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Digital subtraction angiography (DSA) has long been the imaging gold standard in the evaluation, treatment, and followup of cerebro- and spinovascular disorders. However, DSA has the disadvantages of invasiveness, contrast allergy or
nephropathy, the impracticality of procedural preparation and recovery, and expense. Contrast-enhanced (CE), timeresolved (TR) magnetic resonance angiography (CE TR-MRA) is a sophisticated, relatively novel imaging modality that
provides multiphasic contrast-enhanced visualization of the neurovasculature. Given the crucial role of angiography in all
aspects of care for patients with complex neurovascular disorders, it is incumbent on those who care for these patients
to understand the usefulness and pitfalls of novel imaging in this arena to ensure best practices, and to deliver cutting
edge care to these patients in a way that minimizes cost, but does not compromise quality. CE TR-MRA has the potential
to play an expanded role in the workup and follow-up across the spectrum of neurovascular disease, and this review is
aimed to help neurosurgeons better understand how CE TR-MRA can be used to better manage patients in this cohort.
https://thejns.org/doi/abs/10.3171/2019.9.FOCUS19627
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digital subtraction angiography (DSA) remains the gold standard for imaging for cerebroand spinovascular pathologies, noninvasive modalities have an ever-expanding role in the management of
patients with these pathologies. While most clinicians are
familiar with CT angiography (CTA) and time-of-flight
(TOF) MR angiography (MRA), less is commonly known
about more advanced MRA techniques such as contrastenhanced (CE), time-resolved (TR) MRA (CE TR-MRA).
TR-MRA exploits various approaches to acceleration
of image acquisition including parallel imaging, undersampling of k-space, and view sharing, to generate multiphasic angiographic images during the administration of
intravenous gadolinium contrast agent, resulting in temporal resolution of 2–6 seconds at submillimeter isotropic
spatial resolution.11,12 While DSA provides temporal resolution on the orders of fractions of a second, CE TR-MRA
provides a noninvasive hemodynamic assessment of lesion
vascularity, including early versus delayed vessel filling
and venous drainage, which makes it useful in the radiohile

graphic evaluation of a number of cerebro- and spinovascular pathologies.

Arteriovenous Malformations

Arteriovenous malformations (AVMs) are congenital
lesions in which blood is shunted from enlarged arteries
to dilated veins via a nidus of disorganized vessels with
no intervening brain. The natural history and hemorrhage
rates of AVMs depend on various features of their angioarchitecture, such as deep drainage, venous outlet stenosis,
and presence of aneurysms.8 While DSA remains the reference standard for AVM imaging, noninvasive imaging
such as CE TR-MRA is an alternative and accurate way to
screen for and follow AVMs. Furthermore, many patients
undergo AVM treatment, whether surgically, endovascularly, via stereotactic radiosurgery, or in some combination. The workup, treatment, and follow-up of these patients requires numerous imaging studies and maximizing
noninvasive imaging where possible is attractive to these
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patients. Finally, in the current era after the controversial
ARUBA trial (A Randomized Trial of Unruptured Brain
Arteriovenous Malformations),21 the push to observe
AVMs is increasing, which adds importance to the use of
accurate noninvasive imaging. A number of studies have
evaluated the usefulness of CE TR-MRA in the evaluation
of AVMs.
The first question to answer when comparing CE TRMRA to DSA in the evaluation of AVMs is: is the diagnostic accuracy of these techniques acceptably equivalent?
Machet et al. compared CE TR-MRA to DSA in 19 cases,
and found that MRA was able to diagnose the AVM in 17
cases (89.5%).17 In both cases of MRA failure, the nidus
was smaller than 1 cm in size and an overlying hematoma
was postulated to have hidden the nidus. Similarly, Cuong
et al. found a 100% correlation between CE TR-MRA and
DSA in 14 AVMs.7
While accuracy in detection is important, the evaluation of angioarchitecture is crucially important in planning treatment. A number of studies have evaluated the
efficacy of CE TR-MRA in this arena. Machet et al. found
good agreement between CE TR-MRA and DSA in evaluating nidus size and venous drainage (k = 0.75, 0.77), and
moderate agreement (k = 0.44) for arterial feeders.17 Another important aspect in the evaluation of AVMs is the
Spetzler-Martin (SM) scale. As most neuroradiologists
and neurosurgeons know, the morbidity and mortality of
AVM treatment has been linked to SM grade.28 Oleaga et
al. compared the imaging of 12 AVMs and found 100%
concordance between CE TR-MRA and DSA in terms of
SM grade.23 These results are correlated by other studies
that have found concordance rates of 93%–100% between
CE TR-MRA and DSA in AVM cases.7,13,14
Another potentially useful application of CE TR-MRA
is in surveillance imaging after treatment. Soize et al.
compared CE TR-MRA follow-up imaging with DSA in
37 patients treated by surgery, embolization, or radiosurgery, or a combination. They found concordance of the
imaging modalities in 33 (89%) of 37 cases. The 4 cases
in which MRA did not detect a residual nidus were all
small and previously embolized.27 Similarly, Hadizadeh et
al. found 100% concordance in postsurgical CE TR-MRA
and DSA, although it should be noted that in only 1 case
was there a residual nidus after resection.13
The one potential limitation in treatment follow-up is
susceptibility artifact from liquid embolic agents or surgical AVM clips that can limit the evaluation of the surrounding parenchyma.
In our clinical practice, we have begun to use CE TRMRA to evaluate suspected AVMs prior to DSA and as
a first-line screen for symptoms after treatment. At this
point, however, DSA still remains our main test to diagnose new AVMs and evaluate AVMs after treatment.

Cranial Dural Arteriovenous Fistulas

Cranial dural arteriovenous fistulas (cDAVFs) are acquired, high-flow shunting lesions between dural arteries
and a dural venous sinus, dural lakes, and/or leptomeningeal veins without an intervening nidus. These lesions can
range from benign—causing minimal symptoms, such as
2

headache or pulsatile tinnitus—to lesions with a high risk
of hemorrhage. In general, hemorrhage risk is associated
with retrograde, leptomeningeal drainage as detailed in
the Borden and Cognard classification schemes.4,6 Classically, DSA has been used to diagnose and follow these lesions, but more recently advanced MRA imaging has been
utilized as an alternative.
In the past, given the potentially high risk of hemorrhage associated with DAVFs, patients with even mild
symptoms, such as pulsatile tinnitus, were subjected to
the gold-standard test of a full DS angiogram, despite its
invasiveness and potential risk. As an alternative to that
practice, studies have compared the accuracy of CE TRMRA with DSA in the diagnosis of cDAVFs. Meckel et
al. evaluated 18 patients with treated (n = 9) and untreated (n = 9) cDAVFs and found 100% correlation between
CE TR-MRA and DSA in terms of fistula identification.
Cognard grading of the DAVFs, however, was not as accurate, with correlation in 77% and 85% of each reviewer’s cases.20 Similarly, Farb et al. reviewed 42 cases of
suspected fistulas and found that in 39 (93%) of 42 cases,
all 3 readers unanimously correlated CE TR-MRA with
gold-standard DSA in terms of the presence of the fistula
and the grading. In the remaining 3 cases, only 1 of the 3
readers disagreed with the results of the DSA.10 Figure 1
demonstrates an example of CE TR-MRA used to identify
a Borden type I DAVF.
In terms of treatment planning, Ertl et al. evaluated 24
transverse sinus DAVFs with DSA and CE TR-MRA, and
found that CE TR-MRA was better than DSA in evaluating venous drainage and sinus involvement.9 The authors
postulated that, in some cases, hemodynamic effects of
DSA can lead to venous sinus pseudoocclusion, and that
CE TR-MRA does not suffer from the same hemodynamic effect. In addition, the authors describe how the MRA
demonstrated the fistula drainage pattern in relationship
to the rest of the intracranial compartment better than the
DSA. Although the authors found a 100% correlation between CE TR-MRA and DSA in terms of DAVF grading, they did find that CE TR-MRA performed worse than
DSA in identifying the arterial side of fistula anatomy.9
Finally, CE TR-MRA is a potentially attractive technique for DAVF follow-up. Noguchi et al. evaluated 21
treated transverse-sigmoid DAVFs with both DSA and
CE TR-MRA to evaluate for both residual fistulas as well
as retrograde venous drainage. They found that CE TRMRA identified the residual fistula in 8 of 9 cases and
retrograde venous drainage in all 5 cases when compared
to the gold-standard DSA.22 This accuracy in detecting
retrograde drainage is particularly important in cases in
which embolization eliminates the malignant drainage
pattern but a small fistula still remains, as it allows for
easy, regular-interval follow-up to ensure that the drainage
pattern does not shift to a more malignant variety. Figure
2 demonstrates an example of following a DAVF with CE
TR-MRA.
In our practice, CE TR-MRA has become the study of
choice for patients with suspected cDAVFs, such as patients presenting with pulsatile tinnitus. After treatment,
our center uses DSA to evaluate for cure either after embolization or after surgical ligation. In patients with DAVFs
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FIG. 1. Images obtained in a middle-aged woman who had previously
been treated twice for Borden type 2 and type 3 transverse and sigmoid
sinus DAVFs on the left. A cerebral angiogram performed for ear pain
demonstrated complete angiographic cure (A). The patient developed
new tinnitus a year later. TOF MRA demonstrated dilated external
carotid artery branches (arrows) suspicious for a recurrent fistula (B).
Static single frame from maximum intensity projection (MIP) cine CE
TR-MRA (C) and then DSA (D) demonstrated recurrence of a Borden
type 1 DAVF (arrows) supplied by the bilateral occipital arteries, bilateral
meningohypophyseal trunks, and left posterior meningeal artery with
drainage into the torcula.

without retrograde drainage, we use CE TR-MRA to follow these patients to ensure that there is no change in their
drainage pattern.

Cerebral Aneurysms

The final intracranial vascular application of CE TRMRA is in the evaluation of intracranial aneurysms.
While the literature is full of studies looking at the use
of TOF MRA and CE MRA in the evaluation of new and
coil-embolized aneurysms, CE TR-MRA has some specific uses for certain types of endovascularly treated aneurysms.18,26 In these cases, the use of adjunctive laser-cut
stents causes significant susceptibility artifact or radiofrequency shielding in other MRA techniques. Choi et al.
analyzed 26 patients with machine-cut stent-assisted coil
embolization and found superior visualization of the stented arteries with CE TR-MRA compared with TOF MRA.
Their study also compared MRA techniques to DSA and
found that CE TR-MRA was superior in evaluating the degree of aneurysm embolization compared to TOF MRA.5
Similar to machine-cut stents, braided flow diverters
present a challenge for traditional MRA techniques due
to the high metal surface coverage of the artery causing
radiofrequency shielding. Our center published a study of

FIG. 2. Images obtained from a middle-aged man presenting to his
primary care doctor with pulsatile tinnitus and negative CTA. TOF MRA
demonstrated enlarged external carotid branches (arrows) and increased vascularity (arrowheads) along the transverse sinus (A and B).
Static single frame from MIP cine CE TR-MRA demonstrated a Borden
type I DAVF (arrow) fed by the left middle meningeal and occipital arteries with drainage into the transverse sinus (C). This was confirmed on
DSA (arrow) and treated conservatively due to a lack of cortical reflux
(D).

37 flow diverter–treated aneurysms and found both positive and negative predictive values (PPVs and NPVs) of
92% when comparing CE TR-MRA to DSA in terms of
aneurysm occlusion. Visualization of the parent artery and
measurement of luminal diameter was far superior with
CE TR-MRA compared to TOF MRA.3 The results of this
study shifted our long-term follow-up of flow-diverted aneurysms from DSA to CE TR-MRA. Figure 3 shows an
example of a flow diverter–treated aneurysm followed on
CE TR-MRA.
The one major limitation of this technique is potential
susceptibility artifact in patients who have undergone surgical clip placement of nearby aneurysms, and alternative
imaging modalities should be pursued in those situations
(Table 1). In our practice, CE TR-MRA has become the
study of choice for long-term follow-up of endovascularly treated aneurysms, especially those treated with flow
diversion. We often will repeat DSA at 6 months, and if
there are no issues we will then switch to CE TR-MRA to
follow treated aneurysms, both those with complete occlusion and those with remnants.

Spinal DAVFs

The final vascular application of CE TR-MRA is in
diagnosis of the rare entity of spinal DAVFs (sDAVFs).
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FIG. 3. Images from a middle-aged woman who presented with vision
loss and was found to have a large ophthalmic-segment carotid artery
aneurysm (arrow) on DSA (A). This was treated with a flow diverter (arrow; B). Six-month follow-up CE TR-MRA demonstrated complete aneurysm occlusion with mild in-stent stenosis (arrow; C). These findings
(arrow) were confirmed on DSA (D).

These lesions consist of an abnormal connection between
a radiculomeningeal artery and a radicular vein, most
commonly at the level of the nerve root sleeve. This abnormal shunting leads to increased spinal venous pressure
and progressive myelopathy.15 While the presence of these
lesions can be suggested with high confidence on MRI due
to associated abnormal flow voids and spinal cord edema,
detection of the exact site of the fistulous connection is far
more challenging noninvasively. On DSA this is often a
long and difficult procedure as the neurointerventionalist
needs to interrogate all vessels that can feed the spinal
cord from the cervical carotids to the iliac arteries. Ac-

cordingly, MRA has become a helpful adjunct to guide
the neurointerventionalist to the level of interest, which
accordingly shortens procedure time and limits iodinated
contrast usage and radiation exposure.
To evaluate the accuracy of CE TR-MRA, Amarouche
et al. evaluated 55 patients with suspected spinal AVMs or
sDAVFs and found a PPV and NPV of 93% and 83%, respectively. In the sDAVF group, CE TR-MRA accurately
predicted the level of the fistula within 2 levels in 30 (91%)
of 33 cases and the correct side in 22 (67%) of 33 cases.2
Similarly, our group studied the Emory experience with 18
patients suspected of having an sDAVF and found a PPV
and NPV of 88% and 90%, respectively. In 6 of the 7 cases
correctly diagnosed on CE TR-MRA, MRA predicted the
fistula within 1 vertebral level. As an expected corollary,
patients with negative or suboptimal CE TR-MRA, who
then underwent DSA, had a significantly increased number of levels catheterized and volume of contrast used.25
This study has changed our institution’s clinical practice
to prescreen all suspected sDAVFs with CE TR-MRA
prior to DSA in the hopes of shortening the procedure. In
addition to these 2 larger studies, multiple small studies
demonstrate similar accuracy of CE TR-MRA when compared to DSA.1,16,19,24 An example of CE TR-MRA used in
the diagnosis of an sDAVF is demonstrated in Fig. 4.
Similarly to our center’s paper mentioned above,25 we
use CE TR-MRA to evaluate all potential sDAVFs prior
to DSA. If the CE TR-MRA is negative, then we perform
a full cranial-spinal DSA. If the CE TR-MRA has a potential culprit level, then we begin our DSA at that area
of the spine and continue to the entire DSA if nothing is
found. We continue to confirm obliteration with postembolization or postsurgical DSA. If there is any concern for
incomplete treatment or recurrence, then our first test is
CE TR-MRA.

Conclusions

CE TR-MRA, with its ability to hemodynamically assess lesion vascularity and venous drainage patterns, has a
number of usages in cerebrovascular pathology. As experience with this technology and the technology itself improves, it will continue to play a larger role in the screening, evaluation, and follow-up of patients and allow many
patients to avoid invasive DSA.

TABLE 1. Advantages and disadvantages of different imaging modalities
Modality

Advantages

TOF MRA

Does not require iodinated or gadolinium contrast; facile
& standardized post-processing; no ionizing radiation
CE TR-MRA Dynamic evaluation of vascular enhancement during
contrast administration; can be optimized to reduce
treatment-related susceptibility artifact; no ionizing
radiation
CTA
Ubiquitously available; rapid scanning; high accuracy in
nontreated patients
DSA
Gold standard for vascular imaging; high spatial resolution; gives real-time flow-related information

4

Disadvantages
Degraded by treatment-related susceptibility artifact;
static flow-related imaging
Requires gadolinium contrast; more time-consuming
& reader experience–dependent to interpret; lower
spatial & temporal resolution than DSA
Degraded by treatment-related streak artifact; requires
iodinated contrast; ionizing radiation
Invasive; costly; requires iodinated contrast; ionizing
radiation
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FIG. 4. Images from an elderly man who presented with a multiple-month history of lower-extremity weakness and numbness.
He had a history of multiple lumbar surgeries in the past with significant blood loss. MRI of his thoracolumbar spine demonstrated
cord signal change (arrow) with some prominent flow voids (arrowhead; A). CE TR-MRA demonstrated a likely sDAVF (arrow)
from the right L2 radicular artery (B–D). DSA demonstrated a right L2 sDAVF (arrow) for which the patient underwent surgical
ligation (E).
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