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BACKGROUND AND PURPOSE: 4D-MRA is a promising technique in the diagnosis and follow-up of
cAVMs. The purpose of this study was to compare 4D-MRA in the pre- and postoperative evaluation
of cAVMs with DSA or intraoperative findings as the standards of reference regarding qualitative and
quantitative parameters.

MATERIALS AND METHODS: Fifty-six consecutive patients with cAVMs (30 women) underwent both
4D-MRA and DSA. Preoperative 4D-MRA was excluded from analysis in 1 patient (movement arti-
facts). Twenty-five patients underwent surgery on cAVMs and underwent both imaging modalities pre-
and postoperatively. 4D-MRA was performed with either 0.5-mol/L gadolinium-diethylene-triamine
pentaacetic acid (group 1: voxel size, 1.1 � 1.1 � 1.4 mm3; 608 ms/dynamic frame; 19 patients) or
1.0-mol/L gadobutrol (group 2: voxel size, 1.1 � 1.1 � 1.1 mm3; 572 ms/dynamic frame; additional
alternating view sharing; 37 patients). Two readers independently reviewed 4D-MRA and DSA regard-
ing the Spetzler-Martin classification, arterial feeders, and postoperative residual filling. Vessel sharp-
ness, vessel diameter, and VBC of 4D-MRA were quantified.

RESULTS: Preoperative Spetzler-Martin classification 4D-MRA and DSA ratings matched in 55/55
patients (Spetzler-Martin grades: I, 12; II, 22; III, 15; IV, 5; V, 1), and 93/100 arterial feeders were
correctly identified by preoperative 4D-MRA (7 additional arterial feeders identified by DSA only: group
1, 3/19; group 2, 4/36). Postoperative 4D-MRA and DSA matched in 25/25 patients (residual filling,
1/25). Vessel sharpness and diameters did not differ substantially between the 2 groups. VBC was
significantly higher in group 2 (P � .005).

CONCLUSIONS: 4D-MRA is a reliable tool that allows predicting Spetzler-Martin classification and
postoperative residual filling; it hence allows substituting DSA in the pre- and postoperative evaluation
of patients with cerebral AVMs.

ABBREVIATIONS: cAVM � cerebral arteriovenous malformation; CENTRA � contrast-enhanced
timing-robust angiography; 4D-MRA � time-resolved MRA with subsecond temporal and high
spatial resolution; FWHM � full width at half maximum, NSF � nephrogenic systemic fibrosis;
VBC � vessel-to-background contrast

CAVMs are congenital focal abnormal conglomerations of
dilated arteries and veins without a capillary bed and ab-

normal arteriovenous shunt surgery, having a prevalence of
0.01%– 0.52% in the general population.1 cAVMs are often
diagnosed in young otherwise healthy patients and carry a
lifelong bleeding risk of 2%– 4% per year.2 Treatment options
include embolization, neurosurgical resection (in safely acces-
sible lesions), and gamma knife radiosurgery or a combination
of these techniques. Treatment is considered when the risk of
hemorrhage outweighs risks associated with treatment. For
postoperative/postinterventional follow-up and control ex-
aminations in nontreated cases, repetitive imaging studies are
needed during a timeline of many years. The current standard

of reference for visualization of cAVMs is DSA because it si-
multaneously provides high spatial and temporal resolution
with clear visualization of feeding arteries and draining veins
of these vascular abnormalities.3-7 However, in addition to
possible risks associated with repetitive radiation exposure
and application of iodinated contrast agents including allergy
and nephrotoxicity, limitations of DSA include risks of bleed-
ing and stroke due to thromboembolism, with a risk for per-
manent neurologic deficits of 0.1%–1%.8-11

Therefore, noninvasive 4D-MRA with vastly accelerated
acquisition techniques, which allow both high-temporal and
high-spatial-resolution 3D visualization of the intracranial
vasculature, may serve as an alternative noninvasive option for
the diagnosis and follow-up of cAVMs.5,12-14 However, the
limitations of temporal and spatial resolution of 4D-MRA
compared with DSA have been reported and primarily affect
the identification of small feeding arteries.15 The purpose of
this study was to compare the performance of a highly ad-
vanced 4D-MRA protocol with DSA or intraoperative find-
ings as standards of reference for the assessment of the pre-
and postoperative evaluation of cAVMs.
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Materials and Methods

Patients
Fifty-six (30 women, 26 men; average age, 39.0 � 12.8 years; range,

18 – 69 years) consecutive patients with cAVMs were recruited be-

tween September 2004 and December 2010 (64 months) and under-

went both 4D-MRA and DSA examinations. Before enrollment of

patients into this study, the protocol was approved by the institutional

ethics committee and written informed consent was obtained from all

subjects. Patients older than 18 years who were scheduled for DSA

because of suspected cAVMs were included in the study. Twenty-five

of 56 patients underwent surgery for their cAVMs and underwent

both imaging modalities pre- and postoperatively. In 1 case, preoper-

ative 4D-MRA was nondiagnostic because the patient moved her

head during contrast agent injection in the MR imaging unit. The

same patient tolerated postoperative 4D-MRA well. In another case,

postoperative DSA was waived because of the poor general condition

of the patient due to postoperative vasospastic partial infarction of the

right-sided middle cerebral artery territory. In this case, for data-

analysis purposes, intraoperative findings instead of DSA served as

the standard of reference regarding the presence of residual nidus

filling.

4D-MRA
MR imaging studies were performed on 3T MR imaging whole-body

scanners (Achieva 3.0 [19 patients, group 1] or 3.0 TX [37 patients,

group 2]; maximum gradient amplitudes � 80 mT/m; slew rates�

200 T/m/s; Philips Healthcare, Best, the Netherlands) by using an

8-element head coil in all patients (the magnet was replaced during

the 6-year recruitment period of the study). The following parameters

were constant within all examinations: TR, 2.2 ms; TE, 0.9 ms; flip

angle, 15°; FOV, 256 mm; parallel imaging (sensitivity encoding16)

with an acceleration factor of 8 (phase encoding, 4; section encoding,

2); and half-Fourier imaging with 25% k-space reduction (accelera-

tion factor � 1.33). Patients in group 1 (19/56) were examined with

CENTRA keyhole17-19 with a keyhole diameter of 16% (6-fold accel-

eration), and patients in group 2 (37/56) were examined by using

CENTRA keyhole with a keyhole diameter of 20% and a view-sharing

compression factor of 80 (total, 9-fold acceleration).17-20

Group 1 was imaged by using a matrix of 224 � 178, acquiring 50

dynamic datasets consisting of 140 sections each with a section thick-

ness of 1.4 mm, resulting in a reconstructed voxel size of 1.1 � 1.1 �

1.4 mm3. Group 2 was imaged by using a matrix of 232 � 232, acquir-

ing 50 dynamic datasets consisting of 168 sections each with a section

thickness of 1.1 mm, resulting in a reconstructed voxel size of 1.1 �

1.1 � 1.1 mm3. In group 1, image update took place every 608 ms,

whereas in group 2, the temporal resolution was 572 ms. While the

image-update time was almost equal in both groups, there was a rel-

evant change in spatial resolution leading to an acquired isotropic

voxel size in the second group.

MR Imaging Contrast Agents
Two-phase injection protocols were used in all examinations. Group

1 (19 patients) received 20-mL 0.5-mol/L gadopentetate dimeglu-

mine (Magnevist; Bayer Healthcare, Berlin, Germany), linear T1 re-

laxivity in blood (37°C/1.5T: 4.3 L mmol�1s�1) with flow rates of 3

mL/s (10 mL) and 1.5 (10 mL) mL/s. Group 2 (37 patients) received

10-mL 1.0-mol/L gadobutrol (Gadovist, Bayer Healthcare), macrocy-

clic T1 relaxivity in blood (37°C/1.5T: 5.3 L mmol�1s�1) with flow

rates of 2 mL/s (5 mL) and 1 (5 mL) mL/s. Contrast agent application

was followed by 30-mL saline flushes in all examinations. Data acqui-

sition was started 10 seconds after first injection of contrast media in

all examinations.

Conventional Angiography
DSA was performed on a biplane Integris V 5000 (Philips Healthcare)

with a 5F catheter that was navigated into the internal carotid, exter-

nal carotid, and both vertebral arteries via the transfemoral route in

56/56 patients. The images were acquired after manual injection of

5–7 mL of iopromide (Ultravist; Bayer Healthcare). Frame rates were

3/s in the arterial phase, 2/s in the venous phase, and 8 frames/s in the

fast angiographic series.

Qualitative Analysis
Datasets were independently reviewed by 3 readers (2 readers of 4D-

MRA, 1 reader of DSA). Data analysis included the Spetzler-Martin

classification21 (covering nidus size: I � 0 –3 cm, II � 3– 6 cm, III �

�6 cm; the venous drainage pattern: 0 � superficial, I � deep, and

eloquence of adjacent brain: 0/I), the identification of feeding arteries,

and postoperative assessment of complete resection of the lesion-

versus-residual filling of the nidus. Readings of DSA images and 4D-

MRA datasets by using originally acquired sections, multiplanar re-

formats, and maximum intensity projections were performed

independently by the 3 readers (1 DSA, 2 4D-MRA) on a standard

postprocessing workstation.

Quantitative Analysis
Estimates of the vessel contrast, vessel sharpness, and vessel width

were calculated by using line profile plots perpendicular to the vessel

track.22 Measurements were performed in large, medium-sized, and

small intracranial arteries and veins, respectively, including the inter-

nal cerebral artery (A1), the middle cerebral artery (A2), and the prox-

imal A3-segment of the anterior cerebral artery (A3) as well as the

superior sagittal sinus (V1), the straight sinus (V2), and the inferior

sagittal sinus (V3). To guarantee analysis at corresponding enhance-

ment levels, we standardized dynamic time frames for quantitative

measurements (3 seconds after initial arterial bolus arrival for all ar-

terial vessels and 3 seconds after the initial venous bolus arrival for all

venous vessels). Line profile plots were created with a public domain

image-processing software (ImageJ, National Institutes of Health,

Bethesda, Maryland).

VBC was measured as the quotient of the difference of vessel sig-

nal-intensity level to background signal-intensity level and the sum of

vessel-signal intensity level to background signal-intensity level as

described earlier.23 This approach was chosen instead of contrast-to-

noise measurements to avoid noise quantification, which has been

shown to be inconsistent when parallel imaging techniques are ap-

plied.24 The reciprocal of the sum of distances between 25% and 75%

of maximum intensity was selected as an indicator for the steepness of

the line-enhancement profile to estimate vessel sharpness as shown in

Fig 1A.22 The FWHM of the line-enhancement profile served as an

estimate of the vessel width (Fig 1B).25

Statistics
The Kendall coefficient of concordance was computed to compare the

2 readers in their assessment of image quality, level of confidence, and

Spetzler-Martin classification by using 4D-MRA and to compare in-

termodality agreement of the Spetzler-Martin classification as deter-

mined by DSA and 4D-MRA. Kendall coefficients of 0.5– 0.8 were

considered to indicate good agreement, and coefficients higher than
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0.8 were considered to indicate excellent agreement. Estimates of ves-

sel contrast, vessel sharpness, and vessel width in groups 1 and 2 were

compared by using the Student t test. All statistical analyses were

performed with the Statistical Package for the Social Sciences, Version

11.0 (SPSS, Chicago, Illinois).

Only those authors who were not employees of Philips Healthcare

had control of inclusion of any data and information that might pres-

ent a conflict (author J.G.) is an employee of this company). Before

this study, Philips Healthcare provided technical assistance for se-

quence optimization.

Results
4D-MRA was successfully performed in 80/81 (98.8%) exam-
inations (56 preoperative examinations, 25 postoperative ex-
aminations). In 1 patient (group 2), preoperative 4D-MRA
was nondiagnostic due to movement of the patient during
data acquisition. This examination was excluded from quan-
titative and qualitative data analysis regarding the Spetzler-
Martin classification and identification of arterial feeders,
leaving 55 preoperative and 25 postoperative examinations for
data analysis. In the same patient, postoperative 4D-MRA was
successfully performed without movement artifacts. No ad-
verse events from either of the applied contrast agents were
observed.

Qualitative Analysis
The preoperative Spetzler-Martin classification by 4D-MRA
and DSA matched in 55/55 patients (� � 1). Spetzler-Martin
grades were rated as follows: grade I, 12/55 (21.8%) patients;
grade II, 22/55 (40%) patients; grade III, 15/55 (27.3%) pa-
tients; grade IV, 5/55 (9.1%) patients; and grade V, 1/55
(1.8%) patients.

Ninety-three of 100 (93%) feeding arteries (group 1: 36/39;
92.3%; group 2: 57/61, 93.4%) were identified by 4D-MRA
and confirmed by DSA in 55 patients with preoperative 4D-
MRA and DSA. Additional arterial feeders were identified by
DSA only in 7 patients, including 3/19 patients (15.8%) in
group 1 and 4/36 patients (11.1%) in group 2. There was no
change in operative management in any case.

Surgical resection was performed in 25/56 (44.6%) patients
(Fig 2). Readings of postoperative 4D-MRA and DSA con-
firmed complete resection of the nidus in 24/25 (96%) pa-
tients. Interobserver and intermodality agreement was excel-
lent in all cases (� � 1). In 1/25 patients, 4D-MRA revealed
residual nidus filling; the residual filling was confirmed by
intraoperative evaluation as the standard of reference in this
case (Fig 3).

Quantitative Analysis
Estimates of the vessel sharpness and vessel width revealed no
substantial differences for the 2 groups that were scanned with
different protocols and contrast agents. While the vessel
sharpness was estimated at 9.2% higher in the lacerum seg-
ment of the internal cerebral artery in the second group, this
parameter was estimated at 20.6% lower in the inferior sagittal
sinus in the same group; all other vessels showed no significant
differences in vessel-sharpness estimates (Table 1). The esti-
mated vessel width, defined as the full width of the line profile
at half maximum intensity, was measured at 17.8% higher in
the second group in the inferior sagittal sinus, whereas all
other measurements revealed no significant differences (Table
2).

Significantly higher VBC was quantified in group 2 for all
vessel segments (P � .01). In general, contrast measurements
revealed higher values for larger arterial and venous vessels.
VBC was increased in the second group in large vessels (4.9%
and 7.4% in the lacerum segment of the internal cerebral ar-
tery and the superior sagittal sinus, respectively). In medium-
sized vessels, the increase in VBC was more pronounced
(11.5% and 11.1% in the M1 segment of the middle cerebral
artery and the straight sinus, respectively). The largest increase
of VBC was observed in the small vessels with an increase of
18.5% in the A3 segment of the anterior cerebral artery and an
increase of 67.8% in the inferior sagittal sinus. Increases in
VBC were consistently observed for vessels in all patients.

Discussion
Detailed information on the angioarchitecture and flow dy-
namics of cAVMs obtained by noninvasive imaging tech-
niques is essential as an alternative to DSA in the diagnosis and
follow-up of these lesions, even though it may not fully sub-
stitute for DSA at the current stage.26 Image-update rates in
DSA in our study ranged from 2 to 8 frames per second. At the
expense of a higher patient dose, even higher frame rates are
possible with modern conventional angiography units. At the

Fig 1. Quantitative measurements for assessment of vessel sharpness and estimated
vessel width of 4D-MRA of intracranial vessels. A, Sagittal original section of the 4D MRA
dataset and the site of measurement in the superior sagittal sinus (bar ). B and C,
Line-enhancement profile curves were used to estimate vessel sharpness by the reciprocal
of the sum of the distances from 25% to 75% maximum-enhancement levels (thick lines,
formula in the middle bar, B ) and vessel width as the FWHM of the given profile (C ).
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same time, the in-plane spatial resolution by using a 1024 �
1024 matrix, depending on the selected image intensifier size
(170 –380 mm), ranged from 0.17 � 0.17 to 0.37 � 0.37 mm2.
Compared with these numbers, 4D-MRA with an image-up-
date time of 2 frames/s at an in-plane spatial resolution of
1.1 � 1.1 mm2 is far behind the possibilities of spatial and
temporal resolution in DSA. However, the noninvasiveness of
4D-MRA allows repeated low-risk examinations, especially of
patients with treated cAVMs. Furthermore, the availability of
dynamic 3D datasets may partly compensate for the nonselec-
tivity of contrast agent application to a specific vessel in 4D-
MRA. We present intraindividual comparisons of 4D-MRA
and DSA that were collected over a recruitment period of �6
years in 56 patients with cAVMs. The study population in-
cluded 25 patients who underwent surgery for their malfor-
mations and who received both pre- and postoperative imag-
ing or intraoperative comparison.

Qualitative Analysis
The qualitative analysis of our data reinforces earlier results
concerning the reliability of preoperative Spetzler-Martin
classification of cAVMs by using noninvasive 4D-MRA, in-
cluding 2 subgroups that received 4D-MRA either with or
without the implementation of view-sharing and with either
0.5-mol/L gadopentetate dimeglumine or 1.0-mol/L gad-
obutrol.15 The identification of small feeding arteries remains
challenging by using 4D-MRA. However, in the subgroup that

was examined with the later generation MR imaging scanner
with implementation of alternating view sharing (with in-
creased spatial and temporal resolution) and the high-molar-
ity contrast agent, 1.0-mol/L gadobutrol, feeding arteries were
missed by 4D-MRA in fewer patients. To overcome the limi-
tation concerning the identification of these small vessels,
Saleh et al27 proposed acquiring both a high-temporal-resolu-
tion 4D-MRA and a static high-spatial-resolution 3D-MRA.
This approach may further benefit from the implementation
of a very high-spatial-resolution time-of-flight technique with
a 1024� matrix.28

Quantitative Analysis
FWHM measurements revealed no significant differences in
the estimated diameter of small, medium-sized, and large in-
tracranial arteries and veins except a significantly increased
diameter of the inferior sagittal sinus in the second group. The
measurement of larger vessel diameters may be due to blurring
that apparently mainly affects small intracranial veins, and this
might be caused by a relative increase in undersampling in
view sharing in relation to the reference image. However, dif-
ferences between the 2 groups concerning the sharpness and
estimated vessel width of the V3 segment (Tables 2 and 3) had
no impact on the classification of venous drainage patterns of
cAVMs in our study population. A general tendency for over-
and underestimation of vessel size from 1 group to the other
was not observed, and the otherwise consistent vessel-width

Fig 2. Pre- and postoperative 4D-MRA and DSA in a 21-year-old man with a small left temporal cAVM, grade II (Spetzler-Martin classification). A and C, In preoperative full-volume lateral
maximum-intensity-projection 4D-MRA (A ) and selective DSA via the left vertebral artery (C ), the small nidus is visualized. B and D, In postoperative full-volume lateral maximum-
intensity-projection 4D-MRA (B ) and selective DSA via the left vertebral artery (D ), complete resection of the lesion is verified.
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estimates may serve as a measure for reproducibility of the
acquired data independent of the change in MR imaging scan-
ners, imaging protocols, and contrast agents during the re-
cruitment period.

The second measured quantitative parameter, estimated
vessel sharpness, was not significantly different within the
study groups for most vessels; this finding indicated that the

implementation of view sharing in the second group did not
generally cause significant blurring effects, which may be a
concern when temporal interpolation techniques are applied.
The significant and consistent increase in vessel-to-back-
ground contrast in the second group, on the other hand, may
be best explained by the change from a standard (0.5 mol/L) to
a high-molarity (1.0 mol/L) contrast agent. Similarly, a better
contrast of small arteries with a 1.0-mol/L contrast agent com-
pared with a 0.5-mol/L contrast agent was observed in abdom-
inal vessels at an equimolar dosage.23

Fig 3. Pre- and postoperative 4D-MRA and postoperative transversal diffusion-weighted image (b � 1000) in a 23-year-old man with a right temporal cAVM grade II (Spetzler-Martin
classification). The nidus (arrows ) is visualized accordingly in preoperative full-volume lateral maximum-intensity-projection 4D-MRA (A ) and selective DSA via the right vertebral artery
(B ). Only a few small arterial feeders could be occluded intraoperatively, and resection of the nidus was not possible. C, Postoperative full-volume lateral maximum-intensity-projection
4D-MRA reveals residual filling of the nidus (arrow ) according to the operative site, and a transversal diffusion-weighted image (D ) confirms a partial infarction of the right middle cerebral
artery territory (arrowhead ) and parts of the right thalamus.

Table 1: Estimates of vessel sharpness (1 mm) defined as the
reciprocal sum of the width from 25% to 75% of the maximum
intensity increase in 3 arterial and 3 venous vessel segments and
decreasing vessel diameters

All Group 1 Group 2 T Test
A1 0.39 � 0.04 0.37 � 0.03 0.40 � 0.04 .0010a

A2 0.41 � 0.08 0.41 � 0.10 0.41 � 0.07 .4896
A3 0.47 � 0.10 0.47 � 0.12 0.47 � 0.09 .4928
V1 0.30 � 0.05 0.28 � 0.04 0.30 � 0.05 .0648
V2 0.35 � 0.06 0.37 � 0.08 0.34 � 0.06 .0543
V3 0.52 � 0.15 0.62 � 0.24 0.49 � 0.11 .0016a

Note:—A1 indicates internal cerebral artery (lacerum segment, large artery); A2, middle
cerebral artery (proximal segment “M1,” medium-sized artery); A3, anterior cerebral artery
(small artery); V1, superior sagittal sinus (1 cm proximal of the confluens, large vein); V2,
straight sinus (1 cm proximal of the confluens, medium-sized vein); V3, inferior sagittal
sinus (1 cm proximal to the straight sinus, small vein).
a Significant (P � .05).

Table 2: Estimated vessel width FWHM (millimeters) defined as the
full width of the line profile at 50% of the maximum intensity
increase in 3 arterial and 3 venous vessel segments and
decreasing vessel diameters

All Group 1 Group 2 T Test
A1 4.22 � 0.58 4.23 � 0.72 4.22 � 0.55 .4812
A2 3.28 � 0.47 3.31 � 0.53 3.28 � 0.45 .4105
A3 2.84 � 0.45 2.88 � 0.37 2.83 � 0.47 .3345
V1 6.52 � 1.31 6.67 � 1.87 6.48 � 1.14 .3135
V2 4.20 � 0.69 4.02 � 0.86 4.25 � 0.64 .1269
V3 2.57 � 0.55 2.25 � 0.56 2.65 � 0.52 .0055a

a Significant (P � .05).
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Posttreatment Follow-Up
Using static contrast-enhanced time-of-flight MR angiogra-
phy at 3T in 32 patients with radiosurgical treatment of
cAVMs, Lee et al29 found that the sensitivity of their method
was high but the specificity was not sufficient for the detection
of residual AVMs after radiosurgery. With our time-resolved
high-spatial-resolution protocol, noninvasive 4D-MRA was
able to correctly judge whether there was residual filling of the
nidus after surgical resection with 100% agreement compared
with DSA; in the case in which the surgical nidus resection was
not successful, 4D-MRA was able to correctly demonstrate
residual nidus filling according to the operative situs. The fact
that 4D-MRA can be implemented within a regular MR imag-
ing protocol together with structural MR imaging allowed si-
multaneous visualization of a partial infarction of the right
middle cerebral artery territory, providing important infor-
mation for postoperative management. At the same time, in-
vasive DSA in this patient was waived because of the poor
general condition of the patient at that time, and 4D-MRA was
the only technique to dynamically document residual nidus
filling, which was confirmed by surgery. While 4D-MRA may
not fully substitute for DSA, given the current spatial and tem-
poral resolution, it proved to be a valuable alternative to DSA,
which may, for instance, be of value in selected cases (eg, in the
patient with a residual cAVM in our study) in which DSA is
not available.

Outlook
4D-MRA is also increasingly recognized as a diagnostic tool
for spinal and cranial arteriovenous fistulas, in which the vi-
sualization of angioarchitecture and flow dynamics is crucial
for possible partial replacement of DSA.30-32 Further studies
will be needed to evaluate the role of 4D-MRA in arterio-
venous malformations in all body regions. Other techniques
have been developed for time-resolved MRA of intracranial
vessels including undersampling k-space techniques such as
time-resolved imaging of contrast kinetics (TRICKS),33 time-
resolved echo-shared angiography technique (TREAT),12,34

phase contrast highly constrained back-projection recon-
struction (PC-HYPR),35 flow-sensitive 4D-MRA,36 and, more
recently, unenhanced dynamic MRA by using true free induc-
tion with steady-state precession– based spin-tagging with al-
ternating radio-frequency.37 Promising first results have been
presented by using these techniques, which will require further
evaluation in clinical trials with the ultimate goal of substitut-
ing them for DSA in the future.38,39

The change of equipment and contrast agents during the
recruitment period of this study allows evaluation of the im-
pact of 2 different scan protocols and the application of a high-

molar macrocyclic contrast agent instead of a standard-molar-
ity linear contrast agent. Qualitative and quantitative
parameters show that the combination of the CENTRA key-
hole technique with alternating view sharing does not lead to
substantial additional artifacts and allows an increase of spatial
resolution to an isotropic 1.1-mm voxel with no penalty in
temporal resolution. The change in contrast agents resulted in
a higher VBC of both arteries and veins. In addition to the
observed higher contrast of the higher molarity contrast agent,
the change from a linear to a macrocyclic contrast agent may
be beneficial because of different profiles concerning the risk
for NSF: The European Medicines Agency (EMEA) lists 1.0-
mol/L gadobutrol as a low-risk agent for the development of
NSF, whereas the standard-molarity linear contrast agent that
was used before the FDA announced its warning on NSF for
gadolinium-containing contrast agents has been classified as a
high-risk agent by the same institution (EMEA).40 Otherwise,
differences in toxicity of the 2 contrast agents have not been
reported, to our knowledge. Furthermore, additional studies
will be necessary to further elucidate the added impact of in-
jection rates on image quality.41

Conclusions
High-spatial- and high-temporal-resolution 4D-MRA com-
pared with DSA allows accurate preoperative Spetzler-Martin
classification of cAVMs and reliable postoperative assessment
of residual nidus filling. Additional view sharing with isotropic
spatial resolution and the application of 1.0-mol/L gadobutrol
allows a significantly higher vessel-to-background contrast
and the identification of feeding arteries in more patients. 4D-
MRA is a reliable tool for preoperative characterization of
cAVMs and a valuable addition to postoperative follow-up
after surgical removal of the lesion. This may allow a reduction
of invasive and sometimes repetitive follow-up DSA examina-
tions in this predominantly young population, even though it
may not fully replace DSA at the current stage due to limita-
tions in spatial and temporal resolution
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