a 3-year latency period constitutes a

Table 2. Univariate analysis (adjusted for sex and age) of nine in
and adults treated

Independent
variables

Children/adolescents

Patientsa Odds ratiob 95% CI

linical onset
Other 2 (13.3) Reference
Bleeding 7 (14.9) 2.06 0.29, 14.82

re-GK PEE
Yes 4 (15.4) Reference
No 5 (13.9) 2.02 0.40, 10.16

M Location
Eloquent 9 (15.8) Reference
Noneloquent 0 (0.0) 1.25d 0.12, �Inf

ocation
Cortical 8 (18.6) Reference
Deep-seated 1 (5.3) 9.64 0.85, 109.26

M Grade
I–III 7 (11.9) 15.22 1.09, 213.60
IV–V 2 (66.7) Reference

lood flow
Low 5 (13.9) 0.49 0.10, 2.43
Int � high 4 (15.4) Reference

olume (cm3)
�1.0 1 (5.0) 9.41 0.60, 148.6
1.0–6.2 6 (17.7) 1.70 0.22, 13.09
�6.2 2 (25.0) Reference

D (Gy)
�20 1 (12.5) 2.90 0.22, 37.90
20–24 3 (12.5) 2.03 0.38, 10.93
�24 5 (16.7) Reference

D (Gy)
�27 1 (7.7) 4.01 0.31, 51.30
27–30 4 (23.5) 0.60 0.11, 3.14
�30 4 (12.5) Reference

Abbreviations: CI � confidence interval; Reference � referen
ntermediate flow; PD � prescription dose; AD � average dose; P
n Table 1.

a Number (%) of patients with non-obliterated cAVMs.
b Adjusted for sex and age.
c Statistical significance of the odds ratio.
d Calculated by exact methods.
ollow-up long enough to achieve angiographically docu- m
ented cure of cAVMs or otherwise to declare “radiosurgical
ailure,” if a patent cAVM nidus persists at angiographic
xamination, and hence to schedule the patient for retreatment.

ifferences between OBRs and TOIs in Groups A and B
Overall OBRs were similar (p � 0.617) in Groups A (53

f 62, 85.5%) and B (169 of 193, 87.6%) (Table 1). Nev-
rtheless, cAVMs tended to be obliterated earlier in children
han adults, with actuarial OBRs at 3 years of 69.35% and
6.84%, respectively (Fig. 1). Analyzing by survival anal-
sis the time interval between GK treatment and oblitera-
ion, the p value of the log–rank test on equality of survivor
unctions truncated at 36 months in children and adults
roved to be highly significant (p � 0.006). The earlier
esponse to radiosurgery of cAVMs in pediatric/adolescent
atients than in adults was confirmed by statistical compar-
son of the two median TOIs: 25.7 months (range, 6.2–58.2

dent variables related to obliteration rate in children/adolescents
KR for cAVMs

Adults

pc Patientsa Odds ratiob 95% CI pc

13 (14.9) Reference
.472 11 (10.4) 1.57 0.66, 3.73 0.304

14 (15.1) Reference
.392 10 (10.0) 1.60 0.66, 3.89 0.303

22 (13.0) Reference
.863 2 (8.3) 1.66 0.36, 7.69 0.517

22 (13.4) Reference
.067 2 (6.9) 2.04 0.45, 9.24 0.357

.043 24 (12.8) 0.93d 0.00, 6.86 0.956
0 (0.0) Reference

.381 19 (16.8) 3.07 1.09, 8.66 0.034
5 (6.3) Reference

.111 5 (8.6) 3.48 1.02, 11.90 0.046

.612 11 (11.0) 2.71 0.94, 7.81 0.065
8 (22.9) Reference

.408 3 (8.6) 1.39 0.36, 5.38 0.633

.417 9 (4.8) 0.75 0.29, 1.95 0.560
12 (12.4) Reference

.286 4 (8.7) 1.46 0.44, 4.89 0.535

.543 8 (14.8) 0.83 0.31, 2.18 0.703
12 (12.9) Reference

egory; �Inf � unbounded limit; SM � Spetzler-Martin; Int �
percutaneous endovascular embolization. Other abbreviations as
depen
with G

0

0

0

0

0

0

0
0

0
0

0
0

ce cat
EE �
onths) in Group A vs. 28.2 months (range, 6.4–93.6
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917GKR in child and adult cAVMs ● A. NICOLATO et al.
onths) in Group B (p � 0.017). The radiosurgery-
nduced obliteration process continued beyond the 3-year
eriod after GKR in several cAVMs in both groups, which
ad identical actuarial OBRs at 5 years (85.5% in Group A
nd 85.5% in Group B). After that time, the two curves
eem to level off (Fig. 1).

ifferences between prognostic factors in Groups
and B
In Group A, univariate statistical analysis showed that

nly Spetzler-Martin (SM) grading correlated significantly
ith OBR (Table 2): lower SM grades occluded more

requently than grade IV cAVMs (p � 0.043). Certain
ocations in the brain showed higher OBRs, although this
as not statistically significant, with deep-seated cAVMs
ccluding more often than cortical cAVMs (p � 0.067).
ultivariate analysis confirmed this trend for deep-seated

ocations and lower SM grades (p � 0.059 and p � 0.058,
espectively) and showed that younger age of children at
reatment is the only factor that correlates closely with
bliteration (p � 0.019) (Table 3).

In Group B, low flow through cAVMs and �6.2-cm3 vol-
me correlated significantly with OBR, both at univariate
Table 2) and multivariate analysis (Table 3). In particular,
tatistical analysis demonstrated that low flow correlated
losely with cAVM obliteration only if the volume was �6.2
m3. On the other hand, low flow through the nidus did not
how any positive correlation with OBR where cAVM vol-
mes were �6.2 cm3. Intermediate and high flow never pre-
icted OBR, either with �6.2-cm3 or �6.2-cm3 volumes.

As for TOI, statistical analysis adjusted for sex and age
howed a significant correlation between TOI and nonelo-
uent sites (hazard ratio [HR] � 2.61; 95% CI, 1.02, 6.72;
� 0.046) and lower SM grades (HR � 1.90; 95% CI, 1.09,
.32; p � 0.024) in Group A. That is, children/adolescents
reated for cAVMs of grades I to II and in noneloquent sites

Table 3. Multiple logistic regression analy
univariate analysis in children/adolesce

Independent
variable Coefficient

Children/adolescents
Location–deep seated 2.47
SM Grade I–III 2.94
Age 0.29
Constant �5.00
Area under ROC curve 0.84

Adults
Volume �6.2 cm3 �3.50
Intermediate � high flow �1.97
Interaction volume–flow 3.00
Constant 5.21
Area under ROC curve 0.75

Abbreviations: ROC � receiving operatin
1 and 2.
according to the SM definition of eloquence) presented an c
arlier angiographically documented occlusion of the angi-
ma than cAVMs located in eloquent regions and classified
s SM grades III to IV. In Group B also, TOI correlated with
ow flow (HR � 1.89; 95% CI, 1.38, 2.57; p � 0.001) and
maller cAVM volume (HR � 1.70; 95% CI, 1.12, 2.56; p

0.012). In other words, radiosurgical obliteration of adult
AVMs was achieved earlier in low-flow angiomas with
olumes of �6.2 cm3.

DISCUSSION

To our knowledge, there has only been one study com-
aring two distinct groups of pediatric and adult cAVMs
reated at the same center (30), but no sophisticated statis-
ical analysis was included. So we thought it would be
seful to make a statistical evaluation of OBRs, TOIs, and
rognostic factors predicting radiosurgical results in chil-
ren/adolescents and in adults, to investigate whether dif-
erent responses to radiosurgical treatment could be found
n the two populations.

BRs and TOIs
The aim of radiosurgical treatment of cerebral AVMs is

o achieve angiographically documented “complete obliter-
tion” or cure of the angioma. This result is usually
chieved within 3 years of radiosurgery, after which period
vidence of a patent cAVM nidus at angiography or MRI is
efined as a “treatment failure,” both in pediatric patients
3) and in case series including all age groups (35). The
ittsburgh team stated that any patient with a persistent
AVM nidus at �3 years after radiosurgery was advised to
ndergo repeated radiosurgery (26), and several investiga-
ors were of the same opinion, both for children (11) and
dults (22–24, 35). On the other hand, in a study of a large
eries of children and adolescents aged �18 years, Steiner
t al. (4) affirmed that in a few cases obliteration of the

significant factors for obliteration rate at
adults treated with GKR for cAVMs

Logistic model

95% CI Odds ratio p

0.09, 5.04 11.88 0.059
0.10, 5.99 18.99 0.058
0.05, 0.52 1.33 0.019
9.38, �0.61 — 0.023
0.66, 0.98

5.70, �1.30 0.03 0.002
3.51, �0.43 0.14 0.012
0.49, 5.51 20.13 0.019
2.98, 7.45 — �0.001
0.62, 0.80

acteristics. Other abbreviations as in Tables
sis of
nts and

�
�

�

�
�

g char
AVM might be delayed, occurring 3–5 years after treat-
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ent. In a radiosurgical series including all age groups,
olombo et al. (38) reported that 9 patients who had been
onsidered treatment failures and scheduled for additional
rradiation experienced obliteration between 36 and 60
onths after radiosurgery. More recently, Shin et al. (14)

eported that 25 of 260 cAVMs (9.6%) disappeared, accord-
ng to angiographic evidence, later than 3 years after radio-
urgery. Lindvall et al. (44) reported on 29 patients treated
ith single-fraction radiotherapy for large cAVMs (mean
olume, 11.5 cm3). The actuarial angiographically verified
BRs at 2 years were 56% for cAVMs 4–10 cm3 in volume

nd 50% for cAVMs �10 cm3. The success rates increased
o 81% for cAVMs 4–10 cm3 in volume and 70% for
AVMs �10 cm3 at 5 years after treatment. In our series,
he actuarial OBR 3 years after GKR was 69.35% in chil-
ren/adolescents and 66.84% in adults, but the obliteration
rocess continued during the subsequent period, reaching a
-year actuarial OBR of 85.48% in Group A and 85.49% in
roup B, with the curve leveling off thereafter. These
ndings suggest that the latency period for evaluating “ra-
iosurgical failure” should be extended to 5 years before
adiosurgery is repeated.

The overall OBRs were very similar in pediatric/adoles-
ent populations (61.2–86.6%) (2, 3, 8–10, 12) and in those
ncluding all age groups (60%–88%) (14–22, 25, 27, 34,
1). Nevertheless, cAVMs occluded earlier in young pa-
ients, with higher actuarial OBRs in children at 2 years
82.3–86%) (4, 6, 23) and 3 years (72–84.1%) (2, 8) than in
dults (41.2–80% and 54.7–80%, respectively) (14, 17,
2–26, 37, 38). Treatment–obliteration intervals also
eemed to be shorter in children/adolescents than in the
eries including all age groups. In pediatric studies, several
nvestigators reported a mean/median latency period rang-
ng between 14 months and 21.5 months (2, 11, 23), as
gainst 23–28.5 months in adult patients (14, 22, 27).

Only a few studies have compared these data in adults
nd children. In one of their initial reports, the Pittsburgh
eam reported that 11 of 13 children (85%) aged �19 years
howed cAVM obliteration within at least 2 years of radio-
urgery (23). Their findings supported the claim that (for
omparable doses and similar volumes) cAVMs in children
re obliterated sooner after treatment than in adults. Tanaka
t al. (30) showed that the OBRs at 1 and 2 years after GKR
ere much higher in children (74% and 95%, respectively)

han in adults (45% and 81%, respectively). They concluded
hat pediatric cAVMs might be more likely to respond to
adiosurgery by occlusion than those in adults, but they did
ot formulate any hypothesis to explain this. In our series,
he median TOI was 25.7 months in children/adolescents
nd 28.2 months in adults (p � 0.017). The difference between
he actuarial OBRs at 3 years in Group A (69.35%) and Group

(66.84%) also proved highly significant (p � 0.006).
Our findings and those gathered from the literature seem

o suggest a different response to radiation by cAVMs in
ediatric and adult patients. As early as 1991, Lunsford et
l. (23) postulated that this phenomenon might be related to

reater radiation sensitivity in younger patients, although no b
iologic evidence emerged to support this theory until re-
ently. Histopathologic, immunohistochemical, and elec-
romicroscopic examination of cAVM specimens obtained
ostoperatively 10–60 months after GKR demonstrated that
he endothelial damage caused by irradiation induces the
roliferation of smooth muscle cells and the production of
xtracellular collagen by these cells, which leads to progres-
ive stenosis and obliteration of the cAVM nidus (45). In
ddition, the contractile activity of these gamma ray–acti-
ated, spindle-shaped smooth muscle cells and the transfor-
ation of the resting cells into an activated form after

rradiation might be relevant to the shrinking process and
ventual occlusion of AVMs after radiosurgery (46). More
ecently, Hashimoto et al. (47) identified nonresting endo-
helial cells by using immunohistochemistry for the Ki-67
ntigen from surgical samples of human cAVMs. They
howed that the mean Ki-67 index was higher for cAVM
essels than for control brain cortical vessels (0.7% � 0.6%
s. 0.1% � 0.2%; p � 0.005), with an approximately seven-
old difference between the number of nonresting endothe-
ial cells in the two samples. In the cAVM group, there was
trend for younger patients to have a wider variation and a
igher Ki-67 index than older patients; no trend was evident
n the control group. The greater number of nonresting cells
ound in young patients’ vessels might allow an earlier
ctivation response in case of radiation treatment, inducing
ore rapid cAVM nidus obliteration in children/adolescents

han in adults. The shorter TOI in children/adolescents than
n adults has the clinical advantage of a lower risk of
leeding during the latency period in younger patients, as
lready reported and discussed in Part I of our study.

rognostic factors for OBR and TOI
Several prognostic factors influencing radiosurgical out-

ome have been reported. In pediatric series, the factors that
ave most frequently been found to predict OBR at univar-
ate and multivariate analysis were cAVM volume and PD.
idus volumes of less than 3 to 4 cm3 and higher PDs

�15–18 Gy) (1, 2, 8–10) correlated closely with OBR. In
large series of 100 cAVMs in children and adolescents,

hin et al. (2) also showed that lower SM grades (I–III),
long with patient ages of �12 years, were significantly
ssociated with radiologic success. Nataf et al. (9) found a
ignificant correlation between sex and cAVM response to
adiosurgery, with 84.2% OBR for boys and 40% for girls.
hey explained this difference by size stratification, because
f the higher mean size of cAVMs in girls in their series.
In series including all age groups, many other indepen-

ent variables apart from nidus dimensions and increasing
Ds proved to be significant predictors for OBR (13, 14,
6–20, 22–24, 34–38). Some investigators found that lower
M grades correlated with OBR (20, 35). Zipfel et al. (13),
hin et al. (14), and Chang et al. (17) demonstrated that
ompact nidus structure correlated with a higher neuroim-
ging-defined cure rate than diffuse cAVM structure. The
ack of preradiosurgical embolization has been reported to

e an independent factor predicting obliteration (18, 19, 36).
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lickinger et al. (36) reported that the in-field angiographic
BR was higher in men (114 of 125, 91.2%) than in women

106 of 139, 76.2%), with the difference proving statisti-
ally significant at multivariate logistic regression analysis.
he Pittsburgh team also found that male patients had a
tatistically significant higher cAVM OBR compared with
emale patients aged 12–49 years (89% vs. 78%, p �
.0102) (48). This difference might be due to a potential
ascular protective effect of estrogen, which might partially
imit radiosurgical cAVM obliteration.

As for blood flow through the cAVM, Petereit et al. (49)
eported that all nine cAVMs with intermediate or slow flow
howed partial or complete obliteration, whereas only three
ut of five fast-flow cAVMs responded to treatment. But
his was a study of only 14 cases, with a median follow-up
hat was too short (10 months), and with no statistical
nalysis. More recently, Inoue et al. (34) described OBRs of
1.3% and 67.6% in low- and high-flow cAVMs, respec-
ively. They concluded that flow parameters could be used
o predict radiosurgical response.

Finally, the correlation between patient age at treatment
nd OBR should be emphasized. Pollock et al. (19) reported
hat younger patient age was a factor associated with suc-
essful cAVM radiosurgery at multivariate linear regression
nalysis. As early as 1989, Kemeny et al. (39) had observed
hat there was a much better response in patients aged �20
ears (75% favorable) than in those aged 20–40 years
45%) or �40 years (approximately 25%).

On the other hand, there have been very few studies of
rognosticators for TOI. In the pediatric series, to our
nowledge, only Nataf et al. (9) investigated factors poten-
ially predicting the TOI; at univariate and multivariate
nalysis, they found that smaller nidus dimensions, mini-
um dose �15 Gy, complete cAVM volume coverage, and

rteriolovenular fistulas at cAVM angioarchitecture corre-
ated significantly with shorter obliteration. In the series
ncluding all age groups, factors leading to earlier oblitera-
ion of the nidus were smaller size of cAVMs, male sex,
emorrhage before radiosurgery, and higher average dose
14, 16, 37). Meder et al. (20) observed that deep-seated
AVMs (Type B) were obliterated faster than others, but
hey found no convincing explanation for this difference in
esponse. Blood flow through the cAVM also seems to
nfluence the TOI. Petereit et al. (49) and Inoue et al. (34)
oted that slower-flowing cAVMs might be obliterated
aster after radiosurgery: they reported that early oblitera-
ion (within 12 months) was achieved in 63% of low-flow
AVMs and 28.6% of the intermediate- or high-flow cAVMs.
hey concluded that to increase the OBR and decrease the
OI, intravascular embolization might be considered before

adiosurgery for intermediate- and high-flow cAVMs.
Finally, it is interesting to remember that Lunsford et al.

23) described earlier cAVM obliteration after treatment in
hildren than in adults. Kemeny et al. (39) and Shin et al.
14) also reported a significant correlation between age and
OI. They found that patients aged �20 years had a better

hance of radiosurgical success than older age groups and a
hat the difference was statistically significant. Neverthe-
ess, to our knowledge, no studies have made a statistical
omparison between prognostic factors for OBR or TOI in
ediatric/adolescent patients and adults. Tanaka et al. (30)
ompared the OBR and TOI in pediatric and adult cAVMs
reated by GKR. They found shorter TOI and higher OBR in
hildren than in older patients, but no detailed statistical
nalysis was made.

In our study, the prognostic factors correlating with OBR
nd TOI were different in children/adolescents and adults.
tatistical analysis of data from Group A showed that the
ounger the patient, the higher the OBR. Higher OBR also
eemed to correlate with deep-seated location and lower SM
rades, but this did not prove statistically significant when
ogistic regression analysis was applied. As for TOI, factors
eading to earlier obliteration of the nidus were lower SM
rades and noneloquent sites.
Noneloquent location has never before been reported to

e significantly associated with radiosurgical outcome in
ediatric series, and its role as a predictive factor in studies
n all age groups is controversial. Meder et al. (20) reported
hat deep-seated cAVMs were obliterated faster than others.
hese investigators postulated that the different responses to

adiosurgery by deep-seated and superficial cAVMs might
e related to a difference in local environment. Because
eep-seated cAVMs are surrounded by densely packed ar-
as of brain tissue, they might have a different radiosensi-
ivity to cAVMs located in areas in contact with cerebro-
pinal fluid; there was, however, no evidence to support this
ypothesis. Kemeny et al. (39) claimed that laterally located
VMs respond better to radiosurgery than those in the
idline. According to these investigators, the reason for this

ifference must be that midline cAVMs are more frequently
upplied by afferent vessels arising from several main arte-
ial trunks: in their experience, cAVMs supplied by several
eeder arteries were less likely to be completely obliterated
han those supplied by vessels arising from a single arterial
runk. In an earlier study of ours (27), we reported slightly
arlier obliteration of the nidus in basal ganglia than in
ortical AVMs, but the difference did not prove statistically
ignificant. The earlier obliteration of cAVMs located in
oneloquent vs. eloquent sites in children/adoloscents could
e explained by the higher and more effective radiation dose
hat can be administered to the margins of cAVMs in
oncritical brain areas. In the present study, for example, a
ean maximal dose of 43.2 Gy was administered to cAVMs

n noneloquent brain areas, compared with a mean maximal
ose of 40.4 Gy elsewhere.
The statistical analysis applied to Group B patients

howed that low flow in cAVMs and volume �6.2 cm3

orrelated closely with better OBRs and shorter time to
bliteration. These results might suggest that intermediate-
r high-flow cAVMs should undergo pre-GKR percutane-
us endovascular embolization, with the aim of reducing the
lood flow to a slower speed and thus increasing radiosur-
ical effectiveness. However, the true efficacy of this ther-

peutic strategy needs to be studied on a larger series of



p
h
q
b

●

●

●

●

1

1

1

1

1

1

920 I. J. Radiation Oncology ● Biology ● Physics Volume 64, Number 3, 2006
atients, because it also entails longer latency intervals and
igher risks of treatment-related permanent neurologic se-
uelae, without any documented protection from the risk of
leeding in the meantime.

CONCLUSIONS

Gamma Knife radiosurgery is confirmed as an effective
treatment modality for cAVMs, with �85% overall
OBRs both in pediatric/adolescent patients and adults.
The cAVM obliteration process continues for up to 5
years after radiosurgery in some patients. Therefore, we

recommend not retreating the incompletely obliterated
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