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Radiosurgery of Cerebral Arteriovenous Malformations:
Is an Early Angiogram Needed?

Catherine Oppenheim, Jean François Meder, Denis Trystram, Franc¸ois Nataf, Sylvie Godon-Hardy,
Jerry Blustajn, Louis Mérienne, Michel Schlienger, and Daniel Frédy

BACKGROUND AND PURPOSE: Radiosurgical treatment of arteriovenous malformations
(AVMs) has slow and progressive vasoocclusive effects. We sought to determine if early postth-
erapeutic angiography provides relevant information for the management of radiosurgically
treated AVMs.

METHODS: Between 1990 and 1993, the progress of 138 of 197 cerebral AVMs treated by
linear accelerator (Linac) was regularly followed by angiographic study. On each postthera-
peutic angiogram (‘‘early,’’ 6–18-month follow-up; ‘‘intermediate,’’ 19–29-month-follow-up;
and ‘‘late,’’ .30-month follow-up), the degree of reduction across the greatest diameter of the
nidus and hemodynamic modifications were analyzed. Each cerebral AVM was qualitatively
classified into one of the following categories after early angiographic study: 0%-reduced, 25%-
reduced, 50%-reduced, 75%-reduced, and 100%-reduced or ‘‘complete obliteration.’’ Vasooc-
clusive progress for each category was then studied over time.

RESULTS: Three (10%) of the 30 0–25%-reduced, eight (38%) of 21 50%-reduced, and 27
(84%) of 32 75%-reduced cerebral AVMs showed complete obliteration after further follow-
up. The three 0–25%-reduced AVMS that went on to complete obliteration underwent very
early angiography (6–7 months). Fifty-five cerebral AVMs showed complete obliteration on
early angiograms (40%). In this group, more follow-up, when performed, confirmed complete
obliteration in all cases (n 5 17).

CONCLUSION: An early angiogram is needed to predict the effectiveness of radiosurgery.
Important AVM changes seen on early angiograms are highly correlated with treatment suc-
cess. Moreover, no or minor changes seen on early angiograms are highly predictive of radio-
surgical failure. For these patients, further treatment should be discussed promptly.

Radiosurgery was first used to treat cerebral arte-
riovenous malformations (AVMs) in Sweden in the
1970s (1, 2). Different techniques have been used
with similar results (obliteration rate varying be-
tween 60% to 86% after 2 years): proton beams,
gamma units, heavy-charged particles, and linear
accelerators (2–13). Radiosurgery is believed to re-
sult in obliteration of cerebral AVMs by endothelial
cell proliferation, progressive wall thickening, and
eventual luminal closure (14). As opposed to the
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alternative therapeutic procedures available for ce-
rebral AVMs, surgical resection or embolization,
this vasoocclusive effect develops slowly after ra-
diosurgery, and cerebral AVMs shrink progressive-
ly (15, 16). It is generally admitted that these va-
soocclusive effects peak between 1 and 2 years
after radiosurgery (17, 18). Because the risk of
bleeding persists as long as complete obliteration
is not obtained (6, 12, 19), the time course of post-
treatment changes as revealed by neuroimaing is
crucial for patient management. The time course of
radiosurgically induced cerebral AVM shrinkage
varies considerably, because complete obliteration
of cerebral AVMs can occur as early as 4 months
(10) or as late as 5 years (20) after treatment, and
some remain patent. At most institutions, the final
result used to be documented by conventional an-
giography 2 years after treatment. Currently, be-
cause of the finding that some cerebral AVMs will
obliterate between 2 to 3 years postoperatively,
there is an increasing tendency to defer definite la-
beling of incomplete obliteration until 3 years after
treatment (21, 22). To date, there is no consensus
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TABLE 1: Location of the 138 cerebral AVMs and the percent of
completely obliterated AVMs on follow-up

Location

Cases

No. Percent

Percent of
Completely
Obliterated
AVM on

Follow-up
Angiogram

Frontal lobe
Parietal lobe
Temporal lobe
Insular lobe
Occipital lobe
Basal ganglia and

thalamus
Corpus callosum
Cisterna or ventricula
Posterior fossa

30
22
26
5

12

24
6
4
9

22
16
19
3.5
8.5

17.5
4
3
6.5

63
77
69
60
67

75
50
0

78

TABLE 2: Treatment parameters, radiation doses, pretherapeutic
volume, and maximal diameter of the nidus

Median Maximum Minimum

Pretherapeutic nidus size

Maximal dimension (mm)
Estimated volumes (cm3)

22
2.67

55
19.9

9
0.5

Radiosurgery

Number of isocenter
Peripheral isodoses (%)
Peripheral dose (Gy)
Mean lesion isodoses (%)
Minimum lesion isodoses (%)

1
70
25
79
44

5
90
28
90
61

1
50
15
62
9

on the optimal follow-up protocol after treatment.
Until complete obliteration is obtained, the fre-
quency and the number of neuroimaging follow-
ups vary widely between institutions. Some radio-
surgical teams perform a neuroimaging follow-up
every 6 months (3, 6, 8, 11, 23), whereas others
perform yearly neuroimaging follow-up (20). Some
radiosurgical teams use yearly angiograms, regard-
less of MR imaging results (6, 8, 11). Still others
prefer to perform serial MR studies until there is
no evidence of residual transnidal blood flow, and
only use angiography to assess the final result (10,
22, 24, 25). At our institution, radiosurgically treat-
ed cerebral AVMs are followed up by serial con-
ventional angiography, regardless of the MR re-
sults. The database resulting from this systematic
approach allows a retrospective evaluation of the
stages of radiosurgically induced cerebral AVM
shrinkage. In this report, we focused our attention
on the early angiograms (6–18 months posttreat-
ment) to determine if they provided any relevant
information on posttherapeutic response, and if
they were predictive of the final outcome of
treatment.

Methods

Population

One hundred and ninety-seven patients with cerebral AVMs
were treated by radiosurgery between January 1990 and De-
cember 1993. All patients were asked to undergo yearly an-
giographic follow-up. Early angiographic follow-up included
all angiograms performed between 6 and 18 months, inter-
mediate angiographic control included angiograms performed
between 19 and 29 months, and late angiographic control in-
cluded all angiograms performed 30 months after radiosurgery.
The studied population was limited to patients who had early
angiography with further angiographic follow-up if residual
cerebral AVM was seen on the early angiogram. One hundred
and thirty-eight patients, 83 men and 55 women, fulfilled these
criteria. The remaining 59 patients were excluded. Twenty-six
of those excluded had no angiographic follow-up (one patient
died from myocardial infarction, one patient had a pulmonary
neoplasm, two patients refused follow-up, and 22 patients were
lost to follow-up). Most of these patients were referred from
foreign institutions for radiosurgical treatment. Nineteen pa-
tients were excluded because they did not undergo an early
angiographic follow-up, and 10 others who had an early an-
giogram showing residual nidus were not followed further. The
mean age of the 138 patients studied at the time of treatment
was 33.7 years (range 6 to 68 years [SD, 14.6, median, 33]).
Prior surgical resection was performed in eight cases, prior
embolization in 51 cases, and both treatments in five other
cases. The locations of cerebral AVMs treated by radiosurgery
are listed in Table 1.

Pretherapeutic Radiographic Workup

All patients underwent pretherapeutic examinations, includ-
ing MR imaging and conventional angiography performed un-
der stereotactic conditions. The angiographic technique was
always performed as follows: the head was positioned by the
Talairach stereotactic frame (26); films were obtained in the
anteroposterior, lateral, and offset views, allowing stereotactic
viewing; the distance between the radiographic source and film
was 4.5 m, resulting in a constant and reproducible magnifi-
cation factor of 1.05; and the exposure rate was two films per

second. Target delineation was always based on angiographic
and axial CT-based data.

Radiosurgery

The radiosurgical technique was identical in all cases. Pa-
tients were irradiated in the O. Betti armchair (27, 28) and the
head was positioned by the Talairach stereotactic frame (26).
Fifteen megavolt X-ray minibeams from a Saturn 43 (General
Electric; Buc, France) linear accelerator (Linac) were used
along with eight additional collimators (6–20 mm). A dose of
25 Gy was delivered at the periphery of the nidus, delineated
on the pretherapeutic angiogram. This dose corresponds to the
60–70% peripheral isodose range. In 73 cases, the nidus could
be covered by one isocenter, in 42 by two isocenters, in 12 by
three isocenters, and in 11 by four or more isocenters. Nidus
shapes were spheroid in 39 cases, elliptical in 70, and irregular
or complex-shaped in 29. The mean maximal length of cerebral
AVMs on pretherapeutic angiograms was 23.1 mm (Standard
Deviation [SD], 9.9; minimum, 9; maximum, 55; and median,
22 mm). The pretherapeutic AVM’s volume was calculated ac-
cording to a previously described method (29). The mean vol-
ume was 2.95 cc; the SD, 1.6; and the median, 2.67 cc (min
5 0.5, max 5 19.92). These data and treatment parameters are
summarized in Table 2.

Angiographic Analysis

In our follow-up protocol, digital angiographic workup was
scheduled on a regular basis. All angiographic follow-ups were
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TABLE 3: Number of follow-up angiograms and results of the obliteration rate in each category of nidus reduction on the early follow-up
angiogram

% Nidus
Reduction on

‘‘Early’’
Angiogram

Number of Patients

Total

Early*
Follow-up

Only

Early and
Intermediate†

Follow-up
Only

Early and
Late‡

Follow-up
Only

Early,
Intermediate,

and Late
Follow-up

Complete
Obliteration

on Intermediate
or Late Follow-up Rehemorrhage

100% change
75% change
50% change
0–25% change

55
32
21
30

38
0
0
0

4
28
15
21

8
3
2
1

5
1
4
8

17 of 17, 100%
27 of 32, 84.4%
8 of 21, 38.1%
3 of 30, 10%

0
0
2
4

* Early: all angiograms obtained between 6 to 18 months after treatment.
† Intermediate: all angiograms obtained between 19 to 29 months after treatment.
‡ Late: all angiograms obtained after 30 months after treatment.

analyzed independently by two neuroradiologists, regardless of
clinical data. Conflicting readings were resolved by consensus.
Readers compared each posttreatment angiogram to the pre-
therapeutic angiogram, without knowledge of preceding or
succeeding follow-up angiograms of each AVM studied. Read-
ers considered the maximum-length reduction of the nidus in
the anteroposterior and lateral planes, and the reduction in di-
ameters of both feeding arteries and draining veins.

Evaluation of hemodynamic changes was based on the order
of division of nonfeeding cerebral arteries visible on the first
angiogram showing early draining veins. If only first-division
nonfeeding arteries were seen, the AVM was considered to
have a high flow rate. If second division nonfeeding arteries
were already visible, the AVM was considered as having a
slower flow rate.

Patients were classified subjectively in one of the five fol-
lowing categories: 1) 0% when no changes were seen; 2) 25%
when only minimal reduction of nidus size, slight slowing of
the flow, or both were observed; 3) 50% when about half of
the nidus had disappeared; 4) 75% when the nidus was con-
siderably reduced in size but still present, or whenever an iso-
lated early draining vein persisted; and 5) 100% when ‘‘com-
plete obliteration’’ was observed, as defined by Lindquist and
Steiner (i.e., normal circulation time, absence of former nidus
vessels, disappearance or normalization of draining veins) (30).

Results
Because of the inclusion criteria, all 138 patients

had an early angiogram (6–18 months, mean,
12.03; median, 12; SD, 2.5; minimum, 6; maxi-
mum, 18). Of those who underwent an early an-
giogram, 83 patients (60.1%) did not achieve com-
plete obliteration: 17 patients were categorized in
the 0%-, 13 in the 25%-, 21 in the 50%-, and 32
in the 75%-reduced group. In this group of 83 pa-
tients with residual cerebral AVM revealed by early
angiography, the mean follow-up duration was 31.5
months (SD, 9.1; maximum, 52 months). Sixty-
four patients from this group underwent interme-
diate (19–29 months: mean, 24.2; median, 24; SD,
2; minimum, 19; and maximum, 29); six others late
(30 months: mean,42.8; median, 45; SD, 6.9; min-
imum, 30; maximum, 52), and the last 13 both in-
termediate and late angiograms.

After further follow-up, obliteration occurred in
2 (11.8%) of 17 cases for cerebral AVMs classified
as 0%-reduced by early angiographic study. Of ce-
rebral AVMs classified as 25%-reduced by early

angiography, obliteration occurred in 1 (7.7%) of
13 cases after further follow-up. Thus, three cere-
bral AVMs classified in the 0–25% group after ear-
ly angiographic study (6–7 months posttreatment)
showed favorable outcomes; angiography was per-
formed at this time because these patients com-
plained of headaches. Obliteration occurred in 8
(38%) of 21 cerebral AVMs classified as 50%-re-
duced by early angiography after further follow-up.
Of cerebral AVMs classified as 75%-reduced by
early angiography, obliteration occurred in 27
(84%) of 32 cases. Cerebral AVMs showed com-
plete obliteration on the early angiograms in 55
(40%) of all 138 patients. In this 100% group, 17
patients underwent a late angiogram, whereas 38
received no further follow-up. Complete oblitera-
tion was confirmed in all cases (n 5 17) of the 17
patients with angiographic follow-up. These results
are summarized in Table 3.

In addition to the 55 patients with complete
obliteration revealed by early angiography, com-
plete obliteration was revealed on 32 intermediate
and six late angiograms (maximum, 49 months). In
our selected population, the overall obliteration oc-
curred in 93 (67.4%) of 138 cases. Among the 138
patients included in the study, six (4.3%) had a re-
bleeding event that led to the death of three. The
mean time between treatment and rebleeding was
26.6 months. As indicated in Table 3, none of these
patients belonged to the 100% group; four be-
longed to the 0–25% group, including the three pa-
tients who died, and the remaining two belonged
to the 50% group. Of the patients with incomplete-
ly obliterated AVMs on the early angiogram, re-
bleeding occurred in 6 (7.2%) of 83 (see Table 3).

Discussion
Radiosurgery seems to produce cerebral AVM

obliteration by inducing a disease process in the
nidus, leading to gradual thickening of the vessels
until occlusion occurs (31). The postradiosurgical
response of a cerebral AVM appears to be highly
variable, because complete obliteration can be seen
as early as a few months or late as 5 years after
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treatment, or may never occur by the end of the
follow-up period. Many authors have searched for
morphologic factors for predicting posttherapeutic
outcomes. In a recent study, we demonstrated that
small-sized or deeply seated cerebral AVMs seem
to have a greater chance of reaching complete oblit-
eration at 2 years than large ones or those located
at the brain periphery (32). Because cerebral AVMs
with different characteristics seem to have variable
shrinkage time courses after treatment, the same
follow-up scheme should not be used for all radio-
surgically treated cerebral AVMs. The frequency of
neuroimaging follow-up, the length of the follow-
up period, and the neuroimaging methods used
(digital angiography, MR imaging, and MR angio-
graphy) vary between institutions. Radiosurgical
techniques have evolved over the past decades, and
much effort has been made to improve the pre-
surgical delineation of the target, define the optimal
radiation dose, and evaluate the efficiency of the
procedure (6, 8, 10, 11, 25, 29, 33–41). All follow-
up protocols used to monitor postradiosurgical ce-
rebral AVM changes are issued from the following
principles based on years of experience: 1) cerebral
AVM changes are delayed after the time of treat-
ment; 2) cerebral AVMs shrink slowly and pro-
gressively; 3) vasoocclusive effects peak between
1 and 2 years after radiosurgery; 4) the final results
should be documented 2 or 3 years after radiosur-
gery; and 5) digital angiography is the only reliable
method to assess the final outcome. These obser-
vations led to different protocols using serial neu-
roimaging follow-up performed every 6 months or
every year, for 2 or 3 years. Nevertheless, these
follow-up protocols have never been evaluated re-
trospectively. Such evaluation could allow a more
rational approach to monitoring postradiosurgical
changes. If a consensus about the follow-up pro-
tocol could be reached, radiosurgical series would
be more homogeneous and thus easier to compare.
In this report, we analyzed retrospectively the pre-
dictive value of early angiograms, comparing them
to future outcomes, in a large group of 138 con-
secutive patients with cerebral AVMs treated by ra-
diosurgery from 1990 to 1993. Our goal was to
assess the usefulness of the early angiogram in an
effort to simplify our follow-up protocol.

Assessment of Cerebral AVM Changes on
Posttherapeutic Angiograms

Most authors agree that angiographically con-
firmed complete obliteration should be the goal of
radiosurgical treatment. Because even the smallest
remnant can bleed (19), the strict angiographic cri-
teria of Lindquist and Steiner (30) are usually used
to assess complete obliteration (100%). When ce-
rebral AVM does not fulfill these criteria, it is clas-
sified as ‘‘nonobliterated’’ by most authors. This
heterogeneous category includes various cerebral
AVM responses to radiosurgery ranging from the
unchanged to those with isolated early draining

veins, with all possible intermediates. Partial re-
sponse of cerebral AVMs to radiosurgery is diffi-
cult to assess angiographically in a reliable and re-
producible manner. Angiography only provides
two-dimensional delineation of the nidus. Yama-
moto et al (41) calculated an approximated volume
of the cerebral AVM nidus on pre- and postthera-
peutic angiograms by Pasqualin’s method (42).
This approach produces reasonably accurate re-
sults, and offers the advantage of being reprodu-
cible and quantitative. Nonetheless, reduction of
the nidus size is not the only angiographic feature
of irradiation effects. Other features are prominent
in follow-up angiograms of incompletely obliter-
ated cerebral AVMs. Flow velocity is reduced
through the cerebral AVM, attributed to the dis-
appearance of arteriovenous shunts, and diameter
of both feeding arteries and draining veins is re-
duced, an indirect sign of a decreased transnidal
blood flow (5, 41). Even if flow velocity feeding
artery, and draining vein diameters probably are re-
lated to nidus size, their irradiation effects are also
worth considering. Taking these parameters into ac-
count, we chose to classify the radiosurgical re-
sponse into five groups (100%, 75%, 50%, 25%,
0%). The first and last categories were strictly de-
fined, whereas the remaining three were more sub-
jective. Kemeny et al (35) proposed a similar clas-
sification of five groups based on hemodynamic
and size considerations: ‘‘complete,’’ ‘‘almost com-
plete,’’ and ‘‘partial’’ obliteration, ‘‘slight
changes,’’ and ‘‘no change.’’ Friedman et al (8)
used a four-group classification, but the authors did
not mention whether this classification was based
solely on nidus size reduction: ‘‘complete,’’ ‘‘great-
er than 90%,’’ ‘‘50 and 90%,’’ and ‘‘less than
50%’’ occlusion.

Several radiosurgical series have evaluated this
process by obtaining 1-, 2- or 3-year follow-up an-
giograms. Obliteration rates ranged from 29% to
76% at 1 year, from 27% to 86.5% at 2 years (5,
6, 8, 10, 11, 13, 20), and from 65% to 92% at 3
years (13, 20, 11). Some care should be taken when
analyzing our results, because all patients did not
complete the entire follow-up protocol. Final out-
comes were assessed on late angiograms, when
available, or otherwise on the intermediate control.
The rate of complete obliteration we observed
(67.4%), although consistent with other similar
studies, is therefore probably underestimated.

Predictive Value of ‘‘Early’’ Angiographic Data
We focused our attention on the early angiogram

for the following reasons. If the follow-up protocol
can be simplified, it is intuitively the early rather
than the later angiograms that should be sacrificed.
Some radiosurgical teams routinely control only
posttherapeutic effects 2 and 3 years after treat-
ment, whereas others choose to replace the early
angiogram by a less invasive MR examination (10,
25). Given the results of the present study, the early
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neuroimaging follow-up contains data that can po-
tentially modify patient management. If complete
obliteration is observed on an early angiogram,
which is not a rare event (40% of these patients),
angiographic controls at 2 or 3 years are not ne-
cessary. If important AVM changes (75% group)
are seen on an early angiogram, complete angio-
graphic obliteration is very likely because it oc-
curred in 84% of these patients. If only minor (25%
group) or no change (0% group) is seen on an early
angiogram (6–18 months after surgery), complete
obliteration is only likely to occur in 10% of the
cases. For those patients with only minor or no
changes on the early angiogram (21.7% of the pop-
ulation), radiosurgical failure can be predicted con-
fidently with early angiographic data. To be pre-
dictive of final outcomes, the early angiographic
control should not be performed too early after
treatment. Three patients had an angiogram per-
formed at 6 or 7 months showing no AVM changes,
but complete obliteration was revealed after further
follow-up. During the first few months after treat-
ment of some cerebral AVMs, a latency period
seems to exist before visible changes of the nidus
can be identified on angiograms. For those three
cerebral AVMs, some changes probably existed,
but may have been too subtle to be distinguished
on very early angiograms. To be accurately predic-
tive of radiosurgical failure, the early angiogram
ideally should not be performed within this poten-
tial latency period.

There have been few analyses of chronological
changes of radiosurgically treated nidi. Quisling et
al (43) reported seven patients with cerebral AVMs
with sequential postradiosurgical MR follow-up. A
progressive reduction of nidus volume was ob-
served over time. Yamamoto et al (41) considered
the volume variation of the nidus after radiosurgi-
cal treatment of 17 cerebral AVMs. Based on se-
quential angiographic follow-up, the authors
showed that most of the radiosurgical effects oc-
curred during the first year after treatment; the vol-
ume of the nidus decreased rapidly during this in-
terval. This nidus decrease slowed during the
second year. If the kinetics of cerebral AVM
changes are maximal during the first year after
treatment, it is not surprising that cerebral AVMs
with only minimal or no visible changes during this
time will not reach complete obliteration within the
follow-up period. Conversely, it is not surprising
that cerebral AVMs with complete obliteration are
those showing major changes on the first angio-
graphic follow-up.

Influence of Early Angiographic Data on
Patient Management

In light of our results, the data of the early an-
giogram can modify patient management. Patients
with angiographically cured cerebral AVMs can
lead a normal life 1 year after treatment, and do
not need to undergo angiographic follow-up at 2 or

3 years. For all the others, two important problems
need clarification: How long should a radiosurgi-
cally treated cerebral AVM be followed before def-
inite failure can be assessed? When should com-
plementary treatment be discussed? We are not
aware of any study that has defined the timing of
radiosurgical failure by angiographic criteria. Few
authors have reported cases of delayed obliteration.
Colombo et al (6) reported nine patients who ex-
perienced obliteration from 36 to 60 months after
radiosurgery. Yamamoto et al (20, 41) cited a case
of complete obliteration that occurred between 3
and 5 years after treatment. Pollock et al (38) re-
ported a patient whose cerebral AVM was shown
to be partially obliterated angiographically 48
months after treatment, and in whom complete
obliteration was revealed at 65 months. These late
cures, obtained well beyond the 2-year period in
which most obliterations are expected, raise an im-
portant question. Because protection from bleeding
is uncertain as long as complete obliteration is not
obtained, should reirradiation only be considered
when the cerebral AVM is still present on angio-
grams obtained 3 years after radiosurgery, as sug-
gested by some radiosurgical teams (6, 22, 25, 38)?

Our results provide a partial solution to this
problem because they indicate that, in selected
cases, radiosurgical failure can be predicted on the
basis of early angiographic results. For these pa-
tients, a long-term follow-up with sequential neu-
roimaging is not advisable, and could even expose
the patient to the risk of bleeding (7.2% in the pre-
sent study). Further treatments such as reirradia-
tion, microsurgery, or embolization should be dis-
cussed as soon as the early angiogram shows minor
or no changes, provided this angiogram is not per-
formed too early after treatment.

Sequential neuroimaging examinations are indi-
cated for all the other patients with incomplete
obliteration on early angiogram. These patients
would ideally benefit from the use of sequential
noninvasive MR or CT angiography for monitoring
therapeutic response (41, 43–55). If MR or CT fea-
tures suggestive of complete obliteration could be
delineated, an angiogram could be justified for de-
finite assessment. MR examination offers several
advantages over digital angiography. It allows
three-dimensional delineation of the nidus mor-
phology (33), which could be useful to follow-up
the precise postradiosurgical volume decrease of
the nidus over time. In addition to morphologic in-
formation, MR angiography provides a unique
quantitative tool to monitor postradiosurgical ef-
fects on transnidus flow rates (54). Sequential MR
follow-up data should provide additional data for
refining our preliminary results and profiling cere-
bral AVM shrinkage after radiosurgery. As indi-
cated by previous studies, cerebral AVM with dif-
ferent morphologic patterns have different
shrinkage time courses after treatment (13, 25, 32,
41). It is our hope that a better understanding of
the time course of AVM response to radiosurgery
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will provide individual neuroimaging follow-up
schemes adapted to the variable patterns of cerebral
AVMs. In practice, these personalized follow-up
protocols could be scheduled before treatment and
secondarily modified according to the results of the
early neuroimaging data.
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