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Abstract: This study aims to assess the diagnostic accuracy of non-contrast-enhanced 4D MR angiog-
raphy (NCE-4D-MRA) compared to contrast-enhanced 4D MR angiography (CE-4D-MRA) for the
detection and angioarchitectural characterisation of brain arteriovenous malformations (bAVMs). Util-
ising a retrospective design, we examined 54 MRA pairs from 43 patients with bAVMs, using digital
subtraction angiography (DSA) as the reference standard. Both NCE-4D-MRA and CE-4D-MRA were
performed using a 3-T MR imaging system. The primary objectives were to evaluate the diagnostic
performance of NCE-4D-MRA against CE-4D-MRA and DSA and to assess concordance between
imaging modalities in grading bAVMs according to four main scales: Spetzler–Martin, Buffalo, AVM
embocure score (AVMES), and R2eDAVM. Our results demonstrated that NCE-4D-MRA had a higher
accuracy and specificity compared to CE-4D-MRA (0.85 vs. 0.83 and 95% vs. 85%, respectively)
and similar agreement, with DSA detecting shunts in bAVMs or residuals. Concordance in grading
bAVMs was substantial between NCE-4D-MRA and DSA, particularly for the Spetzler–Martin and
Buffalo scales, with CE-4D-MRA showing slightly higher kappa values for interobserver agreement.
The study highlights the potential of NCE-4D-MRA as a diagnostic tool for bAVMs, offering compa-
rable accuracy to CE-4D-MRA while avoiding the risks associated with gadolinium-based contrast
agents. The safety profile of imaging techniques is a significant concern in the long-term follow up of
bAVMs, and further prospective research should focus on NCE-4D-MRA protocol improvement for
clinical use.

Keywords: brain arteriovenous malformations; non-contrast-enhanced MR angiography;
contrast-enhanced MR angiography; Spetzler–Martin; buffalo; AVMES; R2DAVM

1. Introduction

Current knowledge on the management of unruptured brain arteriovenous malfor-
mations (bAVMs) is limited, and only a few studies reported reliable data. One of those
is a 50-month follow-up trial named ARUBA [1]. It demonstrates a superiority of medi-
cal management alone in opposition to management with interventional therapy for the
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prevention of death or symptomatic strokes. The characterisation of angioarchitectural
features remains critical in the follow-up of brain arteriovenous malformations (bAVMs),
yet today’s imaging methods are limited by radiation exposure and risks associated with
contrast agents. Digital subtraction angiography (DSA) continues to be the gold standard
for this purpose, offering high sensitivity and specificity. Studies have demonstrated
that contrast-enhanced MR angiography (CE-MRA) achieves overall sensitivity and speci-
ficity of 0.77 and 0.97, respectively, in detecting residual bAVMs [2]. However, only a
few studies have evaluated non-contrast-enhanced MR angiography (NCE-MRA) [2–6],
and to our knowledge, only one study has compared NCE-MRA with CE-MRA for bAVM
follow-up after gamma knife radiosurgery [7]. Recent advances in magnetic resonance
angiography (MRA) have significantly expanded its clinical utility, particularly with the
development of NCE 4D MRA. This technique, offering a spatial resolution of 1–1.5 mm3

and a temporal resolution of 50–100 ms, has shown promise in characterising cerebrovas-
cular haemodynamics. NCE 4D MRA provides several advantages over DSA and CE-
MRA, including its non-invasive nature, which allows for repeated scans in follow-up
studies, and its ability to provide detailed haemodynamic and morphological informa-
tion about cerebral vasculature. Its clinical utility has been evaluated in cases of cere-
bral malformations and collateral circulations, highlighting its potential as a diagnos-
tic tool. This study aims to compare the diagnostic accuracy of NCE 4D MRA at 3.0 T
(4D TRANCE) with CE 4D MRA at 3.0 T (4D TRAK) in detecting residual bAVMs and
characterising their angioarchitectural features. By exploring these advanced imaging
techniques, we seek to improve the non-invasive diagnostic options available for bAVM
follow-up.

2. Materials and Methods
2.1. Recruitment

Cases were retrospectively assigned from a population of 108 patients followed for a
bAVM in our unit from 2015 to 2023. The age of the patients was up to 18 years old. Among
them, 57 did not complete an NCE-4D-MRA, and 8 did not complete a DSA in our service.
A total of 43 patients were included, with 58 potential NCE-4D-MRA and corresponding
CE-4D-MRA and DSA pairs. Four NCE-4D-MRA were uninterpretable, reducing the
final study population to 54 MRA pairs (NCE-4D-MRA and CE-4D-MRA within DSA) for
43 patients. Patients had to be previously included in TOBAS, which is an investigator-led,
pragmatic, multicentre care trial. The protocol was approved by national review (CPP), and
all patients or delegates provided written informed consent [8]. Clinical trial registration
number was as follows: NCT02098252.

2.2. Four-Dimensional MRA Techniques

Four-dimensional MRA techniques were conducted using a 3-T MR imaging system
(Achieva or Ingenia Elition X; Philips Medical System, Best, The Netherlands) for both
NCE-4D-MRA and CE-4D-MRA, utilising a commercially available 32-channel head coil.
The MR unit’s gradient system achieves a maximum gradient amplitude of 78 mT/m for
Ingenia Elition X and 80 mT/m for Achieva, with slew rates of 220 T/m/s and 200 T/m/s,
respectively.

The NCE-4D-MRA (Figure 1a–f) was executed using the CINEMA-pASL technique (4D
TRANCE; Philips Medical System, Best, The Netherlands) [9], combining STAR angio as an
ASL method and look-locker sampling for spin labelling with a 3-dimensional segmented
T1-weighted turbo field echo-planar imaging (3D-TI-TFEPI). The sequence involved two
acquisitions for each measurement with identical readouts. Control and labelling pulses
were applied at the same location. A labelling pulse preceded the first acquisition before
the T1 TFEPI readout, followed by a control pulse for the second acquisition. Only spins
moving into the imaging volume from flowing blood underwent the labelling pulse. After
two acquisitions, temporal phases with identical inversion delays were subtracted, isolating
the blood signal and cancelling out the static tissue signal.
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Figure 1. Magnetic resonance angiography of a thirty-five-year-old man with an untreated frontoparietal
AVM, initially discovered on a haemorrhagic event. The anteroposterior maximal intensity projections
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of both 4D-MRA techniques studied are presented. The six most relevant of ten dynamic images of
NCE-4D-MRA appear in (a–f), with a temporal resolution of 200 ms. Corresponding dynamic images
of CE-4D-MRA appear in (g–l), with a temporal resolution of 1400 ms. The images reveal two arterial
feeders from the left middle cerebral artery, a small nidus (<30 mm) in the postcentral gyrus, and a
superficial veinous drainage in the superior sagittal sinus. The temporal resolution of NCE-4D-MRA
allows for precision in the arterial analysis, but the loss of signal in the last scan times limits veinous
characteristic descriptions.

The 4D TRANCE sequence’s acquisition parameters included a 3D-T1 TFEPI sequence
with TR of 8.1 ms, TE of 4.2 ms, flip angle of 10◦, FOV of 210 × 210 mm2, matrix of
140 × 129, slab thickness of 150 mm, acquisition voxel of 1.5 × 1.5 × 1.5 mm3, reconstruction
voxel of 0.73 × 0.73 × 0.75 mm3, sensitivity encoding factor of 2.9 in phase-encoding
direction, 1.4 in slice-encoding direction, and acquisition time of 5 min, 24 s. The arterial
spin labelling volume was 300 mm, with a 20 mm gap between it and the acquisition
volume. Ten labelling pulses were applied for dynamic inflow images at intervals of
200 ms (from 200 ms to 2000 ms).

CE-4D-MRA (Figure 1g–l) was performed using the 4D Time-Resolved MR angiogra-
phy with keyhole (4D-TRAK; Philips Medical System, Best, The Netherlands) sequence [10].
Gadoteric acid (DOTA-Gd, DOTAREM; Guerbert, Villepinte, France) served as the
gadolinium-based contrast agent, injected via an automated power injector (Spectris Solaris
EP; Medrad Europe, Beek, The Netherlands) at 0.2 mL/kg at 1.5 mL/s, followed by a
25 mL saline flush at the same rate.

The 4D-TRAK technique accelerates image acquisition by combining CENTRA keyhole
method, which acquires 15% of the k-space centre in both Ky and Kz directions during
the contrast bolus passage, sensitivity encoding (SENSE) for parallel imaging with an
acceleration factor of 3.5 in phase-encoding direction and 2.8 in slice-encoding direction,
and partial Fourier imaging to skip 20% of the k-space periphery.

The acquisition parameters for the 4D-TRAK sequence were a 3D-T1-EG sequence with
TR of 3.7 ms, TE of 1.62 ms, flip angle of 20◦, FOV of 240 × 240 mm2, matrix of 240 × 209,
slab thickness of 180 mm, acquisition voxel of 1 × 1.15 × 2.20 mm3, reconstruction voxel of
0.68 × 0.68 × 1.1 mm3, and acquisition time of 1 min, 7.8 s. The sequence commenced with
a native mask of 4.4 s to subtract stationary tissue, followed by 45 dynamic scans with a
temporal resolution of 1400 ms per dynamic scan.

Three-dimensional reconstructions of the 4D-MRAs collected images were system-
atically conducted on an individual workstation (Viewforum Release, Philips Medical
System, Best, The Netherlands), with production of series of dynamic maximum intensity
projection (MIP).

2.3. DSA Exploration

We utilised 2D Digital Subtraction Angiography (DSA) as the reference standard
due to its established gold standard status in bAVM diagnostics. All cerebral catheter
angiographies were performed according to the standard of care on a biplanar angiography
system (Artis, Siemens Healthineers, Erlangen, Germany). The retained angiogram set
consistently included both internal carotid and the dominant vertebral artery images,
obtained after a bolus injection of 8 mL of Iodixanol 270 mg/mL (Visipaque 270, GE
Healthcare, IDA Business Park, Carrigtwohill, County Cork, Ireland) via a 5F catheter.
Frontal and lateral projections were captured at a frequency of 3 images per second. DSA
were conducted for diagnostic reasons, either between steps, before a treatment sequence,
or to assess cure status, with the interval ranging from less than a day to 1524 days in
relation to the 4D-MRAs.

2.4. End Points

Initially, our objective was to evaluate the diagnostic accuracy and consistency of
NCE-4D-MRA in identifying any pial shunt in patients with bAVMs, whether treated
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or untreated, with DSA serving as the benchmark for comparison, and to assess how it
compares with CE-4D-MRA. Subsequently, our goal was to assess the concordance between
these two sequences in relation to the DSA standard for classifying bAVMs according to
the four main grading scales: Spetzler–Martin, Buffalo, AVMES, and R2eDAVM, including
an analysis of sub-scale items as well as to examine their interobserver agreement.

2.5. Interpretation

Image analysis was conducted by three independent readers with varying levels of
experience in neuroradiology (10 years, 5 years, and 1 year). All were blinded to each
other and to the identifying/clinical variables and treatment status of the participants.
Each reader first independently assessed the NCE-4D-MRA set in a random order. After
a period of more than three weeks, they evaluated the CE-4D-MRA images in a random
order. Interpretations were based solely on the dynamic MIPs provided in three planes.
They determined the presence of a shunt in each 4D-MRA and, if identified, proceeded
to a standardised descriptive assessment with yielded to the calculation of the four grad-
ing scales.

The most experienced reader reviewed the DSA images to verify the clinical data
assessments, and discrepancies were resolved through consensus.

Four commonly used scores for classifying bAVMs were selected (Supplementary
Tables S1 and S2). These scores describe the architectural characteristics of bAVMs and are
routinely used for monitoring and making treatment decisions. The Spetzler–Martin scale,
initially developed for assessing surgical risk in bAVM resection, considers the nidus size,
bAVM location (eloquent or non-eloquent), and draining veins [11]. The AVM embocure
score (AVMES) includes the number of arterial pedicles and demonstrates a predictive
rate of complications with the Buffalo grading scale in endovascular embolization [12,13].
A haemorrhagic risk stratification incorporating race, exclusive deep location, AVM size,
type of venous drainage, and monoarterial feeding constitutes the R2eDAVM score [14].
Readers were also asked to note the number of venous aneurysms in the reading grid.

2.6. Data Analysis

Statistical analysis encompassed descriptive statistics for demographics and selected
DSA variables to describe the sample. Four grading scales’ and subitems’ descriptive
statistics were also provided (frequencies and percentages; median and interquartile range)
for all readings (pooling the 3 readings) with adapted comparison test between 4D-MRAs
and DSA. Adapted correlation coefficient and Kappa calculations (for variables with more
than two classes, weighted quadratically) were given to detail link between techniques or
readings and concordance between techniques/agreement between readers, respectively. It
was chosen to consider results of the scales as ordinal variables. κ statistics were interpreted
as suggested by Landis and Koch [15]. Performance analysis (sensitivity, specificity, positive
predictive value, negative predictive value, and area under the curve) was made for shunt
detection for CE-4D-MRA and NCE-4D-MRA compared to the gold standard (DSA) using
DeLong method. There were no missing values. Statistical significance was set to 5%.
Statistical software used was STATA MP16 Stata Corp, College Station, TX, USA.

3. Results
3.1. Population

Fifty-four paired examinations (NCE-4D-MRA and CE-4D-MRA) were analysed with
corresponding DSA for 43 included patients, who had a median age of 55 years (range,
18–80 years). CE-MRA and NCE-MRA were always conducted simultaneously, and the
time between MRA and DSA varied from 0 to 1524 days. Eleven 4D-MRA/DSA pairs from
nine patients were recorded at various stages of their disease, including between partial
treatment and cure diagnosis. Of the 43 patients, 16 (37.2%) were female, 37 patients (86%)
had previously experienced a haemorrhagic event, and 22 (41%) had received treatment. A
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summary of the sample description can be found in the Table 1. The corresponding flow
chart is shown in Figure 2.

Table 1. Patient demographic, treatment, and grading scale information.

Description Med. or Freq. [IQR] or %

Demographics (over n = 43)

Age, years 55 [34–61]

Sex, male 27 62.80%

Hemorrhagic presentation 37 68.52%

Treated (overall n = 54) 22 40.74%

Embolization 8 36.36%

Embolization then radiosurgery 6 27.27%

Embolization then surgery 5 22.73%

Radiosurgery 3 13.64%

bAVM location (over n = 43)

Supratentorial 38 88.30%

Infratentorial 5 11.63%

bAVM visualisation (DSA consensus) 40 74.07%

Shunt (over non-treated n = 32) 29 90.62%

Residual shunt (over treated n = 22) 11 50.00%

bAVM Grading (DSA consensus, overall)

SM 1 [1–3]

AVMES 3 [3–6]

Buffalo 2 [2–3]

R2DAVM 4 [4–5]

Time intervals (overall)

Delay between DSA and 4D MRA, months 4 [1–18]
Note: n = Number; Med. = median and Freq. = frequency; IQR = interquartile range; DSA = digital subtraction
angiography; bAVM = brain arteriovenous malformation; SM = Spetzler–Martin; AVMES = arteriovenous
malformation embocure score; R2DAVM = race, exclusive deep, arteriovenous malformation; 4D MRA = four-
dimensional magnetic resonance angiography.
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3.2. Diagnostic Performance and Concordance of 4D-MRAs to Detect Shunts

In the context of a sample of mixed ruptured–unruptured/treated–untreated bAVMs,
we recalled 40 visible shunts (74%) on index DSA (29 AVMs and 11 residual shunts). The
Nidus size comprised between 0 and 3 cm for 23 AVMs, 3 and 6 cm for 10 AVMs, and
up that 6 cm for 7 AVMs. CE-4D-MRA showed a visualisation rate of 64%, while NCE-
4D-MRA had a slightly lower rate at 57%. Interobserver agreement, as measured by the
kappa statistic, was higher for NCE-4D-MRA (0.82) compared to CE-4D-MRA (0.73). Both
modalities demonstrated a similar level of agreement with DSA (0.58–0.59).

The area under the curve (AUC, analysed against DSA) was higher for NCE-4D-
MRA at 85%, as opposed to 83% for CE-4D-MRA (p = 0.045), indicating a significantly
slightly better overall accuracy for the non-contrast technique. The result was mitigated by
the sensitivity of CE-4D-MRA that was 81%, which was higher than the 75% sensitivity
observed for NCE-4D-MRA. In terms of specificity, NCE-4D-MRA outperformed CE-4D-
MRA (95% compared to 85%). The details are reported in Table 2.

Table 2. Diagnostic performance and concordance of contrast-enhanced four-dimensional mag-
netic resonance angiography (CE-4D-MRA) and non-contrast-enhanced four-dimensional magnetic
resonance angiography (NCE-4D-MRA) in shunt detection.

Shunt Detection CE-4D-MRA NCE-4D-MRA

Visualisation (%) 63.58 56.79

Kappa (interobs.) 0.73 0.82

Kappa (vs. DSA) 0.59 0.58

Sensitivity 80.83 75.00

Specificity 85.71 95.24

PPV 84.17 97.82

NPV 61.10 57.14

AUC * 83.27 85.11
Note: interobs. = interobserver; PPV = predictive positive value; NPV = negative predictive value; AUC = area
under the curve. * Sig p = 0.0452

3.3. Correlation and Concordance of Scaling between DSA and 4D-MRAs

The highest values of correlation and concordance to DSA were obtained with NCE-
4D-MRA for the SM grading scale and with CE-4D-MRA for the Buffalo scale.

For the SM grading scale, the correlation coefficients were 0.76 for CE-4D-MRA and
0.78 for NCE-4D-MRA, with kappa values indicating moderate agreement at 0.58 and 0.66,
respectively. For the Buffalo scale, the correlation coefficients were 0.79 for CE-4D-MRA
and 0.74 for NCE-4D-MRA, while the kappa values showed moderate agreement at 0.65
and 0.58, respectively.

The Figure 3 illustrates the concordance between techniques.
The AVM embocure score or R2eDAVM scales showed strong correlation coefficients,

with CE-4D-MRA at 0.80/0.68 and NCE-4D-MRA at 0.73/0.70, but kappa values were the
lowest with DSA at 0.57/0.55 and 0.49/0.55, respectively.

The assessments aligned across every variable of the scales except for venous char-
acteristics and the number of feeders. Notably, both correlation and kappa values were
above 0.6 for variables such as nidus size, the presence of a deep location, the eloquence of
location, and the size of the feeder. The agreement was slightly lower for the number of
feeders. The description of venous characteristics was notably weaker with kappa values
ranging from 0.24 to 0.46 for CE-4D-MRA and from 0.16 to 0.20 for NCE-4D-MRA. The
intermodality analysis for all readings is detailed in Table 3.
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malformation (bAVM). The anteroposterior (a) and lateral (b) maximal intensity projection (MIP) of a
non-contrast-enhanced four-dimensional magnetic resonance angiography (NCE-4D-MRA) at the best
nidus phase. The anteroposterior (c) and lateral (d) maximal intensity projection (MIP) of a contrast-
enhanced four-dimensional magnetic resonance angiography (CE-4D-MRA) at the best nidus phase. The
anteroposterior (e) and lateral (f) projections of a digital subtraction angiography (DSA) at the best nidus
phase. The images show a bAVM in eloquence localisation (precentral gyrus in left frontal lobe), with a
nidus size between 30 mm and 60 mm, six arterial feeders from the left anterior artery and left middle
cerebral artery, and a superficial veinous drainage in the superior sagittal sinus. NCE-4D-MRA allows for
precision about arterial feeders with a lack of signal on veinous drainage, while the temporal resolution
of CE-4D-MRA does not disassociate arterial and venous phases as accurately as NCE-4D-MRA and
DSA. DSA outperforms 4D-MRAs in an arterial feeder analysis.

Table 3. Intermodality agreement between contrast-enhanced four-dimensional magnetic resonance
angiography (CE-4D-MRA) and digital subtraction angiography (DSA) for all readings; intermodality
agreement between non-contrast-enhanced 4D MRA (NCE-4D-MRA) and DSA for all readings.

CE-4D-MRA (vs. DSA) NCE-4D-MRA (vs. DSA)

Variables Med./Freq. IQR/% p-Value Corr.
Coef. Kappa Med./Freq. IQR/% p-Value Corr. Coef. Kappa

Grading scales

SM 2 [1–4] 1.000 0.76 0.58 3 [1–4] <0.001 * 0.78 0.66

AVMES 4 [3–7] 0.007 * 0.80 0.57 4 [3–6] 0.014 * 0.73 0.49

Buffalo 2 [2–4] 0.714 0.79 0.65 3 [2–3.25] 0.357 0.74 0.58

R2DAVM 4 [3–5] 0.648 0.68 0.55 4.5 [4–5] 0.034 * 0.70 0.55

Features

Nidus size (SM) 1 [1–2] 0.555 0.85 0.77 2 [1–2] 0.193 0.87 0.80

Deep location 14 08.64% <0.001 * 0.83 0.82 16 09.87% <0.001 * 0.67 0.66

Eloquency 55 33.95% 0.021 * 0.70 0.69 56 34.56% 0.021 * 0.71 0.70

Fossa posterior 13 08.02% <0.001 * 0.96 0.95 10 06.17% <0.001 * 1.00 1.00

Nb. of feeders 3 [1.5–5] 0.173 0.86 0.55 3 [2–5] 0.315 0.78 0.47

Feeder size > 1 mm 88 90.72 <0.001 * 0.71 0.71 81 90.00 <0.001 * 0.60 0.59

Superf. ven. drain. 61 59.80% <0.001 * 0.54 0.46 69 76.67 0.019 * 0.20 0.16

Nb. draining veins 1 [1–2] 0.101 0.48 0.44 1 [1–1] <0.001 * 0.30 0.20

Nb. ven. aneurysm 0 [0–0.5] <0.001 * 0.27 0.24 0 0 <0.001 * 0.31 0.17

Note: Med. = median and Freq. = frequency; IQR = interquartile range; Corr. Coef = correlation coefficient,
SM = Spetzler–Martin; AVMES = arteriovenous malformation embocure score; R2DAVM = race, exclusive deep,
arteriovenous malformation; Nb. = number; Ven. = veinous; * statistically significant.
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3.4. Agreements of Readings 4D-MRAs Techniques

The results are summarised in Table 4.

Table 4. Interobserver (interobs.) agreement of contrast-enhanced four-dimensional magnetic reso-
nance angiography (CE-4D-MRA) for all readings. Interobserver agreement of non-contrast-enhanced
four-dimensional magnetic resonance angiography (NCE-4D-MRA) for all readings. Intermodality
agreement comparison of CE-4D-MRA and NCE-4D-MRA for all readings.

Agreements between 4D-MRAs Techniques

Variables
CE-4D-MRA (Interobs.) NCE-4D-MRA (Interobs.) NCE- vs. CE-4D-MRA

Corr. Coeff. Kappa Corr. Coeff. Kappa Corr. Coeff. Kappa

Grading scales

SM 0.84 0.67 0.74 0.54 0.68 0.53

AVMES 0.87 0.69 0.80 0.60 0.68 0.49

Buffalo 0.83 0.70 0.79 0.59 0.70 0.55

R2DAVM 0.52 0.29 0.60 0.38 0.60 0.48

Features

Nidus size (SM) 0.90 0.82 0.85 0.76 0.80 0.71

Deep location 0.80 0.68 0.69 0.44 0.58 0.58

Eloquency 0.65 0.46 0.57 0.33 0.51 0.51

Fossa posterior 1.00 1.00 1.00 1.00 1.00 1.00

Nb. of feeders 0.92 0.79 0.82 0.65 0.73 0.56

Feeder size > 1 mm 0.47 0.19 - 0.03 0.40 0.39

Superf. ven. drain. 0.64 0.40 0.44 0.13 0.17 0.21

Nb. draining veins 0.79 0.35 0.46 0.10 0.28 0.21

Nb. ven. aneurysm 0.47 0.11 - 0.14 0.27 0.23

Note: Corr. Coef = correlation coefficient, SM = Spetzler–Martin; Nb. = number; superf; = superficial;
ven. = veinous; drain. = drainage.

The kappa values indicated a range from moderate to substantial agreement for the
SM and Buffalo grading scales. Specifically, CE-4D-MRA demonstrated kappa values of
0.67 for SM and 0.70 for Buffalo, indicating a good level of agreement among readers.
NCE-4D-MRA showed slightly lower kappa values of 0.54 for SM and 0.59 for Buffalo.

The AVMES score revealed a kappa of 0.69 for CE-4D-MRA and 0.60 for NCE-4D-MRA,
suggesting a moderate agreement. The R2eDAVM scale had the lowest kappa values, with
0.29 for CE-4D-MRA and 0.38 for NCE-4D-MRA, indicating a fair level of agreement.

Except for the assessment of R2DAVM (which had the lowest interobserver agree-
ment whatever the chosen technique), the interobserver agreement (and the correlation
coefficient) was always slightly higher for CE-4D-MRA than NCE-4D-MRA.

When comparing NCE-4D-MRA to CE-4D-MRA, kappa values for SM, AVMES, Buf-
falo, and R2eDAVM ranged from 0.48 to 0.55.

4. Discussion

This study evaluated the diagnostic accuracy of NCE-4D-MRA at 3.0 Tesla for de-
tecting shunts in patients with bAVMs, whether treated/cured or not. The sensitivity
and specificity of NCE-4D-MRA were found to be 95% and 75%, respectively. Notably,
there was a similar level of agreement with CE-4D-MRA compared to DSA. The slight
superior diagnostic accuracy of NCE-4D-MRA may be attributed to its enhanced spatial
and temporal resolution, which boasts a reconstruction voxel size of 0.73 × 0.73 × 0.75 mm3

and a temporal resolution of 0.20 s per volume compared to CE-4D-MRA’s voxel size of
0.68 × 0.68 × 1.1 mm3 and temporal resolution of 1.4 s per volume. The differences in
temporal resolution can be seen in Figure 1.
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While the study showcases the commendable diagnostic accuracy of NCE-4D-MRA
in evaluating bAVMs, its inherent limitations caution against unequivocally ruling out
the bAVM cure based solely on a negative NCE-4D-MRA result. The high sensitivity and
positive predictive value underscore NCE-4D-MRA’s reliability in positive cases, virtually
eliminating the risk of false positives. The utilisation of NCE-4D-MRA has also been
assessed in radiosurgery planning, with an association of CE-4D-MRA and TOF [16] or
with the ASL technique alone [17]. In a study of radiosurgically treated patients with small
brain AVMs, the couple arterial spin-labelling/TOF was found to be superior to gadolinium-
enhanced MR imaging in detecting residual bAVMs [18]. When current recommendations
on follow-ups consider DSA as the gold standard for the detection of residual or recurrent
AVMs after the apparent cure of bAVMs [19], NCE4D-MRA’s precision could facilitate the
reduction of unnecessary DSA exams, particularly beneficial for patients under surveillance
post-radiosurgery.

Our study also evaluated the consistency of NCE-4D-MRA in grading the four most
frequently utilised scores relative to DSA. Concordances of NCE-4D-MRA with DSA were
found substantial for Spetzler–Martin and Buffalo (kappa of 0.66 and 0.58, respectively);
and found in the same range that CE-4D-MRA (kappa of 0.58 and 0.65, respectively). A wide
range of quotation for R2DAVM and AVMES scores might account for lower concordance
and correlation with DSA for our two MRA modalities, as it increases the risk of varying
quotation. Considering these two scales, interobserver agreement always revealed slightly
higher kappa values for CE-4D-MRA (SM: 0.67 vs. 0.53; Buffalo: 0.70 vs. 0.55). An
analysis of the sub-scales’ detailed features revealed a decline in the efficacy of NCE-4D-
MRA compared to CE-4D-MRA in venous drainage characteristics (Figures 1 and 2), in
particular demonstrating limited intermodality and interobserver agreements, likely due
to the diminishing subtracted signal from the T1 recovery of magnetically labelled blood.
Significant advancements have been achieved since the last decade and Nakamura et al. [9]
for the T1 weighted relaxation time. Iryo et al. [4] described a significant detection of
venous drainage patterns (intermodality agreement κ = 0.88 and interobserver agreement
κ = 0.86) with a T1 weighted relaxation time of 8.5 s. This suggests that optimising the
T1 relaxation time could be a promising direction for enhancing the depiction of venous
drainage in ASL-based MRA. Fei Cong et al. [20] prolonged the longitudinal relaxation time
at 7 Tesla, which provides a longer time window to collect the ASL signal and increases
the analysis of veinous characteristics. Reflection can also consider the length of the echo
time (TE). Some authors employ an ultrashort TE to minimise the phase dispersion of
the labelled blood flow signal within the voxel space and mitigate magnetic susceptibility
effects [21,22]. A short TI reconstruction enables even higher temporal resolution, albeit
with certain limitations, such as fat-related artifacts and the reduced visibility of distal
arteries [23].

Temporal resolution can also be controlled through the spin labelling technique, such
as super-selective pseudo-continuous arterial spin labelling combined with CENTRA-
keyhole and view sharing (4D-S-PACK), which can be useful for visualising bAVMs [24].
Murazaki et al. [25] introduced two additional strategies to improve temporal resolution
and decrease scanning times in the latter ASL technique: compressed sensitivity encoding
(CS-SENSE) and PhyZiodynamics. These methods facilitate a more comprehensive analysis
of inflow feeding arteries without extending sequence duration. A prospective study
evaluated selective arterial spin labelling in addition to CE-4D-MRA for the anatomic and
functional characterisation of bAVMs in the comparison of DSA. Corresponding Spetzler–
Martin grading and venous drainage patterns (deep versus superficial) were described
similarly (100% of match) [26]. The principles and clinical applications of the latest ASL-
based MRA techniques were reviewed in a recent study [27].

Despite a demonstrated strength of CE-4D-MRA to classify bAVMs and evaluate their
haemodynamic features [28,29], its exposure to gadolinium-based contrast agents (GBCAs)
is significant [30]. Those risks are mostly represented by gadolinium brain deposition and
nephrotoxicity [31–36]. Furthermore, immediate adverse reactions to gadolinium-based
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agents can be observed, and there is still a lack of data over GBCA use during pregnancy
and lactation [37]. In the absence of definitive data, one should contemplate the use
of alternative diagnostic methods, like non-contrast MRI [38]. Employing non-contrast-
enhanced sequences may mitigate the risks associated with GBCAs and may streamline
the imaging process for paediatric patients.

BAVM cares need consistent information about arterial feeders and draining vein fea-
tures [39]. Therapy and follow-up decisions are conditioned by the reliability of the imaging
technique [19]. Ongoing bAVM management strategies might rely on a noninterventionist
follow-up. In TOBAS [40], Raymond et al. revealed the infrequent success of endovascular
embolization alone, with treatment efficacy defined as the complete occlusion of the bAVM
on follow-up catheters or non-invasive angiography, at under 40%. In a randomised trial,
Darsaut et al. established that surgical management provides a high curative level at 88% of
all patients with unruptured or ruptured bAVMs but with a risk of disabling complications
of 4% [41].

Due to its superior ability to identify small-size arterial feeders and draining vein
features, DSA continues to serve as the gold standard and is imperative for interventional
planning procedures in brain arteriovenous malformations [42] (Figure 2). However, 4D-
MRA serves as a valuable component of medical follow-up strategies.

Whilst association among bAVM blood flow and rupture risk is suggested [43], ASL-
4D-MRA could also offer additional information by monitoring the haemodynamic flow of
bAVMs, which could be linked to predicting haemorrhagic risk [44].

Our findings demonstrated an equivalence of NCE-4D-MRA with CE-4D-MRA in
the graduation of Spetzler–Martin, Buffalo, and AVMES scores. Moreover, it provides a
moderate-to-substantial agreement for the feeder number count (intermodality agreement
r = 0.728, κ = 0.559; interobserver agreement r = 0.821, κ = 0.649). Particularly for this
chronic pathology that requires long-term monitoring, this might suggest a follow-up
procedure without the use of gadolinium-based agents. These findings underscore the
importance of patient-centred care in managing bAVMs: given the chronic nature of bAVMs
and the potential need for lifelong surveillance, the safety profile of imaging techniques
becomes a paramount concern.

To the best of our knowledge, this study is the inaugural comparison of the diagnostic
accuracy and concordance between DSA and non-contrast-enhanced 4D MRA versus
contrast-enhanced 4D MRA in bAVM shunt detection and grading involving a population
of this size. Xu et al. [45] reported fifteen bAVMs detected in DSA explored in NCE-4D-
MRA: intermodality agreements were excellent for the arterial feeders (Kappa of 0.93),
good for the nidus size (0.69), and moderate for the venous drainage (0.49), in accordance
with our findings.

Despite its strengths, the study acknowledges limitations, such as the retrospective
design, the variable intervals between 4D-MRA and DSA, and the potential for angioar-
chitectural changes over time. In our investigation, twenty-two patients received treat-
ment, predominantly endovascular (either partial or complete), and six also underwent
radiosurgery, which incrementally diminished the elevated blood flow over a span of
2 to 5 years and potentially led to its elimination [28,46]. This possibly led to changes
in bAMV features. A comprehensive study conducted by Soize et al. [47] demonstrates
comparable concordance and correlation for detecting residual shunts in treated bAVMs
with CE-4D-MRA compared to DSA. The sensitivity was 73.7%, specificity 100%, positive
predictive value 100%, negative predictive value 78.3%, with a moderate intermodality
agreement (kappa = 0.60).

Another limitation of our study was the lack of sound-to-noise ratio (SNR) and
contrast-to-noise ratio (CNR) measurement and comparison of those between NCE-4D-
MRA and CE-4D-MRA. The SNR and CNR are indeed great parameters for assessed
dynamic, morphologic, and functional information about bAVMs. Günther et al. demon-
strated the implication of SNR in ASL brain perfusion and how it can be quantified and
adjusted with flip angle changes [48]. The ASL technique in NCE-4D-MRA can also deliver
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an angiographic depiction of intracranial vessels with precision and high CNR [49]. As a
CNR analysis can be performed in different vessel sections and can be used to compare
two sequences [9], it could be employed in further studies to compare NCE-4D-MRA and
CE-4D-MRA.

Future research should focus on prospective studies with tighter imaging intervals.
The refinement of NCE-4D-MRA protocols could lead to enhance venous detail visualisa-
tion. Lastly, the exploration of artificial intelligence algorithms for automated grading and
assessment of bAVMs might assist in reducing the interobserver factor in the reading [50].
Other ways of grading the bAVM may also be evaluated regarding the aim of the follow-
up [51], and NCE methods of follow up may be developed using a combined sequence
analysis, relying, for example, on SWI [52], TOF, and ASL [53] to find the optimised protocol
in a desired subset of follow-up.

Moreover, there is a need to assess the long-term outcomes and impact of bAVM pa-
tients managed based on NCE (-4D-) MRA findings, especially in comparison to traditional
management pathways.

5. Conclusions

This study reports encouraging results for the use of contrast-free 4D MRA techniques
in the detection of shunts in bAVMs and their characterisation compared with 4D MRA with
gadolinium injection, with cerebral arteriography as the reference. Many improvements
can be made to this sequence, which would avoid repeated exposure to X-rays and contrast
agents for patients with bAVMs requiring long-term follow-up.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/diagnostics14151656/s1, Table S1 and Table S2: Details of
the four bAVM scores.

Author Contributions: Conceptualization, methodology, validation, investigation and resources,
G.C., J.O. and E.M.; data curation, G.C., J.O. and M.C.E.A.; writing-original draft preparation, writing-
review and editing, G.C. and J.O.; supervision, J.O.; formal analysis, J.-C.G., M.C.E.A., O.S. and D.B.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This study received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of TOBAS protocol
(clinical trial registration: NCT02098252).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data available on request due to restrictions (e.g., privacy, legal or
ethical reasons).

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Mohr, J.P.; Overbey, J.R.; Hartmann, A.; Kummer, R.V.; Al-Shahi Salman, R.; Kim, H.; Van Der Worp, H.B.; Parides, M.K.; Stefani,

M.A.; Houdart, E.; et al. Medical management with interventional therapy versus medical management alone for unruptured
brain arteriovenous malformations (ARUBA): Final follow-up of a multicentre, non-blinded, randomised controlled trial. Lancet
Neurol. 2020, 19, 573–581. [CrossRef] [PubMed]

2. Leclerc, X.; Gauvrit, J.Y.; Trystram, D.; Reyns, N.; Pruvo, J.P.; Meder, J.F. Imagerie vasculaire non invasive et malformations
artérioveineuses cérébrales. J. Neuroradiol. 2004, 31, 349–358. [CrossRef] [PubMed]

3. Yu, S.; Yan, L.; Yao, Y.; Wang, S.; Yang, M.; Wang, B.; Zhuo, Y.; Ai, L.; Miao, X.; Zhao, J.; et al. Noncontrast dynamic MRA in
intracranial arteriovenous malformation (AVM): Comparison with time of flight (TOF) and digital subtraction angiography
(DSA). Magn. Reson. Imaging 2012, 30, 869–877. [CrossRef] [PubMed]

4. Iryo, Y.; Hirai, T.; Nakamura, M.; Kawano, T.; Kaku, Y.; Ohmori, Y.; Kai, Y.; Azuma, M.; Nishimura, S.; Shigematsu, Y.; et al.
Evaluation of Intracranial Arteriovenous Malformations with Four-Dimensional Arterial-Spin Labeling–Based 3-T Magnetic
Resonance Angiography. J. Comput. Assist. Tomogr. 2016, 40, 290–296. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/diagnostics14151656/s1
https://doi.org/10.1016/S1474-4422(20)30181-2
https://www.ncbi.nlm.nih.gov/pubmed/32562682
https://doi.org/10.1016/S0150-9861(04)97014-9
https://www.ncbi.nlm.nih.gov/pubmed/15687950
https://doi.org/10.1016/j.mri.2012.02.027
https://www.ncbi.nlm.nih.gov/pubmed/22521994
https://doi.org/10.1097/RCT.0000000000000346
https://www.ncbi.nlm.nih.gov/pubmed/26599964


Diagnostics 2024, 14, 1656 13 of 15

5. Fujima, N.; Osanai, T.; Shimizu, Y.; Yoshida, A.; Harada, T.; Nakayama, N.; Kudo, K.; Houkin, K.; Shirato, H. Utility of noncontrast-
enhanced time-resolved four-dimensional MR angiography with a vessel-selective technique for intracranial arteriovenous
malformations. Magn. Reson. Imaging 2016, 44, 834–845. [CrossRef] [PubMed]

6. Heit, J.J.; Thakur, N.H.; Iv, M.; Fischbein, N.J.; Wintermark, M.; Dodd, R.L.; Steinberg, G.K.; Chang, S.D.; Kapadia, K.B.; Za-
harchuk, G. Arterial-spin labeling MRI identifies residual cerebral arteriovenous malformation following stereotactic radiosurgery
treatment. J. Neuroradiol. 2020, 47, 13–19. [CrossRef] [PubMed]

7. Rojas-Villabona, A.; Pizzini, F.B.; Solbach, T.; Sokolska, M.; Ricciardi, G.; Lemonis, C.; DeVita, E.; Suzuki, Y.; Van Osch, M.J.P.;
Foroni, R.I.; et al. Are Dynamic Arterial Spin-Labeling MRA and Time-Resolved Contrast-Enhanced MRA Suited for Confirmation
of Obliteration following Gamma Knife Radiosurgery of Brain Arteriovenous Malformations? AJNR Am. J. Neuroradiol. 2021, 42,
671–678. [CrossRef] [PubMed]

8. Magro, E.; Gentric, J.-C.; Batista, A.L.; Kotowski, M.; Chaalala, C.; Roberge, D.; Weill, A.; Stapf, C.; Roy, D.; Bojanowski, M.W.; et al.
The Treatment of Brain AVMs Study (TOBAS): An all-inclusive framework to integrate clinical care and research. J. Neurosurg.
2018, 128, 1823–1829. [CrossRef]

9. Nakamura, M.; Yoneyama, M.; Tabuchi, T.; Takemura, A.; Obara, M.; Tatsuno, S.; Sawano, S. Vessel-selective, non-contrast
enhanced, time-resolved MR angiography with vessel-selective arterial spin labeling technique (CINEMA–SELECT) in intracranial
arteries. Radiol. Phys. Technol. 2013, 6, 327–334. [CrossRef]

10. Willinek, W.A.; Hadizadeh, D.R.; Von Falkenhausen, M.; Urbach, H.; Hoogeveen, R.; Schild, H.H.; Gieseke, J. 4D time-resolved
MR angiography with keyhole (4D-TRAK): More than 60 times accelerated MRA using a combination of CENTRA, keyhole, and
SENSE at 3.0T. Magn. Reson. Imaging 2008, 27, 1455–1460. [CrossRef]

11. Spetzler, R.F.; Martin, N.A. A proposed grading system for arteriovenous malformations. J. Neurosurg. 1986, 65, 476–483.
[CrossRef] [PubMed]

12. Lopes, D.K.; Moftakhar, R.; Straus, D.; Munich, S.A.; Chaus, F.; Kaszuba, M.C. Arteriovenous malformation embocure score:
AVMES. J. NeuroIntervent Surg. 2016, 8, 685–691. [CrossRef] [PubMed]

13. Dumont, T.; Kan, P.; Snyder, K.; Hopkins, L.; Siddiqui, A.; Levy, E. A proposed grading system for endovascular treatment of
cerebral arteriovenous malformations: Buffalo score. Surg. Neurol. Int. 2015, 6, 3. [PubMed]

14. Feghali, J.; Yang, W.; Xu, R.; Liew, J.; McDougall, C.G.; Caplan, J.M.; Tamargo, R.J.; Huang, J. R2 eD AVM Score: A Novel
Predictive Tool for Arteriovenous Malformation Presentation with Hemorrhage. Stroke 2019, 50, 1703–1710. [CrossRef] [PubMed]

15. Landis, J.R.; Koch, G.G. The measurement of observer agreement for categorical data. Biometrics 1977, 33, 159–174. [CrossRef]
[PubMed]

16. Rojas-Villabona, A.; Sokolska, M.; Solbach, T.; Grieve, J.; Rega, M.; Torrealdea, F.; Pizzini, F.B.; De Vita, E.; Suzuki, Y.; Van Osch,
M.J.P.; et al. Planning of gamma knife radiosurgery (GKR) for brain arteriovenous malformations using triple magnetic resonance
angiography (triple-MRA). Br. J. Neurosurg. 2022, 36, 217–227. [CrossRef] [PubMed]

17. Ozyurt, O.; Dincer, A.; Erdem Yildiz, M.; Peker, S.; Yilmaz, M.; Sengoz, M.; Ozturk, C. Integration of arterial spin labeling into
stereotactic radiosurgery planning of cerebral arteriovenous malformations. Magn. Reson. Imaging 2017, 46, 1718–1727. [CrossRef]
[PubMed]

18. Leclerc, X.; Guillaud, O.; Reyns, N.; Hodel, J.; Outteryck, O.; Bala, F.; Bricout, N.; Bretzner, M.; Ramdane, N.; Pruvo, J.-P.; et al.
Follow-Up MRI for Small Brain AVMs Treated by Radiosurgery: Is Gadolinium Really Necessary? AJNR Am. J. Neuroradiol. 2020,
41, 437–445. [CrossRef]

19. Ognard, J.; Magro, E.; Caroff, J.; Bodani, V.; Mosimann, P.J.; Gentric, J.-C. Endovascular Management of Brain Arteriovenous
Malformations. Semin. Neurol. 2023, 43, 323–336. [CrossRef]

20. Cong, F.; Zhuo, Y.; Yu, S.; Zhang, X.; Miao, X.; An, J.; Wang, S.; Cao, Y.; Zhang, Y.; Song, H.K.; et al. Noncontrast-enhanced
time-resolved 4D dynamic intracranial MR angiography at 7T: A feasibility study. Magn. Reson. Imaging 2018, 48, 111–120.
[CrossRef]

21. Moon, J.I.; Baek, H.J.; Ryu, K.H.; Park, H. A novel non-contrast-enhanced MRA using silent scan for evaluation of brain
arteriovenous malformation: A case report and review of literature. Medicine 2017, 96, e8616. [CrossRef] [PubMed]

22. Arai, N.; Akiyama, T.; Fujiwara, K.; Koike, K.; Takahashi, S.; Horiguchi, T.; Jinzaki, M.; Yoshida, K. Silent MRA: Arterial spin
labeling magnetic resonant angiography with ultra-short time echo assessing cerebral arteriovenous malformation. Neuroradiology
2020, 62, 455–461. [CrossRef] [PubMed]

23. Chen, Z.; Zhou, Z.; Qi, H.; Chen, H.; Chu, B.; Hatsukami, T.S.; Yuan, C.; Balu, N. A novel sequence for simultaneous measurement
of whole-brain static and dynamic MRA, intracranial vessel wall image, and T1-weighted structural brain MRI. Magn. Reson. Med
2021, 85, 316–325. [CrossRef] [PubMed]

24. Togao, O.; Obara, M.; Helle, M.; Yamashita, K.; Kikuchi, K.; Momosaka, D.; Kikuchi, Y.; Nishimura, A.; Arimura, K.; Wada, T.;
et al. Vessel-selective 4D-MR angiography using super-selective pseudo-continuous arterial spin labeling may be a useful tool for
assessing brain AVM hemodynamics. Eur. Radiol. 2020, 30, 6452–6463. [CrossRef] [PubMed]

25. Murazaki, H.; Wada, T.; Togao, O.; Obara, M.; Helle, M.; Kobayashi, K.; Ishigami, K.; Kato, T. Improved temporal resolution
and acceleration on 4D-MR angiography based on superselective pseudo-continuous arterial spin labeling combined with
CENTRA-keyhole and view-sharing (4D-S-PACK) using an interpolation algorithm on the temporal axis and compressed
sensing–sensitivity encoding (CS-SENSE). Magn. Reson. Imaging 2024, 109, 1–9. [PubMed]

https://doi.org/10.1002/jmri.25222
https://www.ncbi.nlm.nih.gov/pubmed/26970348
https://doi.org/10.1016/j.neurad.2018.12.004
https://www.ncbi.nlm.nih.gov/pubmed/30658138
https://doi.org/10.3174/ajnr.A6990
https://www.ncbi.nlm.nih.gov/pubmed/33541896
https://doi.org/10.3171/2017.2.JNS162751
https://doi.org/10.1007/s12194-013-0204-7
https://doi.org/10.1002/jmri.21354
https://doi.org/10.3171/jns.1986.65.4.0476
https://www.ncbi.nlm.nih.gov/pubmed/3760956
https://doi.org/10.1136/neurintsurg-2015-011779
https://www.ncbi.nlm.nih.gov/pubmed/26078359
https://www.ncbi.nlm.nih.gov/pubmed/25657856
https://doi.org/10.1161/STROKEAHA.119.025054
https://www.ncbi.nlm.nih.gov/pubmed/31167618
https://doi.org/10.2307/2529310
https://www.ncbi.nlm.nih.gov/pubmed/843571
https://doi.org/10.1080/02688697.2021.1884649
https://www.ncbi.nlm.nih.gov/pubmed/33645357
https://doi.org/10.1002/jmri.25690
https://www.ncbi.nlm.nih.gov/pubmed/28294455
https://doi.org/10.3174/ajnr.A6404
https://doi.org/10.1055/a-2105-6614
https://doi.org/10.1002/jmri.25923
https://doi.org/10.1097/MD.0000000000008616
https://www.ncbi.nlm.nih.gov/pubmed/29137094
https://doi.org/10.1007/s00234-019-02345-3
https://www.ncbi.nlm.nih.gov/pubmed/31898767
https://doi.org/10.1002/mrm.28431
https://www.ncbi.nlm.nih.gov/pubmed/32738091
https://doi.org/10.1007/s00330-020-07057-4
https://www.ncbi.nlm.nih.gov/pubmed/32696254
https://www.ncbi.nlm.nih.gov/pubmed/38417470


Diagnostics 2024, 14, 1656 14 of 15

26. Kukuk, G.M.; Hadizadeh, D.R.; Boström, A.; Gieseke, J.; Bergener, J.; Nelles, M.; Mürtz, P.; Urbach, H.; Schild, H.H.; Willinek, W.A.
Cerebral Arteriovenous Malformations at 3.0 T: Intraindividual Comparative Study of 4D-MRA in Combination with Selective
Arterial Spin Labeling and Digital Subtraction Angiography. Investig. Radiol. 2010, 45, 126–132. [CrossRef] [PubMed]

27. Togao, O.; Obara, M.; Yamashita, K.; Kikuchi, K.; Wada, T.; Murazaki, H.; Arimura, K.; Nishimura, A.; Horie, N.; Van De Ven, K.;
et al. Arterial Spin Labeling-Based MR Angiography for Cerebrovascular Diseases: Principles and Clinical Applications. Magn.
Reson. Imaging 2023. early view. [CrossRef]

28. Zhuo, Y.; Chang, J.; Chen, Y.; Wen, C.; Chen, F.; Li, W.; Gao, M.; Luo, W.; Wan, S.; Song, L.; et al. Value of contrast-enhanced MR
angiography for the follow-up of treated brain arteriovenous malformations: Systematic review and meta-analysis. Eur. Radiol.
2023, 33, 7139–7148. [CrossRef]

29. Illies, T.; Forkert, N.D.; Ries, T.; Regelsberger, J.; Fiehler, J. Classification of Cerebral Arteriovenous Malformations and Intranidal
Flow Patterns by Color-Encoded 4D-Hybrid-MRA. AJNR Am. J. Neuroradiol. 2013, 34, 46–53. [CrossRef]

30. Chazot, A.; Barrat, J.-A.; Gaha, M.; Jomaah, R.; Ognard, J.; Ben Salem, D. Brain MRIs make up the bulk of the gadolinium footprint
in medical imaging. J. Neuroradiol. 2020, 47, 259–265. [CrossRef]

31. Pinter, N.K.; Klein, J.P.; Mechtler, L.L. Potential Safety Issues Related to the Use of Gadolinium-based Contrast Agents. Contin.
Lifelong Learn. Neurol. 2016, 22, 1678–1684. [CrossRef]

32. Tedeschi, E.; Caranci, F.; Giordano, F.; Angelini, V.; Cocozza, S.; Brunetti, A. Gadolinium retention in the body: What we know
and what we can do. Radiol. Med. 2017, 122, 589–600. [CrossRef]

33. Pasquini, L.; Napolitano, A.; Visconti, E.; Longo, D.; Romano, A.; Tomà, P.; Espagnet, M.C.R. Gadolinium-Based Contrast
Agent-Related Toxicities. CNS Drugs 2018, 32, 229–240. [CrossRef]

34. Guo, B.J.; Yang, Z.L.; Zhang, L.J. Gadolinium Deposition in Brain: Current Scientific Evidence and Future Perspectives. Front.
Mol. Neurosci. 2018, 11, 335. [CrossRef] [PubMed]

35. Blomqvist, L.; Nordberg, G.F.; Nurchi, V.M.; Aaseth, J.O. Gadolinium in Medical Imaging—Usefulness, Toxic Reactions and
Possible Countermeasures—A Review. Biomolecules 2022, 12, 742. [CrossRef]

36. Iyad, N.; Ahmad, M.S.; Alkhatib, S.G.; Hjouj, M. Gadolinium contrast agents- challenges and opportunities of a multidisciplinary
approach: Literature review. Eur. J. Radiol. Open 2023, 11, 100503. [CrossRef] [PubMed]

37. Fraum, T.J.; Ludwig, D.R.; Bashir, M.R.; Fowler, K.J. Gadolinium-based contrast agents: A comprehensive risk assessment. Magn.
Reson. Imaging 2017, 46, 338–353. [CrossRef]

38. Alghamdi, S.A. Gadolinium-Based Contrast Agents in Pregnant Women: A Literature Review of MRI Safety. Cureus 2023.
Available online: https://www.cureus.com/articles/153609-gadolinium-based-contrast-agents-in-pregnant-women-a-literature-
review-of-mri-safety (accessed on 3 March 2023).

39. Mohr, J.P.; Koennecke, H.-C.; Hartmann, A. Management of brain arteriovenous malformations: Still a long and winding road
ahead. Neurology 2020, 95, 899–900. [CrossRef] [PubMed]

40. Raymond, J.; Gentric, J.-C.; Magro, E.; Nico, L.; Bacchus, E.; Klink, R.; Cognard, C.; Januel, A.-C.; Sabatier, J.-F.; Iancu, D.;
et al. Endovascular treatment of brain arteriovenous malformations: Clinical outcomes of patients included in the registry of a
pragmatic randomized trial. J. Neurosurg. 2022, 138, 1393–1402. [CrossRef]

41. Darsaut, T.E.; Magro, E.; Bojanowski, M.W.; Chaalala, C.; Nico, L.; Bacchus, E.; Klink, R.; Iancu, D.; Weill, A.; Roy, D.; et al.
Surgical treatment of brain arteriovenous malformations: Clinical outcomes of patients included in the registry of a pragmatic
randomized trial. J. Neurosurg. 2022, 138, 891–899. [CrossRef]

42. Lawton, M.T.; Rutledge, W.C.; Kim, H.; Stapf, C.; Whitehead, K.J.; Li, D.Y.; Krings, T.; terBrugge, K.; Kondziolka, D.; Morgan,
M.K.; et al. Brain arteriovenous malformations. Nat. Rev. Dis. Primers 2015, 1, 15008. [CrossRef]

43. Norris, J.S.; Valiante, T.A.; Wallace, M.C.; Willinsky, R.A.; Montanera, W.J.; terBrugge, K.G.; Tymianski, M. A simple relationship
between radiological arteriovenous malformation hemodynamics and clinical presentation: A prospective, blinded analysis of 31
cases. J. Neurosurg. 1999, 90, 673–679. [CrossRef] [PubMed]

44. Nico, E.; Hossa, J.; McGuire, L.S.; Alaraj, A. Rupture-Risk Stratifying Patients with Cerebral Arteriovenous Malformations Using
Quantitative Hemodynamic Flow Measurements. World Neurosurg. 2023, 179, 68–76. [CrossRef] [PubMed]

45. Xu, J.; Shi, D.; Chen, C.; Li, Y.; Wang, M.; Han, X.; Jin, L.; Bi, X. Noncontrast-enhanced four-dimensional MR angiography for the
evaluation of cerebral arteriovenous malformation: A preliminary trial. Magn. Reson. Imaging 2011, 34, 1199–1205. [CrossRef]
[PubMed]

46. Malikova, H.; Koubska, E.; Vojtech, Z.; Weichet, J.; Syrucek, M.; Sroubek, J.; Rulseh, A.; Liscak, R. Late morphological changes after
radiosurgery of brain arteriovenous malformations: An MRI study. Acta Neurochir. 2016, 158, 1683–1690. [CrossRef] [PubMed]

47. Soize, S.; Bouquigny, F.; Kadziolka, K.; Portefaix, C.; Pierot, L. Value of 4D MR Angiography at 3T Compared with DSA for the
Follow-Up of Treated Brain Arteriovenous Malformation. AJNR Am. J. Neuroradiol. 2014, 35, 1903–1909. [CrossRef] [PubMed]

48. Günther, M.; Bock, M.; Schad, L.R. Arterial spin labeling in combination with a look-locker sampling strategy: Inflow turbo-
sampling EPI-FAIR (ITS-FAIR). Magn. Reson. Med. 2001, 46, 974–984. [CrossRef] [PubMed]

49. Jagadeesan, B.; Tariq, F.; Nada, A.; Bhatti, I.A.; Masood, K.; Siddiq, F. Principles Behind 4D Time-Resolved MRA/Dynamic MRA
in Neurovascular Imaging. Semin. Roentgenol. 2024, 59, 191–202. [CrossRef] [PubMed]

50. Lahlouh, M.; Blanc, R.; Piotin, M.; Szewczyk, J.; Passat, N.; Chenoune, Y. Cerebral AVM segmentation from 3D rotational
angiography images by convolutional neural networks. Neurosci. Inform. 2023, 3, 100138. [CrossRef]

https://doi.org/10.1097/RLI.0b013e3181c7bcfe
https://www.ncbi.nlm.nih.gov/pubmed/20065859
https://doi.org/10.1002/jmri.29119
https://doi.org/10.1007/s00330-023-09714-w
https://doi.org/10.3174/ajnr.A3204
https://doi.org/10.1016/j.neurad.2020.03.004
https://doi.org/10.1212/CON.0000000000000378
https://doi.org/10.1007/s11547-017-0757-3
https://doi.org/10.1007/s40263-018-0500-1
https://doi.org/10.3389/fnmol.2018.00335
https://www.ncbi.nlm.nih.gov/pubmed/30294259
https://doi.org/10.3390/biom12060742
https://doi.org/10.1016/j.ejro.2023.100503
https://www.ncbi.nlm.nih.gov/pubmed/37456927
https://doi.org/10.1002/jmri.25625
https://www.cureus.com/articles/153609-gadolinium-based-contrast-agents-in-pregnant-women-a-literature-review-of-mri-safety
https://www.cureus.com/articles/153609-gadolinium-based-contrast-agents-in-pregnant-women-a-literature-review-of-mri-safety
https://doi.org/10.1212/WNL.0000000000010964
https://www.ncbi.nlm.nih.gov/pubmed/33004598
https://doi.org/10.3171/2022.9.JNS22987
https://doi.org/10.3171/2022.7.JNS22813
https://doi.org/10.1038/nrdp.2015.8
https://doi.org/10.3171/jns.1999.90.4.0673
https://www.ncbi.nlm.nih.gov/pubmed/10193612
https://doi.org/10.1016/j.wneu.2023.08.047
https://www.ncbi.nlm.nih.gov/pubmed/37597662
https://doi.org/10.1002/jmri.22699
https://www.ncbi.nlm.nih.gov/pubmed/21769984
https://doi.org/10.1007/s00701-016-2876-3
https://www.ncbi.nlm.nih.gov/pubmed/27368701
https://doi.org/10.3174/ajnr.A3982
https://www.ncbi.nlm.nih.gov/pubmed/24904052
https://doi.org/10.1002/mrm.1284
https://www.ncbi.nlm.nih.gov/pubmed/11675650
https://doi.org/10.1053/j.ro.2024.02.006
https://www.ncbi.nlm.nih.gov/pubmed/38880517
https://doi.org/10.1016/j.neuri.2023.100138


Diagnostics 2024, 14, 1656 15 of 15

51. Zhang, H.; Su, Y.; Liang, S.; Lv, X. Transarterial AVM embolization using Tsinghua grading system: Patient selection and complete
obliteration. Neurosci. Inform. 2024, 4, 100160. [CrossRef]

52. Hsu, C.C.-T.; Fomin, I.; Wray, B.; Brideaux, A.; Lyons, D.; Jaya Kumar, M.; Watkins, T.; Haacke, E.M.; Krings, T. Susceptibility
weighted imaging for qualitative grading of persistent arteriovenous shunting in deep-seated arteriovenous malformations after
stereotactic radiation surgery. Neuroradiol. J. 2023, 36, 414–420. [CrossRef]

53. Raman, A.; Uprety, M.; Calero, M.J.; Villanueva, M.R.B.; Joshaghani, N.; Villa, N.; Badla, O.; Goit, R.; Saddik, S.E.; Da-
wood, S.N.; et al. A Systematic Review Comparing Digital Subtraction Angiogram with Magnetic Resonance Angiogram
Studies in Demonstrating the Angioarchitecture of Cerebral Arteriovenous Malformations. Cureus 2022. Available online:
https://www.cureus.com/articles/97064-a-systematic-review-comparing-digital-subtraction-angiogram-with-magnetic-
resonance-angiogram-studies-in-demonstrating-the-angioarchitecture-of-cerebral-arteriovenous-malformations (accessed on
9 June 2022).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.neuri.2024.100160
https://doi.org/10.1177/19714009221140536
https://www.cureus.com/articles/97064-a-systematic-review-comparing-digital-subtraction-angiogram-with-magnetic-resonance-angiogram-studies-in-demonstrating-the-angioarchitecture-of-cerebral-arteriovenous-malformations
https://www.cureus.com/articles/97064-a-systematic-review-comparing-digital-subtraction-angiogram-with-magnetic-resonance-angiogram-studies-in-demonstrating-the-angioarchitecture-of-cerebral-arteriovenous-malformations

	Introduction 
	Materials and Methods 
	Recruitment 
	Four-Dimensional MRA Techniques 
	DSA Exploration 
	End Points 
	Interpretation 
	Data Analysis 

	Results 
	Population 
	Diagnostic Performance and Concordance of 4D-MRAs to Detect Shunts 
	Correlation and Concordance of Scaling between DSA and 4D-MRAs 
	Agreements of Readings 4D-MRAs Techniques 

	Discussion 
	Conclusions 
	References

