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ORIGINAL RESEARCH
BRAIN

Value of 4D MR Angiography at 3T Compared with DSA for the
Follow-Up of Treated Brain Arteriovenous Malformation

ABSTRACT

S. Soize, F. Bouquigny, K. Kadziolka, C. Portefaix, and L. Pierot

BACKGROUND AND PURPOSE: Four-dimensional, contrast-enhanced MRA is a useful technique for the diagnosis and classification of
brain AVM. The purpose of this study was to evaluate its usefulness in the follow-up of treated brain AVM.

MATERIALS AND METHODS: Patients with treated brain AVM (embolization, radiosurgery, and/or surgery) were investigated with both
DSA (the “gold standard”) and 4D MRA. Four-dimensional MRA was performed at 3T using a 4D sequence, combining contrast-enhanced
timing-robust angiography, keyhole, and sensitivity encoding techniques. Examinations were evaluated by 2 independent readers and
disagreements were resolved by a third reader. Interobserver and intermodality agreement with respect to residual nidus, residual venous
drainage, and brain AVM patency were determined.

RESULTS: Between May 2008 and February 2013, 37 patients with a median age of 45 years (interquartile range = 26 -55) were prospec-
tively included. Examinations were acquired 36 months (IQR = 10—45.5) after the last treatment. Interobserver agreement for brain AVYM
patency was very good for both 4D MRA (k 0.82, 95% Cl .67—.98) and DSA (k 0.84, 95% Cl .69—-.98). After consensus reading, intermodality
agreement for the evaluation of brain AVM patency was good (k 0.73, 95% Cl .55-.90). Diagnostic accuracy of 4D MRA for residual brain
AVM compared with DSA, reached a sensitivity of 73.7%, specificity 100%, positive predictive value 100%, and negative predictive value
78.3%. Agreements by technique of treatment are also detailed.

CONCLUSIONS: Four-dimensional MRA is a useful radiation-free technique for the follow-up of patients with treated brain AVM,
especially patients treated by radiosurgery. However, given its actual limitations it is not sufficient to assert the cure; DSA remains
mandatory for this purpose.

ABBREVIATIONS: 4D-MRA = 4D contrast-enhanced MRA; bAVM = brain AVM; CENTRA = contrast-enhanced timing-robust angiography; SENSE = sensitivity

encoding

B rain AVMs (bAVMs) are rare developmental disorders (prev-
alence of 0.01%—0.52%) composed of a network of channels
(nidus) interposed between feeding arteries and draining veins."
They are often revealed by spontaneous intracranial hemorrhages
with high morbidity and mortality.>> They are often diagnosed in
young, otherwise healthy patients and carry a life-long bleeding
risk ranging between 1.5% and 4.0% per year.*> There are several
treatment options, including surgical resection, endovascular em-
bolization, and radiosurgery, that can be attempted to achieve a
cure.®'° The risk of bleeding persists as long as an anatomic cure
is not completely achieved.® Therefore, it is necessary to confirm
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an AVM cure after the treatment. When the AVM is treated by
surgery and/or embolization, imaging is performed a few weeks or
months after the end of the treatment to evaluate the AVM occlu-
sion status (complete occlusion or residual AVM). When AVM is
treated with radiosurgery (alone or after embolization and/or sur-
gery), occlusion is usually achieved after a few years, and a regular
imaging follow-up is conducted every 6 or 12 months.>®
Despite several disadvantages, such as radiation exposure,
iodinated contrast agent injection risks (including allergy and
nephrotoxicity), and neurologic procedural risks (0.30%-—
2.63%),"" 12 DSA is the reference method to evaluate AVM occlu-
sion status because of posttreatment modifications. Indeed, it has
avery good spatial and especially temporal resolution allowing for
a precise evaluation of potential residual nidus and residual ve-
nous drainage. To reduce these risks, several noninvasive cross-
sectional imaging techniques like 3D TOF-MRA and 3D contrast-
enhanced MRA were used.'*'® The diagnostic accuracy of these
techniques was quite good, but not enough to replace DSA be-
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cause they suffered from a poor temporal resolution that limited
analysis of the angioarchitecture and hemodynamics.'*'® Four-
dimensional contrast-enhanced MRA (4D-MRA) was conceived
to solve this problem and to provide a better temporal resolution
while also preserving spatial resolution. However, the first exam-
inations were not efficient enough; by incorporating progressive
new technologies such as parallel imaging and intelligent sam-
pling of the k-space, it became an emergent imaging technique
with the advantage of a dynamic “DSA-like” evaluation of the
AVM that allows for the definition of arterial feeders, nidus, and
draining veins in the same examination.'” Actually, 4D-MRA per-
mits the effective diagnosis and classification of bAVM.'7%° The
value of 4D-MRA for the follow-up of patients with a treated
bAVM has been rarely evaluated.>"** The purpose of this study
was to evaluate the performance of 4D-MRA at 3T for the fol-
low-up of patients with a treated bAVM. In other words, this
study will try to answer the 2 following questions: is 4D-MRA
enough to assert the cure? Is 4D-MRA useful for the follow-up of
treated bAVM?

MATERIALS AND METHODS

Study Design

Institutional review board approval was obtained and informed
consent was waived according to the design of the study. All pa-
tients treated for a bAVM in our academic department were pro-
spectively included in a data base. Since May 2008, all patients
receiving MR imaging in our department for a bAVM underwent
a4D-MRA. For the purpose of the present study, patients imaged
between May 2008 and February 2013 were included if they met
the following criteria: 1) they had a bAVM treated at least by 1 of
the following modalities (embolization, radiosurgery, or surgery),
2) they were imaged during the follow-up with both 4D-MRA at
3T and DSA, 3) both examinations were performed at least 1
month after the last treatment, 4) both examinations were per-
formed in a time interval less than 1 month and without treatment
in between, and 5) image datasets were of sufficient quality. For
patients who underwent several sets of examinations, only the last
set was taken into account to avoid redundant data.

Treatment Strategy

For all patients analyzed in this study, indication and strategy of
treatment was based on multidisciplinary decisions involving
neurologists, neurosurgeons, radiotherapists, and neuroradiologists.

MR Imaging
Examinations were performed on a 3T whole-body MR imaging
system (Achieva; Philips Health Care, Best, the Netherlands), us-
ing an 8-channel sensitivity encoding (SENSE) head coil that al-
lows for parallel imaging. A dose of 0.2 mL/kg of gadoterate me-
glumine (Dotarem; Guerbet, Aulnay-sous-Bois, France) was
injected at a flow rate of 1.5 mL/s using an automated power
injector (Spectris; Medrad, Indianola, Pennsylvania), followed by
a saline flush of 30 mL injected at the same flow rate (1.5 mL/s).
The 4D-MRA was performed with 20 dynamic sagittal acqui-
sitions using a 3D, T1-weighted, fast-field echo sequence. Imaging
parameters were as follows: TE, 1.50 ms; TR, 2.9 ms; flip angle,
20° section thickness, 1 mm; acquisition bandwidth, 1350 Hz;
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FOV:270 X 126 X 150 mm?>, covering all of the brain; acquisition
matrix, 264 X 200 mm?; and reconstruction matrix, 400 mm. A
total of 160 thin sagittal 2-mm sections with a 1-mm overlap
between sections were acquired with an acceleration SENSE fac-
tor of 2 in the selection direction and a SENSE factor of 2.7 in the
phase-encoding direction, yielding a total acceleration factor of
5.4 (2.7 X 2).** Half-Fourier imaging was used, skipping 25% of
k-space data, yielding an acceleration factor of 1.33. For further
acceleration, we used combined contrast-enhanced timing-robust
angiography (CENTRA)-keyhole k-space filling with a percentage
factor of 18% and the last dynamic scan as reference, yielding an
acceleration factor of 5.55.'”** Combining these techniques, the
4D-MRA yielded a total acceleration factor of 40 [5.4 (SENSE) X
5.55 (18% keyhole) X 1.33 (half scan factor)] compared with
standard contrast enhanced-MR angiography without such tech-
niques. In total, 20 dynamic acquisitions were achieved with a
temporal resolution of 1.4 seconds per volume, combined with a
reference scan of 7.8 seconds, for a total acquisition time of 34.8
seconds, with a spatial resolution at acquisition of 1.02 X 1.13 X
2 mm?® and after interpolation a voxel size of 0.68 X 0.68 X 1

1’1’11’1’13.

Conventional Angiography

DSA was performed on a biplane angiography unit (Axiom Artis;
Siemens, Erlangen, Germany) with a 5-Fr catheter using a femoral
artery approach and selective contrast injection of the internal
carotid artery, external carotid, and vertebral arteries. A temporal
resolution of 3 images per second was used, in standard orthogo-
nal anteroposterior and lateral projections and oblique projec-
tions, if necessary. Anteroposterior images had a matrix of 720 X
720 mm? and FOV of 32 cm. Lateral projections had a matrix of
960 X 960 mm?* and FOV of 25 cm. Three-dimensional rotational
angiography was not systematically performed and these data
were not used in this study. Bolus injections of iodinated contrast
material (iodixanol, Visipaque 320; GE Healthcare, Vélizy-Villa-
coublay, France) were 6 mL at a flow rate of 2 mL/s for the external
carotid, 8 mL at a flow rate of 4 mL/s for the internal carotid, and
10 mL at a flow rate of 5 mL/s for the vertebral artery using an
automated power injector (Angiomat Illumena; Liebel-Flarsheim
Medical System, Cincinnati, Ohio).

Image Analysis

A first reader (4 years of experience in diagnostic and interven-
tional neuroradiology) evaluated the 4D-MRA overall image
quality before image analysis using a practical 5-point grading
system formerly used by Hadizadeh et al.'® Examinations were
considered of sufficient quality if the score was =3. Examinations
with a score lower than 3 were excluded.

Two independent readers (11 and >20 years of experience in
diagnostic and interventional and neuroradiology, respectively)
reviewed 4D-MRA and DSA examinations randomly. Readers
were blinded to baseline and follow-up clinical data and were only
aware of the bAVM location and the received treatments. They
determined if there was a residual nidus and/or residual venous
drainage for each examination. Results for each reader were re-
corded separately and used to determine interobserver and inter-
modality agreement. For studies where the 2 readers disagreed,



124 patients underwent
244 4D-MRA examinations
between May 2008-February 2013

97 pairs of examinations (4D-MRA + DSA)
not more distantthan 1 month

reconstructions were used. The software
enabled the enlargement of regions of
interest in any 3D direction, with the
possibility of viewing the progress of the
contrast injection. For DSA visualiza-
tion, each stored run was composed of a
loop of 6 images, which enabled the

14 redundant pairs of examinations
(only the last one was kept)

readers to appreciate the contrast filling
with discrimination of arterial, capillary,

83 pairs of examinations (4D-MRA+ DSA)
not more distant than 1 month

and venous phases. Enlargement of the
regions of interest was permitted by the
software as for MRA images.

37 patients included:
a set of 4AD-MRA and DSA

46 pairs of examinations excluded:
- 20pre-embolisation exam for a bAVM
- 8untreated bAVM followed-up
- 4 without proven bAVM
- 3re-embolization less than 1 month
before the examinations
- 6arteriovenous fistula or dural fistula
- 5 protocol deviation (4D-MRA
parameters)

Statistical Analysis

Quantitative variables were described as
mean and standard deviation, whereas
qualitative variables were described as
numbers and percentages. Interobserver
agreement for 4D-MRA and DSA and

not more distant than 1 month
For follow-up of treated bAVM at least
one month after lasttreatment

FIG 1. Patient flow chart. DF indicates dural fistula.

Table 1: Characteristics of the 37 patients
Demographics

Age, years 45.0[26.0-55.0]
Sex, male 22 (59.5%)
Type of treatment

Embolization then radiosurgery 14 (37.8%)

Embolization 8(21.6%)

Radiosurgery 8(21.6%)

Surgery 3(8.1%)

Surgery then radiosurgery 3(8.1%)

Surgery then embolization 1(2.7%)
bAMYV location

Supratentorial 33(89.2%)

Infratentorial 4(10.8%)
Time intervals

Delay between last treatment and 36 [10—45.5]

images, months

Delay between DSA and 4D-MRA, days 1[0.5-1]
Presentation

Hemorrhage 16 (45.7%)

Seizure 8(22.9%)

Headache 6 (17.1%)

Neurologic symptoms 4 (N.4%)

Incidental 1(2.9%)

Note:—Continuous variables were presented by proportion and percentage, cate-
goric variables were described with median, first, and third quartiles. Presentation
mode was available for 35 of 37 patients.

consensus for each imaging technique was performed by a third
reader (>20 years of experience in diagnostic and interventional
neuroradiology), who was blinded from the results of the first
readings and used to determine intermodality agreement. A re-
sidual bAVM was defined as the presence of a residual venous
drainage associated or not with a residual nidus.

AIlMRA and DSA data were transferred to the local PACS and
were randomly reviewed on separate workstations using the med-
ical viewer. For 4D-MRA visualization, subtracted data with MIP

intermodality agreement with respect to

the presence of residual nidus, residual

early venous drainage, and bAVM pa-

tency were determined using the k sta-

tistic test. Results were displayed as per-

centages and 95% CI. Strength of
agreement was defined as k = 0.20: poor; k 0.21-0.40: fair; k
0.41-0.60: moderate; k 0.61-0.80: good; k 0.81-0.90: very good;
and k = 0.91: excellent, including 95% CI. In addition, the exact
number and percentage of results from the 2 readers and the 2
modalities that were in exact agreement were provided. A P value
of less than .05 was considered statistically significant. Sensitivity,
specificity, and positive and negative predictive values were then
calculated. All statistical analyses were performed with MedCalc
statistical software (11.4.3.0; MedCalc Software, Mariakerke,
Belgium).

RESULTS

Between May 2008 and February 2013, 37 patients fulfilled the
inclusion criteria (Fig 1). Their demographic data, different types
of treatment, bAVM location, time intervals (between the last
treatment and images, and between both imaging modalities),
and presentation mode are detailed in Table 1. For patients who
underwent radiosurgery, mean time between images and irradia-

tion was 3.7 = 2.0 years (extremes: 24—144 months).

Image Quality

Image quality scores ranged between 3 (adequate for diagnosis)
and 5 (excellent), with a mean quality score of 3.6 = 0.5 on the
5-point grading scale. All examinations were judged to be of ade-
quate quality for diagnosis.

Interobserver Agreement

For 4D-MRA examinations, the 2 observers were in agreement for
residual nidus in 35 of 37 (94.6%) bAVMs, resulting in good in-
terobserver agreement (k 0.78, 95% CI .57-.98). The 2 disagree-
ments concerned small (<1 cm) and heterogeneous residual ni-
dus in patients treated by embolization. The readers matched for
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FIG 2. AnTl-year-old boy with a right pericallosal AVM revealed by hemorrhage and treated 11
months ago by surgery. Residual nidus (arrow) and venous drainage (arrowhead) are seen on DSA
(A, B) but not on 4D-MRA (C, D) by both readers. Retrospectively, a part of the nidus may be visible

(arrow).

FIG3. A32-year-old woman with a left frontal-parietal AVM revealed by seizures and treated by
embolization then radiosurgery more than 4 years ago. Residual nidus (arrow) and venous drain-

nidus masked by a large cast of Onyx not
seen by 1 of the readers. The observers
matched in 34 of 37 (91.9%) bAVMs for
residual venous drainage, also resulting in
good interobserver agreement (k 0.68,
95% CI .48-.92). Disagreements con-
cerned 3 patients with veins that were vis-
ible during the capillary phase and inter-
preted as normal by 1 reader. Taking into
account only AVM patency (residue or
cured), agreement was very good (k 0.84,
95% CI.69-.98).

Intermodality Agreement

Consensus readings for 4D-MRA and
DSA showed agreement regarding resid-
ual nidi in 33 of 37 (89.2%) bAVMs,
resulting in moderate intermodality
agreement (k 0.60,95% CI.35-.85). The
unseen nidi were small (4 of 4, 100%)
and heterogeneous (3 of 4, 75%), which
is often seen when the AVM has been
embolized (4 of 4, 100%). Figures 2 and
3 show examples of nidi and veins undi-
agnosed with 4D-MRA. For residual
venous drainage, consensus readings
showed agreement in 32 of 37 (86.48%)
bAVMs, also resulting in moderate
agreement (k 0.51, 95% CI .25-.78).
Concerning the unseen venous drain-
age, 4D-MRA had a worse accuracy
when veins were not dilated (3 of 5,
60%) and seen only during the capil-
lary phase on DSA (3 of 5, 60%).
In addition, unseen residual venous
drainage on MRA was always masked
by a large cast of Onyx that was not
completely transparent and dimin-
ished the visibility of pathologic veins.
In contrast, when the drainage was
early, the vein dilated, and the nidus
compact, depiction was easier (Fig 4).
When taking into account only the pa-
tency of the bAVM, the agreement was
good (k 0.73, 95% CI .55-.92).

age (arrowhead) are seen on DSA (A) but not on 4D-MRA (B) by both readers. Retrospectively, the

draining vein is visible (arrowhead) on 4D-MRA, but is not dilated and appears during the venous

phase (indistinguishable from cortical veins).

residual venous drainage in 34 of 37 (91.9%) bAVMs, also result-
ing in good interobserver agreement (k 0.68, 95% CI .44-.91).
The 3 disagreements concerned small veins, of which 1 was visible
early and 2 were visible only since the capillary phase. When tak-
ing into account only the patency of the bAVM (residue or cured),
agreement was very good (k 0.82, 95% CI .67-.98).

For DSA examinations, observers were in agreement for residual
nidusin 35 of 37 (94.6%) bAVMs, yielding good interobserver agree-
ment (k 0.80,95% CI .61-.99). Two patients had a very small residual
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Diagnostic Value of 4D-MRA
Compared with DSA

The diagnostic accuracy of 4D-MRA
reached a sensitivity of 73.7%, specificity 100%, positive predic-
tive value 100%, and negative predictive value 78.3%.

Agreement for Patients Treated by Radiosurgery or
Embolization

Among patients treated by radiosurgery alone (8/37, 21.7%), the
diagnostic accuracy reached a sensitivity of 100%, specificity
100%, positive predictive value 100%, and negative predictive
value 100%. Among patients treated by embolization alone (8/37,



FIG 4. Al6-year-old adolescent girl with a left frontal AVM revealed by transitory neurologic
symptoms; treated by embolization then radiosurgery 2 years and 10 months earlier. When the
drainage is early, the vein dilated, and the nidus compact, depiction is easy. The residual nidus
(arrowhead) and venous drainage (arrow) were visualized by both readers in DSA (A, B) and
4D-MRA (C, D).

Table 2: Agreement for patients treated by radiosurgery or embolization

Residual Residual Venous
Parameters by Modality of Treatment Nidus Drainage
Radiosurgery alone (n = 8)
Interobserver agreement for 4D-MRA 1.00 (1.00-1.00) 1.00 (1.00-1.00)
Interobserver agreement for DSA 1.00 (1.00-1.00) 1.00 (1.00-1.00)

Intermodality agreement between 4D-MRA and DSA 100 (1.00-1.00) 1.00 (1.00-1.00)
Embolization then radiosurgery (n = 14)

Interobserver agreement for 4D-MRA 0.75(0.43-1.00)  0.75(0.43-1.00)

Interobserver agreement for DSA 0.50(0.08-0.92)  0.75(0.43-1.00)

Intermodality agreement between 4D-MRA and DSA  0.49 (0.06-0.92)  0.50 (0.08-0.92)
Embolization alone (n = 8)

Interobserver agreement for 4D-MRA 0.50(0.00-1.00)  1.00 (1.00-1.00)

Interobserver agreement for DSA 0.50 (0.00-1.00)  0.20 (0.00-0.81)

Intermodality agreement between 4D-MRA and DSA  0.50 (0.00-1.00)  0.50 (0.00-1.00)

Note:—Data are given as percent (95% Cl).

tic accuracy reached a sensitivity of
66.7%, specificity 100%, positive predic-
tive value 100%, and negative predictive
value 62.5%. Interobserver and inter-
modality agreements for these 3 groups
of patients are detailed in Table 2.

Patient Outcomes

On follow-up DSA, 18 of 37 (48.6%) pa-
tients had a residual AVM and the re-
maining 19 patients had no residual
AVM. In the group treated by emboliza-
tion, 8 of 22 (36.4%) were cured. Eight
patients (21.7%) who were treated by
embolization and complementary ra-
diosurgery had small residuals fol-
lowed-up (pending the effectiveness of
radiosurgery); 2 patients (5.4%) had a
new embolization attempt; 3 patients
(8.1%) had additional radiosurgery; 1
patient (2.7%) had a second session of
complementary radiosurgery; and 3 pa-
tients (8.1%) refused further treatment.
In the group treated by radiosurgery
alone, 6 of 8 (75.0%) were cured. More-
over, in the surgery group, 5 of 7
(71.4%) were cured.

DISCUSSION

Four-dimensional  contrast-enhanced
MRA is increasingly used in bAVM as-
sessment as it shows high efficacy to
make a diagnosis and anatomic analysis
of bAVM, with good interobserver and
intermodality agreements compared
with DSA. It is actually an emerging
noninvasive imaging technique to assess
bAVM and can potentially help to re-
duce the number of postinterventional
invasive diagnostic DSAs. However, its
role in posttreatment follow-up is actu-
ally not well-defined. The present study
evaluated the accuracy of 4D-MRA at 3T
for detecting residual bAVM after treat-
ment. The results showed that 4D-MRA
had good interobserver agreement (k 0.78,
95% CI .57-.98 for residual nidus and k
0.68, 95% CI .44-.91 for residual venous
drainage), moderate intermodality agree-
ment with DSA (k 0.60, 95% CI .35-.85
for residual nidus and k 0.51,95% CI .25~
.78 for residual venous drainage), and
good overall agreement (k 0.73, 95% CI
.55-.92), yielding to a sensitivity of 73.7%,

21.7%), the diagnostic accuracy reached a sensitivity of 75.0%,  specificity 100%, positive predictive value 100%, and negative pre-

specificity 100%, positive predictive value 100%, and negative  dictive value 78.3%.

predictive value 80.0%. Furthermore, for patients treated by em- Although it has good diagnostic accuracy, given its actual lim-

bolization combined with radiosurgery (14/37, 37.8%), diagnos-  itations, a negative 4D-MRA cannot assert the AVM is cured with
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certainty. Subgroup analysis showed that the diagnostic accuracy
seemed to be better in patients treated by radiosurgery alone than
those who underwent embolization (alone or in combination
with radiosurgery). The excellent agreement (k 1.00, 95% CI
1.00-1.00) for patients treated after radiosurgery could compete
with DSA for the follow-up of these patients. These results are
consistent with the study of Lim et al,?2 which focused on the
diagnostic accuracy of 4D-MRA after radiosurgery and found a
diagnostic accuracy of 86.1%, with a sensitivity of 79.6% and
64.3% (reader 1 and 2), a specificity of 90.9% and 100%, a positive
predictive value of 84.6% and 100%, and a negative predictive
value of 90% and 81.5%. Furthermore, even if 4D-MRA cannot
depict all the residual bAVM, its very high sensitivity and positive
predictive value make it a very reliable test in case of positivity.
This means that if it detects a residual bAVM, there is no risk of a
false-positive and it can potentially help avoid some unnecessary
DSA examinations, especially for patients followed-up after radio-
surgery (see agreements for patients treated by radiosurgery or
embolization).

Hadizadeh et al*' recently concluded an excellent correlation
between 4D-MRA and DSA regarding pre- and postoperative
evaluation of bAVM, suggesting that 4D-MRA could be substi-
tuted for DSA in these 2 indications. However, in this series, of the
25 patients who had been followed-up after treatment, only 1
patient presented residual venous drainage. In our study, the pro-
portion of residual bAVM detected with DSA was higher; 18 of 37
(48.6%), of which 12 of 18 (66.7%) were correctly depicted by
4D-MRA. Our results are consistent with the study of Lim et al,??
which focused on the follow-up after radiosurgery. However, this
study, compared with the present study, had the limitation of a
large delay (up to 6 months) between the realization of 4D-MRA
and DSA images. In contrast to the absence of false-positives in

our study, Lim et al??

reported 1 in their series where a normal
vein was interpreted as pathologic. Indeed, sometimes it is diffi-
cult to differentiate if a vein is normal or pathologic. To avoid
subjective disagreements on the physiopathology of pathologic
veins, in our study, veins were considered pathologic by both
readers when they appeared early (ie, during the arterial or capil-
lary phase). Despite this, during the capillary phase, there are
many superimpositions that can lead readers to miss some patho-
logic veins because of the lack of temporal and spatial resolution.
This is particularly true for 4D-MRA but can also be seen in some
cases with DSA.

The interobserver agreement on DSA was very good but a bit
less than at 4D-MRA because of difficult cases (very small residual
AVM) in which 4D-MRA was negative for both readers, whereas
the residual AVM was sometimes seen by 1 reader on DSA leading
to more disagreement. The third reader who made consensus de-
termined that there was no false-positive case and disagreements
were based on missed veins and/or nidus that were particularly
difficult to depict. This problem was particularly true for patients
treated by embolization with a large cast of Onyx and a small
residual AVM. Indeed, there were 2 disagreements on DSA related
to 2 small residual AVMs that were very difficult to identify (they
were not seen on 4D-MRA by both readers) and missed by 1
reader on DSA; these 2 difficult cases did not cause disagreement
on 4D-MRA but were responsible of disagreement for DSA. The
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results of the subgroup analysis should be interpreted with cau-
tion for this reason and because the number of patients was small
in each group so that any disagreement may strongly vary the
result.

Four-dimesional contrast-enhanced MRA showed moderate
agreement with DSA regarding the depiction of residual nidus
and venous drainage. However, unseen residues were either small
and heterogeneous nidus or veins appearing on capillary time. In
our study, residual bAVMs unseen with 4D-MRA were difficult to
diagnose and concerned mainly patients who were treated by em-
bolization followed by gamma knife. Five patients benefited from
a new treatment after the results of 1 set of examinations: 2 em-
bolization attempts, 2 additional treatments by gamma knife in
patients previously treated by embolization, and 1 patient treated
with a second session of radiosurgery. There is, therefore, a diag-
nostic and therapeutic impact in properly monitoring these
patients.

After radiosurgery, obliteration of bAVM is progressive and
achieved after 2 to 5 years.>® Given that these patients need re-
peated examinations during a long-term follow-up, an annual
4D-MRA can be proposed until it becomes negative (ie, until
there is no residual AVM visible). Then a final DSA examination
can be done to assert the cure. In contrast, if 4D-MRA shows a
residual bAVM after a long follow-up (maybe 4 or 5 years, the
delay in discussing the failure of radiosurgery treatment is still
controversial), a DSA examination will be needed to decide on
future therapeutic options (new radiosurgery or other treatments
can be considered).”® For follow-up after radiosurgery, this
scheme accords with the conclusion of Khandanpour et al*” (ex-
cept that they used TOF-MRA instead of 4D-MRA). After sur-
gery, the bAVM is most often cured, but sometimes removal is
incomplete. In these cases, DSA seems to be the appropriate
method to assert the cure or to plan new treatments (in case of
incomplete surgery). After embolization, given its actual limita-
tions and strengths, 4D-MRA has a limited place. When the
bAVM is not cured after the last embolization, there is a need to
do a DSA for evaluation before future treatment. When the
bAVM seems to be cured at the end of the last embolization ses-
sion, it can be useful to use 4D-MRA for the follow-up. If it is
positive (ie, residual bAVM is visible), then DSA will be per-
formed with a new attempt at embolization, and, if it is negative,
a late DSA will be performed to assert the cure.

Recently, several publications described new tools that can
further improve the efficacy of 4D-MRA, opening new prospects
for bAVM assessment before treatment. Four-dimensional flow
MRA techniques provide velocity measures and even color-en-
coded flow maps to aid in understanding the angioarchitec-
ture.”®*? In addition, the contribution of selective arterial spin-
labeling, in addition to 4D-MRA, provided supplementary
functional or anatomic information in 25% of the cases.’® These
techniques have not been evaluated in the posttreatment population.

It is also important to specify the limits of our study. First, the
same technique developed in 2008 was used during the study pe-
riod. However, although this technique is actually currently used
and accords to recent publications, there is still the possibility of
further improving the spatiotemporal resolution of this tech-
nique. Indeed, a way of improving our sequence could be to per-



form hemi-encephalic imaging, with the advantage of a better
temporal resolution while minimizing vessel superimpositions.
In addition, temporal and spatial resolution can be further im-
proved up to an acceleration factor of 60 by optimizing the use of
intelligent k-space sampling techniques (ie, CENTRA, parallel
imaging, and partial Fourier imaging), whereas our examinations
had an acceleration factor of 40, equivalent to other recent publi-
cations.'”!?212%31 Second, the interobserver agreement for DSA
was not as high as expected compared with 4D-MRA, though it
was very good (k 0.84,95% CI.69—-.98 and k 0.82, 95% CI .67-.98,
respectively) for the reasons explained above.

CONCLUSIONS

Four-dimensional contrast-enhanced MRA is a useful noninva-
sive technique for the follow-up of treated bAVM, especially in
patients treated by radiosurgery. However, given its actual limita-
tions itis not sufficient to assert the cure. DSA remains mandatory
for this purpose.

Disclosures: Laurent Pierot has provided consultancy for Codman, Covidien/ev3,
MicroVention, Penumbra, and Sequent.
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