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TECHNICAL STUDIES

OBLITERATION DYNAMICS IN CEREBRAL ARTERIOVENOUS
MALFORMATIONS AFTER CYBERKNIFE RADIOSURGERY:
QUANTIFICATION WITH SEQUENTIAL NIDUS VOLUMETRY
AND 3-TESLA 3-DIMENSIONAL TIME-OF-FLIGHT
MAGNETIC RESONANCE ANGIOGRAPHY

OBJECTIVE: To investigate the time-dependent obliteration of cerebral arteriovenous
malformations (cAVM) after CyberKnife radiosurgery (CKRS) (Accuray, Inc., Sunnyvale, CA)
by means of sequential 3-T, 3-dimensional (3D), time-of-flight (TOF) magnetic resonance
angiography (MRA), and volumetry of the arteriovenous malformation (AVM) nidus.

METHODS: In this prospective study, 3D TOF MRA was performed on 20 patients with
CcAVMs treated by single-fraction CKRS. Three-dimensional TOF MRA was performed on
a 3-T, 32-channel magnetic resonance scanner (Magnetom TIM Trio; Siemens Medical
Solutions, Erlangen, Germany) with isotropic voxel size at a spatial resolution of 0.6 X 0.6
X 0.6 mm?>. The time-dependent relative decay of the transnidal blood flow evidenced by
3D TOF MRA was referred to as “obliteration dynamics.” Volumetry of the nidus size was
performed with OsiriX imaging software (OsiriX Foundation, Geneva, Switzerland). All
patients had 3 to 4 follow-up examinations at 3- to 6-month intervals over a minimum fol-
low-up period of 9 months. Subtotal obliteration was determined if the residual nidus
volume was 5% or less of the initial nidus volume. Stata/IC software (Version 10.0; Stata
Corp., College Station, TX) was used for statistical analysis and to identify potential fac-
tors of AVM obliteration.

RESULTS: Regarding their clinical status, case history, and pretreatments, the participants
of this study represent difficult-to-treat cAVM patients. The median nidus volume was 1.8
mL (range, 0.4-12.5 mL); the median minimum dose prescribed to the nidus was 22 Gy
(range, 16-24 Gy) delivered to the 67% isodose line (range, 55-80%). CKRS was well tol-
erated, with complications in 2 patients. No further hemorrhages occurred after RS, except
1 small and clinically inapparent incident. The median follow-up period after RS was 25.0
months (range, 11.7-36.8 months). After RS, a statistically significant obliteration was
observed in all patients. However, the obliteration dynamics of the cAVMs showed a pro-
nounced variability, with 2 types of post-therapeutic behavior identified. cAVMs of Group
A showed a faster reduction of transnidal blood flow than cAVMs in Group B. The median
time to subtotal obliteration was 23.8 months for all patients, 11.6 months for patients in Group
A, and 27.8 months for patients in Group B (P = 0.05). Logistic regression analysis revealed
dose homogeneity and the circumscribed isodose to be the only variables (P < 0.01) asso-
ciated with the obliteration dynamics in this study. The cumulative complete angiographic
obliteration rate was 67% (95% confidence interval, 32-95%) 2 years after RS.
CONCLUSION: The use of sequential 3D TOF MRA at 3 T and nidus volumetry enables
a noninvasive quantitative assessment of the dynamic obliteration process induced by
CKRS in cAVMs. This method may be helpful to identify factors related to AVM oblit-
eration after RS when larger patient cohorts become available.

KEY WORDS: 3-dimensional time-of-flight magnetic resonance angiography, 3-Tesla magnetic resonance
imaging, Cerebral arteriovenous malformation, CyberKnife, Dynamic obliteration, Frameless robotic image-
guided radiosurgery
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OBLITERATION DYNAMICS IN ARTERIOVENOUS MALFORMATIONS

ABBREVIATIONS: AVM, arteriovenous malformation; cAVM, cere-
bral arteriovenous malformation; Cl, confidence interval; CK,
CyberKnife; CKRS, CyberKnife radiosurgery; DSA, digital subtraction
angiography; GKRS, gamma knife radiosurgery; MRA, magnetic res-
onance angiography; MRI, magnetic resonance imaging; RS, radio-
surgery; 3D, 3-dimensional; TOF, time of flight

tereotactic radiosurgery (RS) is acknowledged to be a

valuable treatment principle for cerebral arteriovenous

malformations (cAVM) (35, 36). The relatively long latency
to achieve complete obliteration of the malformation is a fea-
ture of RS of cAVMs that is generally regarded as a specific dis-
advantage (25, 32). Determinants of the obliteration latency are
generally unknown.

The unequivocal diagnostic work-up of cAVMs is based on
digital subtraction angiography (DSA). However, the use of
invasive DSA after cAVMs have been treated by RS is limited
by low patient acceptance. With magnetic resonance angiogra-
phy (MRA), noninvasive evaluation of cAVMs becomes feasible
(10). The applicability of 3-dimensional (3D) time-of-flight
(TOF) MRA for treatment planning and follow-up of radiosur-
gically treated cAVMs has previously been shown (20, 38).
Magnetic resonance imaging (MRI) at 3 T represents the pinna-
cle of current clinical imaging. High 3-T field strengths increase
the signal gain and allow for MRI with higher spatial resolution
and shorter acquisition time. Recently, the CyberKnife (CK) RS
(CKRS) system (Accuray, Inc., Sunnyvale, CA) has been intro-
duced as advanced treatment technology for RS (1). The CK
enables frameless robotic image-guided RS. Integration of 3-T
MRI scans into the dose-planning process of CKRS and its use
for sequential follow-up studies would be very attractive. In
fact, this approach could transform RS for cAVMs into a com-
pletely noninvasive therapeutic concept.

Given this background, we intended to primarily evaluate
the response of cAVMs to CKRS using 3D TOF MRA at 3-T
field strength and to quantify the size of the arteriovenous mal-
formation (AVM) nidus with sequential volumetry with this
study. Here, we refer to the time-dependent decay of the
transnidal blood flow after RS as “obliteration dynamics.”

PATIENTS AND METHODS

The CK robotic RS system consists of a 6-MV compact linear accel-
erator mounted on a computer-controlled, 6-axis robotic manipulator
(1, 23). Integral to the system are orthogonally positioned x-ray cameras
for image acquisition during treatment. These images are processed
automatically to identify specific cranial structures. The information is
then referenced to the treatment planning computed tomographic
study, and the exact position of the RS target (e.g., the nidus of the
cAVM) is determined in real time. Thus, the system is able to compen-
sate for changes in patient position during treatment. The treatment
principle of the CK represents a noncoplanar, nonisocentric dose deliv-
ery. The precision of the CK technology is comparable to published
localization errors in current frame-based RS systems (7).

In general, a high prescription dose of between 15 and 25 Gy is
needed to obliterate cAVMs by RS. CK treatment plans show excellent
homogeneity, conformity, and target coverage (8). The homogeneity
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index is the ratio of the maximum dose to the prescription dose.
Homogeneity of the dose distribution is better at smaller values of the
homogeneity index.

A Magnetom TIM Trio (Siemens Medical Solutions, Erlangen,
Germany) fully integrated 3-T system with 32 channels and a dedicated
12-channel head coil was used. The standard imaging protocol
included T2-weighted fast spin echo sequences, fluid-attenuated inver-
sion recovery, and T1-weighted fast spin echo sequences before and
after contrast medium application, as well as a nonenhanced 3D TOF
sequence. High-resolution 3D TOF MRA was acquired using a 3D fast
low-angle shot sequence (gradient recalled echo) with isotropic voxel
size and a spatial resolution of 0.6 X 0.6 X 0.6 mm? (repetition time, 24
ms; echo time, 4.1 ms; bandwidth, 190 Hz/pixel; flip angle, 15 degrees;
matrix size, 240 X 320; transverse orientation). For this study, only the
3D TOF sequence was analyzed. All other MRI sequences that were
also applied to the patients were disregarded in this study. For every
patient, the MRI scans were fused to contrast-enhanced computed
tomographic images to verify correct anatomic and cAVM topography
during dose planning and to compensate for any potential image dis-
tortions in the MRA.

Volumetry of the nidus was performed with OsiriX image process-
ing software (Version 2.7.5; OsiriX Foundation, Geneva, Switzerland).
In patients with previous embolization, glue caused spotted, sharply
demarcated areas of flow void in the 3-T, 3D TOF MRA. Areas of glue
were excluded from nidus volumetry. All MRA images in this study
were free of metallic artifacts.

For volumetry, the area of the high-intensity signal indicating blood
flow within the AVM nidus was outlined and summed over the whole
stack of images containing the nidus. These measurements were per-
formed using the axial source data of the 3D TOF MRA. For data analy-
sis, the initial volume of the AVM nidus was set to 100% for each
patient. Nidus volumes measured during sequential examinations
were expressed as a percentage of the initial volume and related to 4
distinct follow-up intervals. They were referred to as T, through Ty,
with T, indicating the date of the CK treatment. Subtotal obliteration of
the cAVMSs was assumed if the residual nidus volume was 5% or less
of the nidus volume at T,. Three to 4 follow-up examinations at 3- to 6-
month intervals over a minimum follow-up period of 9 months were
acquired. Stata/IC software (Version 10.0; Stata Corp., College Station,
TX) was used for statistical analysis. Two-group mean comparison tests
(t tests) were used to assess potential differences in variables according
to AVM Groups A and B (defined below according to the latency and
rapidity of AVM obliteration). Logistic regression analysis was used to
identify potential factors related to differences in obliteration dynam-
ics between Groups A and B. Kaplan-Meier estimates were used to
examine the cumulative probability of subtotal and complete oblitera-
tion of radiosurgically treated cAVMs.

After RS, the patients underwent prospective sequential MRI at 3- to
6-month intervals. The standard imaging protocol included morpho-
logical imaging and 3D TOF MRA before contrast material applica-
tion. All patients gave informed consent. No patients with contraindi-
cations for MRI or MRI contrast agents were included. Furthermore,
patients were censored if they had less than 9 months of follow-up
after CKRS and fewer than 3 follow-up examinations. If 3D TOF MRA
was indicative of complete obliteration of the AVM, a DSA was pro-
posed to the patient to verify complete AVM obliteration.

RESULTS

Over the course of 1.5 years, starting in July 2005, a consec-
utive series of 20 patients with cAVMs underwent outpatient
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CKRS at the European CyberKnife Center in Munich. All
patients were treated with single-fraction RS. For patients with
primary RS (n = 12), the selection criterion was the finding of
a cAVM in eloquent areas of the brain which rendered the
lesion inoperable. Two of these patients were re-treated with
the CK after previous gamma knife radiosurgery (GKRS)
because of persistent nidus. One of the GKRS patients (cAVM
in the left cerebellar peduncle) hemorrhaged 2 months before
GKRS, and the other (AVM in the left basal ganglia) hemor-
rhaged 20 months before GKRS. The interval between GKRS
and CKRS was 4.8 and 11.3 years, respectively. The nidus vol-
umes were 0.7 and 4.0 mL for GKRS and 0.6 and 0.8 mL for
CKRS, respectively. Marginal doses of 22.5 and 20 Gy were
prescribed to the 50% isodose line in GKRS, and 20 Gy to the
65% isodose and 18 Gy to the 70% isodose in the CKRS. Six
patients were pretreated by endovascular embolization.
Surgery was performed to evacuate hemorrhages in 3 patients.
One of these patients was embolized before hematoma evacu-
ation. The median Spetzler and Martin score (34) was 4 (range,
3-6), and the median RS AVM score, according to Pollock and
Flickinger (30), was 1.34 (range, 0.46-2.4). Fourteen patients
(85%) presented with a permanent neurological deficit, 4 with
epilepsy, and 4 with distinctive psychopathological features.
There were only 3 patients free of AVM-related symptoms.
The clinical data are summarized in Table 1.

A total of 20 patients met the inclusion criteria (Table 1). The
median follow-up period after RS was 25.0 months (range,
11.7-36.8 months). The median volume of the untreated AVM
nidus detected by 3D TOF MRA was 1.8 mL (range, 0.4-12.5
mL), and the median minimum dose prescribed to the nidus
was 22 Gy (range, 1624 Gy). This dose was delivered to the
67% isodose line (range, 55-80%). The median homogeneity
index was 1.46 (range, 1.25-1.81).

Nidus volumetry was performed in these 20 patients accord-
ing to the schedule provided in Table 2. A total of 76 sequential
volume quantification measurements were performed (3 or 4
per patient). Obliteration dynamics could be verified in all
patients (Figs. 1 and 2). However, the decrease of the transnidal
blood flow showed considerable variability from patient to
patient. Volumetric subtotal or complete obliteration of the
cAVM (=5% residual nidus) was detected in 16 patients 25
months after CKRS (Fig. 3). In 4 patients, a partial obliteration
that did not reach 95% was verified.

Despite the pronounced variability in this small patient sam-
ple, 2 subgroups of AVMs could be identified with respect to
the obliteration dynamics. Group A (6 patients) had a rapid
regression of the nidus, and Group B (14 patients) showed a
delayed response (Table 3; Fig. 3). The median homogeneity
index was 1.43 (range, 1.25-1.53) in Group A and 1.53 (range,
1.43-1.82) in Group B (P < 0.01). Logistic regression analysis
revealed dose homogeneity and the circumscribed isodose to
be the only significant variables associated with the obliteration
dynamics in treated AVM nidi (P < 0.01). The other factors
tested (age, sex, nidus volume, AVM score, dose level) were not
significant in this statistical model. The median time to subto-
tal obliteration was 23.8 months for all patients, 11.6 months for
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TABLE 1. Characteristics of patients and treatment parameters?

Characteristics No.
Patients
Total (no.) 20
Women/men 12/8
Age, median, y (range) 33.4 (13-50)
Focal neurological deficit 17 (85%)
before CKRS, no. (%)
AVM side, left/right 11/9
Spetzler-Martin score, median (range) 4 (3-6)
Radiosurgery grading, median (range) 1.35(0.46-2.4)
Hemorrhage before treatment (no.) 9
Microsurgery before to CKRS (no.) 3
Endovascular embolization (no.) 6
GKRS before CKRS (no.) 2
CKRS
Nidus volume, mL (median, range) 1.8 (0.4-12.5)
Minimum dose to nidus, Gy 22.0(15.9-24.0)
(median, range)
Maximum dose to nidus, Gy 30.3 (24.3-40)
(median, range)
Circumscribed isodose, 68 (55-80)
% (median, range)
Homogeneity index (median, range) 1.46 (1.25-1.81)

7 AVM, arteriovenous malformation; CKRS, CyberKnife radiosurgery; GKRS, gamma
knife radiosurgery.

TABLE 2. Schedule and histogram of nidus volumetry=

Time Time (mo) after No. of No.
interval CKRS (mean = obser- of
after CKRS standard deviation) vations? patients©

T 0 20 20

T, 3.6 1.0 6 6

T, 69 *+1.3 16 16

Ts 13319 20 20

T4 222 *+3.6 14 18

7 CKRS, CyberKnife radiosurgery.

> One observation = 1 nidus volume determination on 3-dimensional time-of-flight
magnetic resonance angiography.

< Number of patients available for nidus volumetry with reference to treatment date.
There were a total of 76 measurements.

9 Treatment date.

patients in Group A, and 27.8 months for patients in Group B
(P = 0.05) (Fig. 3). At this point in time, 7 patients have under-
gone DSA to investigate occlusion of the AVM. Complete
angiographic obliteration was confirmed in 5 patients and
subtotal angiographic obliteration in 2. In this regard, the
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FIGURE 1. Illustrative case of a cerebral arteriovenous malformation
(cAVM) in the right occipital lobe treated by CyberKnife radiosurgery
(CKRS) (Patient 253). A-D, 3-T, 3-dimensional (3D) time-of-flight (TOF)
magnetic resonance angiography (MRA). Images are taken at interval T,
(nidus volume = 7.7 mL [100%]); T> (7 months after CKRS; nidus vol-
ume = 5.2 mL [67%]); T5 (12 months after CKRS; nidus volume = 2.5
mL [33%]); Ty (19 months after CKRS; nidus volume = 0.2 mL [3%]);
interval T is not available in this case. E and F, lateral projections of dig-
ital subtraction angiography (DSA) before (left DSA, interval T,) and 19
months (right DSA, interval T,) after CKRS. There is almost complete
obliteration, corresponding well to the 3-T, 3D TOF MRA. The example
is a slowly obliterating cAVM.

cumulative complete obliteration rate was 67% (95% confi-
dence interval [CI], 32-95%) 2 years after CKRS. The corre-
sponding obliteration probabilities obtained for these patients
by application of the prediction models developed by Karlsson
et al. (19) and Flickinger et al. (15) were 71% (95% CI, 60-74%)
and 77% (95% CI, 49-84%), respectively.

CKRS was well tolerated in the majority of patients. Com-
plications of RS were observed in 2 young patients with large
cAVMs (nidus volume, 5.6 and 12.5 mL, respectively). Both
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FIGURE 2. Graph showing time-dependent obliteration of cAVMs after
CKRS. Two patients with different obliteration dynamics (Patient [pt]
728 of the fast-obliterating Group A; Patient 253 of the slowly obliterat-
ing Group B). RS, radiosurgery; AVM, arteriovenous malformation.

individuals were Grade 6 according to Spetzler and Martin,
and their RS-based grade was 1.6 and 2.4 (30, 34). The 2
patients had progressive neurological symptoms before RS and
there were no other treatment options left for them. One patient
experienced a small, clinically silent hemorrhage observed on
MRI 3 months after CKRS. This resolved spontaneously. The
other patient developed a moderate hemiparesis, probably
because of occlusion of a peripheral parietal artery, 6 months
after CKRS. The disability has not affected his work status, and
he is being treated with physiotherapy.

DISCUSSION

Patients

cAVMs are inhomogeneous with respect to their symptoma-
tology, angioarchitecture, topography, size, and transnidal
blood flow. Microsurgery, endovascular surgery, and RS are
established methods to free patients from the risk of cerebral
hemorrhage that is, to variable degrees, associated with such
lesions. Grading or classification systems have been developed
as a means to predict the therapeutic risk in relation to surgery,
endovascular therapy, and RS (30, 34, 37). Today, the majority
of cAVMs can be treated with 1 of the available options alone,
or with combination therapy. Nevertheless, there are cAVMs
that are still difficult to treat. In the present study, no low-grade
cAVMs (34) were included. Patients were characterized by a
high median AVM grade of 4 (range, 3-6), according to the
Spetzler and Martin (34) classification, and a high RS-based
grading score of 1.35 (range, 0.46-2.4); more than 50% of
patients had been treated previously (by surgery, endovascular
therapy, and/or GKRS) (30, 34). Nine patients had had hemor-
rhages before treatment. Furthermore, 2 young patients with
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FIGURE 3. A, graph showing the cumulative probability of subtotal oblit-
eration of radiosurgically treated cAVMSs (n = 20). Subtotal obliteration is
defined as 5% or less of the initial nidus volume detected on 3D TOF
MRA. B, graph showing the cumulative probability of subtotal obliteration
of radiosurgically treated cAVMs stratified according to the AVM Groups
A (n=6)and B (n = 14) (P = 0.05). Cum., cumulative.

large cAVMs, progressive symptoms, and no other treatment
options were included on the basis of individual informed con-
sent. In this regard, the patients in this study represent a selec-
tion of cAVMs that were difficult to treat. Therefore, the obser-
vation of a single instance of permanent moderate hemiparesis
and 1 asymptomatic hemorrhage as the only side effects may
be regarded as acceptable treatment toxicity.

Homogeneity and Strength of the Magnetic Field

Theoretically, medical progress should lead to improved
treatment options. In this study, for the first time, with the
3-T Magnetom TIM Trio and the CK, 2 advanced technologies
are combined in a prospective study of the treatment of
cAVMs. There are several potential pros and cons associated
with the 3-T imaging technology. The narrow and long gantry
of the 3-T Magnetom TIM Trio provides a very homogeneous
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magnetic field. This is of essential importance for treatment
planning with the CK, because distortions of the magnetic
field could cause inaccurate dose delivery (33). According to
our experience, image distortion is a critical issue when using
data generated by MRI scanners with short and wide gantries.
However, with the 3-T Magnetom TIM Trio system, we did not
observe image distortion in this series of AVM patients. In our
patients, even the smallest nidus of 0.4 mL was identified in
the 3D TOF MRA. The field homogeneity and a 100% detec-
tion rate of AVM nidi are true improvements, as compared
with the status in 1992, when we were the first to describe the
use of 3D TOF MRA for treatment planning and follow-up in
RS (11, 20, 33, 38). At that time, corrections of the spatial dis-
tortions of the MRI scans were necessary (33). An analog con-
text may account for the observation of others that MRA-based
dose planning may miss parts of the AVM nidus and that the
nidus contoured on MRA may be displaced with respect to CT
imaging or DSA (2, 4). Our experience with 3-T, 3D TOF MRA
does not support this statement.

3-T 3D TOF MRA and DSA

It is commonly accepted that DSA remains the “gold stan-
dard” for characterization of AVMs (17, 18, 41). It is also desir-
able to integrate DSA directly into the target definition process
during RS dose planning. Previous DSA showing the cAVM
was available for all patients in this study. However, the CK
software cannot directly process DSA images; therefore, the
correlation between DSA and 3D TOF MRA was a matter of
principal concern. Bednarz et al. (3) studied the advantages of
1.5-T, 3D TOF MRA, as an adjuvant to DSA, in obtaining 3D
information about a cAVM nidus and in optimizing RS treat-
ment plans. The authors concluded that 3D TOF MRA as a
complementary imaging modality to DSA increased the accu-
racy of the AVM RS and allowed for optimal dose planning. As
a matter of principle, MRI at high field strengths enables
shorter acquisition times and improved spatial resolution. 3-T
TOF MRA offers superior characterization of cAVM angioarchi-
tecture, as compared with 1.5-T TOF MRA (18). However, the
image quality of MRA at both 3.0 and 1.5 T was still found to
be far from equal to DSA (18). Zhang et al. (41) addressed the
issue of sensitivity and specificity concerning MRA and DSA
for cAVM RS planning and evaluation in a methodical study.
They estimated the specificities and sensitivities of MRA and
DSA to be (0.95, 0.74) and (0.71, 0.95), respectively. The positive
overlap of MRA and DSA accounted for 67.8 = 4.9% of the
estimated true AVM volume. Compared with plans targeting
MRA- and DSA-positive overlap area, plans targeting MRA-
positive volume or DSA-positive area improved the cAVM
obliteration rate by 4.1 £ 1.9% and 15.7 *= 8.3%, while also
increasing the complication rate by 1.0 + 0.8% and 4.4 + 2.3%,
respectively. The authors concluded that aiming at the MRA-
positive target (as we did in analogy) is superior to aiming at
the MRA and DSA overlap. Nevertheless, they claimed to
include DSA in the dose planning process because the target
definition is more consistent and robust in combination with
DSA, and because of the high sensitivity of DSA (41). Apart
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TABLE 3. Characteristics of arteriovenous malformation subgroups?
Characteristics Group AP Group B¢ Pvalue
Patients
Total (no.) 6 14 NS
Women/men 2/4 10/4 NS
Age, median, y (range) 26.2 (19.3-44.2) 35.5 (13.0-49.8) NS
AVM side, left/right 4/2 717 NS
Spetzler-Martin score, median (range) 4 (3-6) 4 (3-6) NS
Radiosurgery grading, median (range) 1.23 (0.46-1.56) 1.41(0.68-2.4) NS
Hemorrhage before treatment (no.) 4 5 NS
Microsurgery before CKRS (no.) 1 2 NS
Endovascular embolization (no.) 1 5 NS
GKRS before CKRS (no.) 0 2 NS
CKRS
Nidus volume, cm? (mean = SD) 1.35 (0.4-6.8) 8 (0.51-2.5) NS
Minimum dose to nidus, Gy (mean % SD) 23.4 (19-24) 20.5 (16-24) NS
Maximum dose to nidus, Gy (mean * SD) 30.3 (27-37) 30.4 (24-40) NS
Circumscribed isodose, % (mean = SD) 0 (65-80) 5 (55-75) <0.01
Homogeneity index (median, range) 1.42 (1.25-1.54) 1.54 (1.43-1.81) <0.01
Obliteration of AVM (nidus)
Interval TO: nidus volume, % 100 100
Interval T1: residual nidus, %, (mean = SD) 27.8+13.1 80.4 = 20.9 <0.01
Interval T2: residual nidus, %, (mean = SD) 10.6 = 14.4 63.1 =19.2 <0.001
Interval T3: residual nidus, %, (mean = SD) 6.6 £ 8.9 26.4 = 20.6 <0.02
Interval T4: residual nidus, %, (mean * SD) 1.7 2.8 9.8 £13.5 NS

2NS, not significant; AVM, arteriovenous malformation; CKRS, CyberKnife radiosurgery; GKRS, gamma knife radiosurgery; SD, standard deviation.

b Rapid nidus obliteration.
< Slow nidus obliteration.

from the fact that the CK software cannot read DSA images, our
experience concerning dose planning with DSA and 3-T, 3D
TOF MRA was in agreement with the results of these authors.
Furthermore, we found a good correlation between DSA and
3-T, 3D TOF-MRA concerning cAVM obliteration. Thus far, 7
patients have undergone DSA after verification of at least 95%
reduction of transnidal blood flow in 3-T, 3D TOF MRA.
Complete angiographic obliteration could be demonstrated in
5 and subtotal angiographic obliteration in 2 of these patients.
A cumulative, complete obliteration rate of 67% (95% ClI,
32-95%) 2 years after CKRS was determined. This is in agree-
ment with the obliteration rates of 50 to 90% published in the
literature (6, 14, 19, 21, 24, 26, 28, 29, 31, 40) and with the pre-
dicted obliteration rates calculated with the models developed
by Karlsson et al. (19) and Flickinger et al. (15).

Obliteration Dynamics

3D TOF MRA is known to provide a very sensitive image of
the transnidal blood flow (20). This is the first study to quan-
tify the decay of the transnidal blood flow in a series of
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patients with cAVMs treated by CKRS. The time-dependent
regression of transnidal blood flow after RS, or obliteration
dynamics, is a determinant of the latency period. With 3D TOF
MRA, we were able to observe obliteration dynamics in all
patients in this study, regardless of the nidus size and whether
or not the patient had previous hemorrhage, surgery, endovas-
cular treatment, or no previous therapy. However, a pro-
nounced scattering of the measured values was detected by
sequential nidus volumetry after RS. This was not only true of
the directly measured volumes, but also applied to the relative
(e.g., percentage) numbers, allowing interpatient comparison.
In principle, patients could fall into one or the other group
because of either treatment-related parameters or biological
factors, or some combination. However, probably in part
because of the limited sample size, only dose homogeneity
and the circumscribed isodose were identified as statistically
decisive parameters differentiating the 2 distinct groups of
cAVM. AVMs were obliterated faster if the dose distribution
was more homogeneous. This finding contributes to the con-
troversy regarding the significance of dose homogeneity in
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the radiosurgical literature (5, 16, 22, 39). Some authors claim
that inhomogeneity of the dose distribution is not relevant or
even positively correlated with AVM obliteration after RS,
whereas others take the contrary position.

Limitations of the Study

The present study was based on 3D TOF MRA for practical
reasons. However, there are other valuable MRI sequences and
techniques available, such as contrast-enhanced, time-resolved
MRA and blood bolus tagging techniques to study flow
dynamics within the AVM nidus and nidus obliteration after
RS (9, 12,13, 27). In general, such studies hold promise of a bet-
ter understanding of the effects of RS in cAVMs and to identify
biological factors and treatment parameters related to nidus
obliteration and the latency period after RS.

The basic concept of this study was to perform entirely non-
invasive diagnostic imaging and treatment and to analyze the
therapeutic effects of CKRS for cAVM by a simple and practi-
cal approach. However, in addition to the small sample size,
the authors are aware of further limitations of this study,
including incomplete follow-up with DSA and the principal
limitations of 3D TOF MRA. More data are required to establish
a firm correlation between 3D TOF MRA and DSA to determine
the end point of obliteration of the cAVM.

3D TOF MRA is known to depend on flow characteristics,
velocity, and flow direction. Flow-related effects may influence
the absolute measurements of nidus volumes. Furthermore, 3D
TOF MRA may be susceptible to structures with short T1 time
and susceptibility artifacts (9). Contrast-enhanced 3D TOF-
MRA could compensate for some of these effects. However,
venous overlay may hamper the exact volume analysis of the
nidus, which is why we preferred imaging before contrast
media application. Susceptibility artifacts may be even more
pronounced with 3-T imaging, and the degree of impairment
and effect on volumetry is not clear. However, using the rela-
tive percentage values of sequential volumetry, as we did in
this study, these drawbacks of 3D TOF MRA may be mini-
mized, at least for interpatient analysis.

3D TOF MRA does not include dynamic information on the
flow characteristics of the nidus. Multiple attempts have been
made to quantify the flow dynamics of AVMs with MRI tech-
niques such as blood bolus tagging techniques and contrast-
enhanced dynamic studies (9, 12). These techniques are very
promising to further understand the hemodynamics of these
complex entities. Studies are warranted to further assess these
novel techniques and potentially compare the results to nonen-
hanced 3D TOF MRA.

CONCLUSION

Here, for the first time with the 3-T Magnetom Trio and the
CK, 2 advanced noninvasive technologies are combined in
a prospective study of difficult-to-treat cAVMs. The time-
dependent regression of the transnidal blood flow after RS,
referred to as obliteration dynamics, was investigated. With
3D TOF MRA and sequential nidus volumetry, we were able to
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quantify obliteration dynamics in all AVM patients with a prac-
tical clinical approach. MRA as a noninvasive imaging tech-
nique seems to be much more suitable to investigate oblitera-
tion dynamics in radiosurgically treated AVM patients than
invasive DSA. Two groups of AVM patients were identified, 1
of which showed a faster AVM obliteration rate than the other.
The difference between the groups suggests that dose homo-
geneity is directly related to the speed of AVM obliteration.
This pilot study could serve as a template for further noninva-
sive studies on factors leading to cAVM obliteration after RS.
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