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Abstract

Purpose Arteriovenous malformations (AVMs) are a fre-
quent cause of hemorrhagic stroke in children. Stereotactic
radiosurgery (SRS) is an established treatment for these
lesions, particularly those that are surgically inaccessible.
Because only complete AVM obliteration is believed to
protect against the future risk of hemorrhage, identifying
lesion characteristics that predict response to therapy is an
important objective. The goal of this study is to evaluate the
influence of angiographic features of AVMs on the rate of
obliteration following treatment with SRS.

Methods This is a retrospective cohort study of pediatric
patients (age <18 years) treated with Gamma Knife SRS for
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cerebral AVMs between 2000 and 2012. Detailed angiograph-
ic data at the time of initial angiographic evaluation were
prospectively recorded by experienced neurointerventional
radiologists. The primary outcome was the rate of obliteration
on a 3-year follow-up angiogram.

Results We identified 42 pediatric patients treated with SRS
for cerebral AVMs. Twenty-seven patients completed 3-year
angiographic follow-ups. Complete obliteration was seen in
30 %, partial response in 67 %, and no response in 4 %.
Higher SRS dose was associated with complete obliteration.
Larger AVM diameter, presence of multiple draining veins,
and presence of multiple draining veins reaching a sinus
were associated with partial response. In this small cohort,
diffuse AVM borders, presence of aneurysm, and pre-SRS
embolization were not associated with obliteration.
Conclusions Our study identifies AVMs in the pediatric
population with a nidus diameter of <2.5 cm and a solitary
draining vein as the most likely to undergo complete oblit-
eration after SRS treatment.

Keywords Intracranial arteriovenous malformations -
Stereotactic radiosurgery - Cerebral angiography -
Intracranial hemorrhages - Pediatrics

Introduction

Arteriovenous malformations (AVMs) account for as many
as half of all hemorrhagic strokes in the pediatric population.
Up to 18 % of all AVMs present in this age group and
compared to adults, hemorrhagic presentation is dispropor-
tionately more common in children [1-3]. Because of the
long-life expectancy in a child, there is a high cumulative
risk of hemorrhage, even for lesions that have not bled at the
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time that they are identified. This future risk of hemorrhage
and its associated morbidity justifies treatment of these le-
sions whenever safely possible.

The treatment options for pediatric AVMs include micro-
surgical resection, radiosurgery, and adjunctive or curative
embolization. For lesions in surgically inaccessible areas or
with high operative risk, stereotactic radiosurgery (SRS) has
been shown to be an effective treatment, and prior studies
report obliteration rates ranging from 35 to 90 % with a
single radiosurgical treatment [1-8]. A clear correlation be-
tween higher total radiation dose and rate of obliteration has
been established [4, 6, 8, 9]. Increased doses and larger
treated volumes, however, are also associated with increased
side effects and risk of neurological injury [10—13]. Prior
reports have all been conducted in adults and have identified
AVM maximal diameter, number of draining veins, presence
of nidal aneurysms, and diffuse AVM shape as predictive of
poor response [10, 14]. Because only complete obliteration
of the AVM nidus protects from further hemorrhage, it is
important to determine which specific lesion characteristics
predict therapeutic response to SRS. In this study, we eval-
uated how specific angiographic features affected the rate of
AVM obliteration in a cohort of children treated by SRS. A
more comprehensive understanding of the prognostic value
of angiographic features may help guide the use of and
manage expectations for SRS in the treatment of pediatric
AVMs.

Patients and methods
Patients

All patients with AVMs were discussed at one or more
multidisciplinary conferences for management recommen-
dations, with a preference for SRS over microsurgery for
larger, less surgically-accessible AVMs.

This study is a retrospective cohort study from a single
academic center, approved by the Institutional Review Board
of the University of California, San Francisco, and has been
conducted in compliance with Health Insurance Portability
and Accountability Act regulations. The registries of the
UCSF Brain Arteriovenous Malformation Study Project
and Department of Radiation Oncology were searched to
identify pediatric patients (age <18 years) with cerebral
AVMs who were treated with SRS between January 2000
and January 2012. These databases as well as medical re-
cords, pre- and postSRS imaging studies, and clinical follow-
up evaluations were reviewed. Detailed angiographic data at
the time of initial angiographic evaluation were recorded by
experienced neurointerventionalists and included variables
describing the AVM size, location, arterial feeding vessels,
presence and location of aneurysms, presence of diffuse
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nidus morphology, and venous outflow characteristics. SRS
treatment parameters were also recorded at the time of SRS
and included target volume, treated volume, prescription
dose, prescription isodose contour, and number of treatment
stages. Spetzler—Martin scores were calculated based on pre-
SRS angiographic data [15]. Pollock scores were calculated
based on initial SRS treatment [16].

Stereotactic radiosurgery and angiographic technique

Stereotactic radiosurgery during this study period was
performed using the model B, C, 4C, or Perfexion Leksell
Gamma Knife (Elekta Instruments, Atlanta, GA). General
anesthesia or conscious sedation was administered by a
pediatric anesthesiologist based on patient age and weight.
After administration of local anesthesia, a Leksell head
frame was placed and patients underwent pre-SRS imaging,
which included a stereotactic catheter angiogram and
gadolinium-enhanced magnetic resonance imaging. The re-
sults of these studies were superimposed to aid in target
delineation, which was performed by the attending radiation
oncologist, interventional neuroradiologist, and neurosur-
geon. The treatment plan was created by a physicist using
GammaPlan treatment planning software (Elekta, Stock-
holm, Sweden) and approved by the attending radiation
oncologist and neurosurgeon. Volume-staged SRS was con-
sidered if the treatment volume exceeded 8—10 ml, treating
approximately 8-10 ml per treatment stage spaced 3—
6 months apart. After SRS, patients were discharged home
once they recovered from anesthesia.

Outcome measurements

The primary outcome of this study was the rate of oblitera-
tion of AVM at 3-year angiographic follow-up. Treatment
outcomes were recorded as no response, partial response,
and complete obliteration. All postSRS angiograms were
reviewed by a single attending interventional neuroradiolo-
gist (SWH).

Statistical analysis

Univariate statistics were performed using Graphpad Prism
5.0a (Graphpad Software, Inc., La Jolla, CA). Comparisons
between continuous variables (AVM size, age, Pollock
Score) were made using unpaired two-sided ¢ test, ordinal
variables (number of draining veins, number of draining
veins reaching a sinus) with Mann—Whitney test, and cate-
gorical variables (diffuse borders, presence of aneurysm,
treatment with embolization, gender) with Fisher's exact test.
P values<0.05 were considered significant.
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Results
Patient and AVM characteristics

Between 2000 and 2012, 44 pediatric patients underwent
SRS for AVM treatment at our institution. Two patients have
had no further follow-up after SRS and were excluded from
the study. Of the remaining 42 patients, 27 have to date
completed the 3-year angiographic follow-up at our institu-
tion. The remainder of the patients elected to continue their
care at their local hospital (four) or still awaiting their 3-year
study (ten). One patient suffered a re-hemorrhage soon after
SRS and died. Table 1 lists the baseline characteristics of the
entire cohort as well as the subset of patients with angio-
graphic follow-up. Overall, mean age of initial presentation
was 1244 years with a slight male predominance (57 %).
Hemorrhage was the most common presenting symptom
(62 %), followed by seizures (21 %), and headache (10 %).
Vascular malformations in the remainder of patients were
discovered during evaluations for developmental delay, focal

Table 1 Patient demographics and presentation of characteristics

All patients  Patients with 3-year

angiographic follow-up

Number 42 27
Age (years) 12.0+£4.0 11.9+3.9
Female 18 (43 %) 10 (37 %)
Presenting symptoms (%)
Hemorrhage 26 (62 %) 16 (59 %)
Seizure 9 (21 %) 5(19 %)
Headache 4 (10 %) 4 (15 %)
Developmental delay 12 %) 14 %)
Progressive focal deficit 12 %) 14 %)
Syncope 12 %) 0
Location
Lobar 24 (57 %) 13 (48 %)
Deep nuclei 16 (38 %) 12 (44 %)
Brainstem 2 (5 %) 2(7 %)
Spetzler—Martin scores
I 0 0
I 4 (10 %) 3 (11 %)
I 20 (48 %) 11 (41 %)
v 15 (38 %) 11 (41 %)
\% 3(7 %) 2(7 %)
Deep drainage present 36 (86 %) 25 (93 %)
Diffuse-type AVM 12 (29 %) 8 (30 %)
Presence of aneurysm 8 (19 %) 4 (15 %)
Feeding artery aneurysm 3 (7 %) 1(4 %)
Nidal aneurysm 5(12 %) 4 (15 %)
Pollock score 1.5£1.0 1.5£1.0

neurological deficits, and syncope. The most common loca-
tion for AVMs in this series was cortical or subcortical lobar
(57 %). There were, however, a significant number of lesions
involving the deep nuclei (38 %).

Spetzler—Martin grades were Il in 10 %, I1I in 48 %, IV in
38 %, and V in 7 %. Most AVMs were in eloquent locations
(95 %) and had deep venous drainage (86 %). Diffuse mor-
phology of the AVM nidus as seen on angiography was
present in 29 % of the lesions. Aneurysms associated with
AVM were visualized on 19 % of malformations (three
feeding artery aneurysms and five intra-nidal aneurysms).
Average Pollock score was 1.5+1.0.

AVM treatment characteristics

Stereotactic radiosurgery at our institution was the first treat-
ment modality for the majority of patients (74 %) as shown in
Table 2. The remainder of patients was treated first with
embolization (22 %) or surgery (5 %). For the majority of
patients, SRS alone was the sole treatment modality (67 %),
though some patients received a combination of treatments.
These combinations included embolization followed by SRS
(5 %), surgery followed by SRS (5 %), SRS followed by
surgery (7 %), embolization followed by SRS then surgery
(5 %), and embolization followed by surgery then SRS
(12 %). The median target volume for single-session SRS
was 1.9 ml (range, 0.1-11 ml), with a median prescription
dose of 18 Gy (range, 15-20 Gy). Fifteen AVMs underwent
staged SRS, with a median total target volume of 16.9 ml
(range, 8-37 ml), median SRS dose of 17 Gy (range, 12—
18 Gy), and median treated volume of 7.5 ml per stage
(range, 4-15 ml), given over two (eight) or three (seven)

Table 2 Treatment characteristics

Patients with
3-year angiographic

All patients

follow-up
Number 42 27
First treatment modality
Gamma Knife 31 (74 %) 21 (78 %)
Embolization 9 (21 %) 6 (22 %)
Surgery 2(5 %) 0
Total treatments
GK only 28 (67 %) 19 (70 %)
GK + embolization 2 (5 %) 1(4 %)
GK + surgery 5(12 %) 2(7 %)
GK + embolization + surgery 7 (17 %) 5(19 %)
Total number embolization 9 (21 %) 6 (22 %)
Median target volume (ml) 4.6 [0.1-37] 4.3 [0.1-37]
Median prescription dose (Gy) 17 [12-20] 17.5 [15-20]
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stages. Median interval between treatments was 3 months
(range, 3—5 months).

AVM treatment outcomes

Three-year angiographic outcome measurements were avail-
able in 27 of the 42 patients. Complete obliteration of the
AVM as seen on a 3-year angiography was achieved in eight
patients (30 %). The remaining patients had partial (18) or no
(1) response. Three of the patients with partial response were
retreated with SRS (two) or surgery (one) and obtained com-
plete response. All patients who achieved complete oblitera-
tion had undergone a single-session SRS. None of the eight
patients who underwent staged SRS demonstrated complete
obliteration on angiographic follow-up.

We found that patients who had complete AVM oblitera-
tion received higher SRS dose as compared to patients who
had partial or no response, as shown in Fig. la (Mann—
Whitney test, p<0.01). In this small series, there was no
statistically significant association between pretreatment
Spetzler—Martin grade and angiographic outcome (Mann—
Whitney test, p=0.07), though there was a trend towards
complete response in the lower grade lesions (Fig. 1b). Lower
Pollock score was associated with complete obliteration (two-
sided ¢ test, p<0.05) (Fig. 1c).

Seven patients (17 %) suffered hemorrhage after SRS,
ranging from 1 to 12 years after treatment, two of which
resulted in death. There were no AVM hemorrhages prior to
completion of staged SRS. Of these seven patients, five had a
3-year angiographic follow-up, which showed partial re-
sponse in all. Other complications included new onset sei-
zure in seven patients (17 %), significant nausea in one
patient, and headache in 15 patients (37 %).

Angiographic features associated with treatment outcome

In univariate analysis, we identified several angiographic
features, scored on pretreatment angiograms, as associated
with treatment outcome after SRS. As shown in Fig. 2a,
maximal diameter of AVM nidus was associated with oblit-
eration rate, with complete obliteration more common in
smaller AVMs and partial response more common in larger
AVMs (two-sided ¢ test, p<0.05). Using a cutoff size of
2.5 cm, AVMs with maximal diameter less than 2.5 cm were
more likely to undergo complete obliteration after treatment
(60 %) as compared to AVMs with maximal diameter greater
than or equal to 2.5 cm (12 %) (Fisher's exact test, p<0.05).

In addition, several features of venous drainage were asso-
ciated with treatment outcome. Complete obliteration, as com-
pared to partial or no response, was seen more commonly in
malformations with fewer draining veins (Mann—Whitney
test, p<0.05), as seen in Fig. 2b. Indeed, lesions with more
than one draining vein were less likely to undergo complete
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Fig. 1 Clinical characteristics and treatment outcome. Scatter plots
depicting relationship of median prescription dose (a), Spetzler—Martin
grade (b), and Pollock score (¢) on treatment outcome. In all plots,
*p<0.05 by two-sided ¢ test or Mann—Whitney test comparing patients
with complete obliteration against those with partial response. Hori-
zontal line represents mean value

obliteration (7 %) compared to AVMs with only one draining
vein (54 %; Fisher's exact test, p<<0.05). Similarly, the number
of draining veins reaching a sinus was associated with rate of
obliteration, with complete obliteration observed more com-
monly in AVMs with fewer veins reaching a sinus (Mann—
Whitney test, p<0.05), as seen in Fig. 2c. Malformations with
more than one vein reaching a sinus were less likely to
respond completely to therapy (7 %) compared to those with
one vein reaching a sinus (54 %; Fisher's exact test, p<0.05).
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Fig. 2 Angiographic features and treatment outcome. Scatter plots dem-
onstrating relationships of AVM size (a), total number of draining veins
(b) and number of veins reaching a sinus (¢) with treatment outcome. In
all plots, horizontal line represents mean value. d Correlation plot of

There was a linear correlation between AVM size and number
of draining veins (Spearman's correlation, »=0.68, p<0.01)
(Fig. 2d).

Angiographic factors that were not associated with prob-
ability of complete obliteration in this small study included
diffuse borders of the AVM, presence of aneurysm on the
feeding arteries or inside the nidus, and treatment with em-
bolization prior to SRS. In addition, there was no relation-
ship between outcome and gender or age. Two patients were
noted to have fistulous components to their AVMs. Both
patients had not only partial response to SRS but also had
large maximal AVM diameters (5 and 4.4 cm).

Several angiographic features were associated with hem-
orrhagic presentation. Patients who presented with hemor-
rhage were more like to have smaller AVMs compared to
those who presented without hemorrhage (2.75+0.51 vs
4.37+0.50 cm; two-sided ¢ test, p<0.01). In addition, of the
eight patients found to have aneurysms on their pretreatment
angiogram, seven presented with hemorrhage. This propor-
tion is notably higher than the 18 out of 33 patients without
aneurysms who presented with hemorrhage, although this
relationship did not achieve statistical significance (Fisher's
exact test, p=0.12). All three patients with feeding artery
aneurysms presented with hemorrhage, whereas four out of
the five patients with intra-nidal aneurysms presented with

Max diameter (cm)

AVM maximal diameter and number of draining veins. Red line repre-
sents linear correlation with #=0.68 by Spearman's correlation. *p<0.05
by two-sided Mann—Whitney test comparing patients with complete
obliteration against those with partial or no response

hemorrhage. Presence of venous stenosis was not associated
with hemorrhagic presentation in this cohort.

Discussion

Stereotactic radiosurgery is an established modality in the
treatment of pediatric AVMs, either alone or in conjunction
with surgical resection and/or embolization. When relatively
safe, surgical resection is preferred over SRS, but SRS or
SRS followed by microsurgical resection after partial re-
sponse may be preferable for higher Spetzler—Martin grade
AVMs [17]. A better understanding of complete obliteration
rates and associated parameters may help guide decision-
making. In this study, we examined whether certain angio-
graphic features are associated with complete obliteration.
We found that smaller AVM diameter, higher SRS dose,
lower Pollock score, and fewer draining veins and fewer
draining veins reaching a sinus were associated with in-
creased rates of obliteration.

Recent studies in pediatric patients have reported rates of
obliteration at 3 years that vary from 35 to 95 % [3, 4,
18-23]. Our rate of 30 % obliteration falls on the lower end
of this distribution, and one possible explanation may be our
relatively lower median prescription dosage. Compared to
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other studies, our median dosages of 17 Gy (staged) and
18 Gy (single-session) were less than other studies with
higher rates of obliteration, which report dosages of 18—
25 Gy [1, 3]. As in our study, an association between higher
obliteration rate and higher margin dose has been clearly
seen [4, 6, 8]. In addition, the AVMs in our group were larger
and higher grade. Studies reporting higher obliteration rates
generally treated AVMs with smaller median target volumes,
ranging from 2.5-4.2 ml and included 27-68 % Spetzler—
Martin grade I and II lesions, compared to 11 % in this cohort
[3, 4, 18, 19]. Two of the three of the Spetzler—Martin grade
II lesions (67 %) were completely obliterated, as were 6 of
the 16 grade I1I-V lesions (38 %), in rates which are com-
parable to other studies [4, 18, 19].

We found that maximal diameter of AVM as measured on
angiography was significantly associated with obliteration
after SRS. In keeping with findings in the adult population,
larger AVMs in our series were less likely to respond
completely to treatment [10, 12, 13]. Specifically, lesions
with a diameter of <2.5 cm were more likely to respond
(60 %) than those >2.5 cm (12 %). Unfortunately, larger
SRS volumes need to be treated to lower prescription dose
in order to maintain an acceptable complication rate. We
perform volume-staged SRS for AVMs >8-10 ml as a strat-
egy to reduce risk of giving >17 Gy to large AVMs.

Characteristics of the venous drainage system were also
significantly associated with treatment outcome. An increased
number of total draining veins and a number of veins reaching
a sinus were associated with only partial response to SRS.
While this observation has been seen in other series of adult
patients, it remains unclear why this may be the case [2, 10,
24]. In our series, we found a close correlation between AVM
diameter and number of draining veins, in that the larger AVMs
had an increased number of draining veins. It is possible that
the association between these venous features and response to
SRS may in fact be due to AVM size. Pollock score, which we
also found to be significantly associated with complete oblit-
eration, includes target volume in its calculation.

Almost 30 % of the AVMs studied in this cohort were
described as having diffuse borders. These diffuse-type AVMs
are less common than those with a compact nidus and are
sometimes considered to be relatively low-flow lesions with
normal cerebral tissue between the abnormal vessels [4, 6, 8,
25]. Prior studies have found that these types of lesions are
less likely to respond to treatment, by either radiosurgery or
microsurgery [8, 10, 11, 26, 27]. In our study, we did not find
an association between diffuse AVM borders and resistance to
treatment with SRS.

Approximately 20 % of our cohort underwent embolization
prior to SRS. We found that this adjunctive therapy did not
have an influence on the eventual rate of obliteration afforded
by SRS. Prior studies have shown similar ambivalence over
the benefits of embolization with regard to ultimate obliteration
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rates following SRS, though some studies have found a detri-
mental effect [3, 4, 18, 23]. At our institution, we most com-
monly perform embolization in patients with AVMs as a
preoperative adjuvant. For patients with unresectable ruptured
AVMs who will undergo SRS, we typically target emboliza-
tion at high-risk features for rebleeding (including feeding
artery aneurysms and nidal aneurysms) as opposed to trying
to reduce the nidus volume prior to SRS.

We also evaluated for angiographic features associated
with hemorrhagic presentation and found that smaller AVMs
were more likely to present with hemorrhage than larger
ones. This finding is in accordance with our understanding
of these lesions, as smaller AVMs have been shown to
contain higher feeding artery pressures and present more
commonly with hemorrhage [28, 29]. In addition, although
the finding did not achieve statistical significance, we found
a trend towards an increase in hemorrhagic presentations in
AVMs found to contain aneurysms on arterial feeders or
inside the nidus on pretreatment angiogram. This finding
has been noted before and an argument made for early
aggressive therapy for these aneurysms as they may denote
high risk for future hemorrhage [19-23, 30].

Conclusion

Owing to their high rate of hemorrhage, both on presentation
and over the long lifespan of a child, AVMs in the pediatric
population often merit therapeutic intervention. Stereotactic
radiosurgery has advantages over traditional microsurgical
resection in that it is a noninvasive technique that can be
applied in cases not amenable to safe surgical resection. The
treatment modality, however, is limited by its complication
risks, particularly at the higher doses that are known to be the
most effective and for large AVMSs not amenable to resection,
as well as by the latency interval between the rendering of the
treatment and the obliteration of the AVM, which can last up
to 2 to 5 years. Using angiography to help predict which
lesions will respond completely to therapy may help guide
decision-making as well as manage expectations.

In our study, we identify smaller AVM diameter as mea-
sured on angiogram as associated with improved rate of
obliteration, with 60 vs 12 % obliteration rate for AVMs
<2.5 vs >2.5 cm, respectively. We also found that AVMs
with more than one draining vein or more than one draining
vein reaching a sinus were less likely to achieve complete
obliteration by SRS. This effect may be confounded by AVM
size; however, as larger AVMs were noted to have increased
number of draining veins. These findings are consistent with
prior findings in adult cohorts. However, unlike in the adult
population, we found no effect in our small cohort on the rate
of obliteration for AVMs with diffuse borders, prior emboli-
zation, or nidal aneurysms.
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