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Abstract
The purpose of this study was to analyze the significance of perinidal T2

hyperintensity appearance after radiosurgery of arteriovenous malforma-
tions (AVMs), as a predictor of treatment response. Our initial experience
with linear accelerator (LINAC) radiosurgery at University of California, Los
Angeles, between 1990 and 1997 involved treatment of 129 patients af-
fected by cerebral AVMs. Based upon availability of neuroimaging follow-
up, 48 patients with 50 AVMs were selected for review. Forty (80%) of the
AVMs underwent complete obliteration or significant reduction on follow-
up MRI, on average 20 months after radiosurgery. Thirteen (72%) of 18 oblit-
erated AVMs were associated with perinidal T2 hyperintensity signal, on
average 18 months (6–49) after radiosurgery. Ten (20%) of 50 AVMs (aver-
age volume 23.1 cm3, ranging 7.5–46.5) were unchanged. Furthermore, only
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3 AVMs in this group showed reversible T2 signal changes. In patients with
complete nidal obliteration, appearance of T2 hyperintensity signal achieves
72% sensitivity in predicting successful treatment response.

Copyright © 2000 S. Karger AG, Basel

Introduction

Cerebral arteriovenous malformations (AVMs) are believed to be congenital
or acquired arterial-to-venous shunts that lack intervening capillary network [1–
3]. The AVM nidus is composed of tangled arterioles admixed with gliotic paren-
chyma, shunting arterialized blood to the draining veins. Depending on size,
hemodynamic factors, number of feeding vessels, pattern of venous drainage and
presence of flow-related or nidal aneurysms, AVMs may present with intracere-
bral hemorrhage, seizures, neurologic deficit, headaches or occasionally as inci-
dental findings on neuroimaging studies [4–10]. Several studies on the natural
history of AVMs have captured the high propensity of these lesions to hemorrhage
at the first presentation [11–14], each event carrying 1% mortality and 2–4%
major morbidity per year. The goal of treatment should be complete AVM nidal
obliteration while preserving the normal functioning of the adjacent brain paren-
chyma and providing the patient with a reasonable margin of therapeutic safety as
compared to the natural history of the disease. To this end, stereotactic radiosur-
gery has provided an elegant means of safely treating arteriovenous malforma-
tions, including those recognized by the Spetzler-Martin grading system as ‘high-
grade’ [15–19]. The most significant shortcoming of radiosurgical therapy of cere-
bral AVMs is the prolonged time interval superseding actual nidal obliteration
which may last from 6 months to several years [20–22]. The persistent chance of
hemorrhage from the partially obliterated nidus during the latency period man-
dates diligent neuroimaging follow-up of the radiosurgical patient until proven
nidal obliteration. Magnetic resonance imaging (MRI) has offered an accurate,
noninvasive modality for evaluation of AVM patency, as well as providing infor-
mation regarding the changes in the surrounding brain parenchyma after radio-
surgery [23–26]. The aim of this paper is to evaluate the postradiosurgical MRI
changes, specifically the appearance of perinidal T2 hyperintensity as a predictor
of eventual AVM response to radiosurgical treatment.

Patients and Methods

Our initial experience with linear accelerator (LINAC) radiosurgery at University of
California, Los Angeles, between 1990 and 1997, involved treatment of 129 patients
affected by cerebral AVMs. Patient referral was based either on ‘inoperability’ or refusal of
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Table 1. Clinical characteristics of
48 radiosurgical patients with AVMs Factor Cases

n %

Male 23 47
Female 25 53

Location
Cerebral lobe 34 69
Thalamus 5 11
Basal ganglia 3 6
Pons/midbrain 3 6
Cerebellum 4 6
Corpus callosum 1 2

Spetzler-Martin
I 0 0
II 6 12
III 11 22
IV 12 24
V 19 38
VI 2 4

open surgery. Forty-eight patients with 50 AVMs were retrospectively chosen based upon
availability of neuroimaging follow-up. Clinical characteristics of this patient population are
summarized in table 1. At the time of radiosurgery, the patients’ age ranged from 9 to 76
with a mean of 38.3 years.

Localization of the AVM
All patients underwent placement of a BRW frame (Brown, Robert, Wells; Radionics

Inc., Burlington, Mass., USA) and an appropriate fiducial box prior to biplane stereotactic
angiography, contrast CT and MRI scanning. Stereotactic angiography images were digitally
scanned into the radiosurgical planning software, using either the Philips SRS200 (Philips
Medical Systems, Shelton, UK), or the X-Knife system (Radionics Inc.). The scanned
images were then registered with the corresponding CT images and imported electronically.
In cases pretreated with radio-opaque embolic material, MRI images proved especially help-
ful in defining the AVM nidus.

Radiosurgical Technique
With the aid of an image-integrated computer planning system, single-dose treatment

plans achieved full nidus coverage in all patients. Four to eight noncoplanar converging arcs
of radiation were used for each isocenter. Beam diameter varied from 7 to 52.5 mm (mean
26.6). Nine (18%) of 50 AVMs were less than 4 cm3 in volume, treated with one isocenter, an
average prescribed dose of 17.6 Gy (range 14–25) to an average isodose line of 84% (range
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80–90%). Eleven (22%) AVMs measured 4–10 cm3 in size (average 6.3) were treated with
one isocenter, with an average prescribed dose of 16.2 Gy (range 13–22), to the average
isodose line of 81.4% (range 50–90%). The remaining 29 (58%) AVMs were 110 cm3, aver-
aging 31.3 cm3 in size, were treated with 1–2 isocenters, with an average prescribed dose of
14 Gy (range 12–18), to the average isodose line of 80% (range 50–90%).

Preradiosurgical Embolization
Eighteen (36%) of 50 AVMs were embolized prior to radiosurgery. Embolization was

performed in stages for large-sized AVMs to prevent normal pressure perfusion break-
through and optimize patient tolerance. Flow-directed microcatheters were used to deliver
embolic material or electrically detachable platinum coils (GDC coils) to obliterate intrani-
dal fistulae or associated proximal aneurysms. Volume changes were obtained from pre- and
postembolization angiograms. Of the embolized patients, 22.2% underwent stereotactic
radiosurgery within 1 week, 39% within 3 months, 16.8% within 6 months and 22% more
than 6 months following embolization.

Imaging Follow-Up
A 1.5-tesla MRI system (Signa; General Electric Corp., Milwaukee, Wisc., USA) was

used in all cases. Spin-echo pulse sequence T1-weighted (TR 533 ms/TE 14 ms) and fast
spin-echo T2-weighted (TR 3,100 ms/TE 84 ms) coronal and axial images were obtained.
Slice thickness was 5.0 mm, and the interslice gap was 1.5 mm, covering the entire brain.
The field of view was 18 ! 18 and a 256 ! 256 matrix was used. The first MRI scan was
obtained 3 months after treatment, followed by scans at 6-month intervals, until MRI evi-
dence of nidal obliteration. Then, a confirmatory cerebral angiogram was obtained in com-
pliant patients. Generally, a follow-up period of 3 years was observed before decision to
repeat stereotactic radiosurgery in patients with persistent AVM nidus. Patients with mag-
netic resonance images significant for reversible perilesional T2 signal were selected for
review. MRI in 3 patients in addition to reversible perinidal T2 change demonstrated peri-
nidal parenchymal enhancement on T1-weighted images after administration of gadolin-
ium.

Results

MRI follow-up revealed 40 (80%) of the 50 AVMs to have a significant
reduction in volume or complete nidal obliteration on average 20 months after
radiosurgery. Of the AVMs with MRI evidence of postradiosurgical reduction or
obliteration, 18 (45%) had angiographically proven nidal obliteration. Thirteen
(72%) of 18 obliterated AVMs were associated with perinidal T2 hyperintensity
signal on average 18 months (6–49) after radiosurgery. Three (25%) of the 13
AVMs showed evidence of encephalomalacia and radiation necrosis, evidenced
by gadolinium enhancement in the surrounding white matter. Ten (20%) of the
50 AVMs were unchanged after radiosurgery (average volume 23.1 cm3, range
7.5–46.5). Furthermore, only 3 (30%) AVMs in this group showed reversible T2

signal changes after radiosurgery. Figure 1 is a summary of the results comparing
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Fig. 1. Diagram comparing the distribution of MRI perinidal T2 appearance in the angio-
graphically obliterated subset of AVMs and MRI-patent AVMs. rT2 = reversible T2 signal.

Table 2. Comparison of the MRI perinidal T2 signal
appearance in angiographically obliterated AVMs and MRI-
patent AVMs

Characteristics Results

13/18 (72)
Specificity of T2 appearance for obliteration 7/10 (70)
False-negative rate 5/18 (28)
False-positive rate 3/10 (30)
Positive predictive value 13/18 (72)
Negative predictive value 7/10 (70)
Overall accuracy 20/28 (71)

Figures in parentheses are percentages.

sensitivity and specificity of perinidal T2 appearance on MRI as a predictor of
angiographic obliteration. Comparisons between the subset of AVMs with proven
angiographical obliteration and MRI-patent AVMs, with regard to the appear-
ance of perinidal T2 signal, are listed in table 2. Appearance of the T2 hyperinten-
sity signal had a 72% sensitivity and 70% specificity in predicting successful treat-
ment response.
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Discussion

Ionizing radiation delivered stereotactically to the AVM nidus produces a
cascade of reactions culminating in eventual nidal obliteration [27]. The evolu-
tion of changes that lead to the obliteration of the AVM begin with the acute-
phase response, including endothelial cell swelling, opening of the tight junctions
between the endothelial cells and eventual breakdown of the blood-brain barrier.
The acute-phase response is thought to contribute to the genesis of the high T2

signal in form of steroid-responsive vasogenic edema secondary to transudate for-
mation [28]. On the other hand, the chronic phase of radiation-induced changes is
characterized by intimal and adventitial proliferation and hyalin degeneration of
the vasculature [28–30]. Endothelial cell hyperplasia and intimal thickening lead-
ing to progressive luminal occlusion and thrombosis have been described in ani-
mal models of radiosurgery [27, 31, 32]. Szeifert et al. [33] and others [34, 35]
have described irradiation-induced changes in surgical and autopsy specimen of
AVM nidus, including subendothelial stromal changes, notably myofibroblast
proliferation, deposition of collagen type IV fibers and focal calcification leading
to scar tissue formation and contraction of the thrombosed AVM nidus. Yama-
moto et al. [36] have reported a spectrum of changes in the nidus-unrelated arter-
ies, from fragmentation of the elastic laminae to intimal hypertrophy and com-
plete luminal occlusion in vessels exposed to 10–25 Gy.

There are several neuroimaging modalities, such as CT, positron emission
tomography, MRI and the gold standard cerebral angiography, which allow the
clinician to monitor obliteration of the irradiated AVM. MRI has been increas-
ingly utilized to help evaluate postradiosurgical patients, due to its noninvasive-
ness and lack of ionizing radiation exposure. MRI lends itself particularly to eval-
uation of acute- as well as chronic-phase changes described above.

Our hypothesis regarding the appearance of perinidal T2 signal changes in
association with nidal obliteration is based upon the assumption that irradiation-
induced changes have variable effects on nidal and perinidal vessels. The differ-
ential response of the endothelial cells is an epiphenomenon resulting from the
spatial distribution of irradiation dosimetry. Nidal vessels, which experience
greater radiation dosage because of proximity to the isocenter, will go on to
occlude as compared to the perinidal vessels, which by virtue of greater displace-
ment from the isocenter undergo fragmentation of the elastic laminae and hyalin-
ization of the periadventitia with subsequent increased permeability (fig. 2).

An explanation for the appearance of the reversible perinidal T2 hyperinten-
sity signal, consistent with vasogenic edema, could be rendered in terms of the
evolution of hemodynamic changes in the irradiated AVM nidus. As the cascade
of nidal involution progresses, the intranidal blood flow diminishes with subse-
quent rise of hydrostatic pressure in the prenidal vessels. Increased intraluminal
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Fig. 2. A representation of an isodose plan for an AVM nidus. From the center of the nidus,
isodose lines are at 90, 70, 50 and 30%, respectively. Irradiating the nidus at 18 Gy to the
90% isodose line exposes the perinidal arterioles within the 70 and 50% isodose lines from 9
to 12.6 Gy.

hydrostatic pressure in the prearteriolar vessels experiencing partial irradiation-
induced damage would then become the principal mechanism responsible for T2

signal appearance. Transudation of plasma proteins and the increased hydrostatic
pressure in the prenidal arterioles obeying Starling forces would favor translumi-
nal fluid efflux and subsequent formation of perinidal edema. In this setting,
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perinidal edema formation would be an indicator of nidal response to radiosurgi-
cal therapy. Furthermore, greater radiation-exposure to perinidal vessels would
theoretically generate a greater potential for edema formation, in proportion to
the AVM size and treatment dose [28]. Further understanding of the regional
variables, such as the degree of perinidal loss of autoregulatory function, perfu-
sion-metabolism mismatch in the surrounding parenchyma, venous hypertension
and, more importantly, the hemodynamic profile of the AVM may serve in the
future for improved predictability of postradiosurgical behavior of the nidus.

The fact that the hemorrhage rate during the latency period after the radio-
surgical treatment of the AVM nidus is not increased compared to the rate of
bleeding expected from the natural history studies [20–22] could be accounted for
by the differential effect of the radiation on the nidal vessels; namely arteriolar
thrombosis more prevalent and prior to venous changes and secondly diminished
intraluminal pressure from the prearteriolar vessels in form of perinidal edema.

The dramatic fall in the intranidal blood flow during nidal obliteration paral-
lels the fall in the intraluminal hydrostatic pressure of the prenidal arterioles.
With loss of the pressure gradient across these vessels, the rate of perinidal fluid
formation would in turn fall with eventual resolution of the perinidal T2 hyperin-
tensity signal. In the majority of our patients, resolution of perinidal T2 hyperin-
tensity signal was observed over 5–18 months from the time of onset. In symp-
tomatic patients, steroids and occasionally rheologic agents such as pentoxifylline
(Trental®) were used to catalyze the resolution of the edema.

Other investigators have also reported an occurrence of perinidal high T2

MRI signal after stereotactic radiosurgery of AVMs with histopathological corre-
lates of blood-brain barrier breakdown, interstitial vasogenic edema and reactive
astrogliosis [32, 37, 38]. Lunsford et al. [38] have classified postradiosurgical MRI
findings with respect to nidal and perinidal reactions, finding a greater associa-
tion of perilesional T2 hyperintensity signal after the treatment of AVMs as com-
pared to the other intracranial lesions in their series.

In those patients with persistent although smaller regions of increased T2

signal, other mechanisms such as perinidal gliosis, irradiation-induced angiogene-
sis and blood product deposition may be responsible. These other mechanisms
can be distinguished from the perinidal T2 hyperintensity secondary to vasogenic
processes explained above by studying the MRI characteristics of the lesion with
respect to its T1 appearance, pattern of gadolinium enhancement and the revers-
ibility of the lesion.
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