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4D-DSA: Development and Current Neurovascular
Applications

K.L. Ruedinger, S. Schafer, M.A. Speidel, and C.M. Strother

ABSTRACT

SUMMARY: Originally described by Davis et al in 2013, 4D-Digital Subtraction Angiography (4D-DSA) has developed into a commercially
available application of DSA in the angiography suite. 4D-DSA provides the user with 3D time-resolved images, allowing observation of a
contrast bolus at any desired viewing angle through the vasculature and at any time point during the acquisition (any view at any time).
4D-DSA mitigates some limitations that are intrinsic to both 2D- and 3D-DSA images. The clinical applications for 4D-DSA include evalua-
tions of AVMs and AVFs, intracranial aneurysms, and atherosclerotic occlusive disease. Recent advances in blood flow quantification using
4D-DSA indicate that these data provide both the velocity and geometric information necessary for the quantification of blood flow. In
this review, we will discuss the development, acquisition, reconstruction, and current neurovascular applications of 4D-DSA volumes.

ABBREVIATION: TDC ¼ time-density curve

In many clinical scenarios, multidetector CT angiography and
MRA are adequate for endovascular diagnosis and treatment-

planning. However, for complex vascular abnormalities such as
aneurysms and AVMs/AVFs, DSA is superior to CTA and MRA
due to its improved spatial and temporal resolution.1,2 The intra-
cranial vessels most applicable to DSA range in size from 4 to
5mm (internal carotid artery) to ,1 mm (ie, the ophthalmic
and anterior choroidal arteries, and the second-division branches
and perforators of the middle cerebral artery). These vessels are
tortuous and lie in very close proximity to one another; often,
they overlap to such a degree that it is challenging to obtain a 2D
projection or a 3D volume free of vascular overlap on the display.

In 1997, Fahrig et al3 showed the feasibility of using the projec-
tions from 2 rotational acquisitions (one to acquire a mask, the
other to acquire projections containing contrast) to obtain a single
3D vascular volume (3D-DSA).4 Quickly, the clinical utility of 3D-
DSA became apparent. The ability to view the vasculature from
any desired angle and with postprocessing capabilities allowing it
to be viewed either as a surface-rendered volume or as multiplanar
images, offered obvious advantages over 2D projections. However,

even with these advantages, the lack of temporal information in
the 3D volume still made it impossible to visualize key characteris-
tics of some abnormalities, eg, the interior features of an AVM
nidus or the sequence of blood flow entering and leaving an
abnormality.

In 2013, Davis et al5 described a reconstruction technique that
provided a series of fully time-resolved vascular volumes derived
from the projections of a conventional 3D-DSA rotational acquisi-
tion. Application of this algorithm generated a time-resolved 3D-
DSA, also called 4D-DSA. A 4D-DSA volume can not only be
viewed at any desired angle but may also be viewed at any desired
time during the passage of a contrast bolus through the vasculature.
This volume is achieved using the same x-ray exposure and contrast
medium dose that is required to create a single 3D-DSA volume,
therefore providing more information with the same parameters.

In the following pages, we will describe and illustrate the fol-
lowing: 1) the development and evolution of DSA from 2D to 3D
and 3D to 4D, 2) the injection and acquisition protocol used to
obtain a 4D-DSA, 3) the reconstruction workflow to create a 4D
vascular volume, 4) the current clinical utility of 4D-DSA, 5) the
use of 4D-DSA for calculation of velocity and flow, and 6) current
limitations to and helpful solutions for 4D-DSA.

Development and Evolution of 4D-DSA
In 1997, Fahrig et al3 used an image intensifier to reconstruct a
3D vascular volume from projections acquired with 2 C-arm
rotations, leading to broad acceptance of the 3D-DSA technology
once flat panel detectors became readily available.4 The increased
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size and high spatial resolution of these detectors (,0.2-mm pixel
side length), in combination with intra-arterial contrast injec-
tions, allowed volumetric depiction of vascular abnormalities
showing anatomic relationships to adjacent structures and visual-
ization of implanted devices.6,7 Today, in clinical practice when
diagnosing and treating complex cerebrovascular abnormalities,
a combination of 2D- and 3D-DSA is used to depict the complex
vascular abnormalities (3D) and analyze the dynamic informa-
tion about the passage of contrast medium from arteries into
veins (2D). In most instances though, the topography of these
conditions is such that this combination still does not remove the
limitations caused by vascular overlap. For example, while both
2D and 3D images typically provide excellent information about
the major arteries and veins supplying an AVM, neither allow
detailed assessment of the angioarchitecture of the nidus of the
AVM, eg, the presence of intranidal aneurysms or direct AVFs.

Methods aimed at mitigating this limitation by combining the
benefits of both 2D- and 3D-DSA have been proposed since the
early 2000s. Schmitt et al8 developed a method encoding bolus ar-
rival time from 2D-DSA images onto a static 3D-DSA, but each ac-
quisition was acquired separately. Copeland et al9 furthered this
approach by encoding the contrast passage from biplane 2D-DSA
onto a 3D-DSA. Mistretta10 and Davis et al5 combined the above
approaches, altering the 3D-DSA contrast injection protocol to
that of 2D-DSA and started injections at the beginning of a 3D ac-
quisition. Very quickly, this protocol was modified so that the con-
trast medium was injected 0.5–1 second after the start of an
acquisition. Encoding this temporal information about the passage
of a contrast bolus on the 3D-DSA allowed reconstruction of fully
time-resolved 4D-DSA. This method became commercially avail-
able in 2015 (Siemens). Although the availability of a time-resolved
3D volume diminishes some of the problems caused by vascular
overlap, it does not completely resolve this issue. During the rota-
tional acquisition of a 4D-DSA, some degradation of temporal in-
formation may occur in any of the 2D projections, ie, when a ray
from the source passes through opacified vessels at the same time
on its way to the detector.

4D-DSA Acquisition Technique and Injection Protocol
The acquisition technique of a 4D-DSA is generalized into 2 steps:
1) a C-arm rotational acquisition without contrast injection
(mask), and 2) a second acquisition with contrast injection (fill).
4D-DSA is designed to allow visualization of the passage of con-
trast through the 3D vasculature for inspection. For facilitating this
process, a contrast-injection protocol was designed to start at the
same time or just after (0.5–1 second) the start of the fill acquisition
and to stop before the end of the rotation, thereby visualizing both
inflow and outflow of blood/contrast. Consideration should be
given to the type of vascular abnormality, eg, AVM or stenosis, as
well as the patient’s cardiac status, eg, normal or abnormal stroke
volume.

Accurate geometric reconstruction of the vasculature for 3D-
DSA requires that projections be available from about 200° of
rotation. However, to ensure the accuracy of both the geometric
and temporal information of a 4D-DSA, it was necessary for the
angular range to be increased to at least 260° so that different
parts of the vasculature, ie, arteries and veins, are all opacified for

the required 200°. In research and clinical practice, a 6- or 12-sec-
ond 260° fill acquisition during contrast injection is used in ac-
cordance with a noninjection mask acquisition. The setup for
contrast delivery is the same as for 2D- and 3D-DSA, with appro-
priate arterial access, catheters, and contrast medium. For a 4D-
DSA, the contrast injection is started simultaneous with or just
after the beginning of the fill acquisition, depending on the site of
injection (close to or further away from the relevant vasculature).
Contrast is usually injected for 8 seconds so that each vascular
segment in the arterial phase and early venous phase is filled for
about 200°. If the rate (milliliters/second) of a contrast medium
injection is too high, there will be downstream reflux of the con-
trast bolus. It has been shown that this phenomenon may prevent
mixing of the bolus with the nonopacified blood arriving with
each systole, thereby obscuring the pulsatile waveform normally
seen in the time concentration curves of the 4D projections.
Without the pulsatile information from the contrast bolus mixing
with nonopacified blood between systole and diastole, it would be
impossible to quantify blood flow using 4D-DSA data.11,12

Ruedinger et al12 reported that an injection protocol of 75% con-
trast (iopamidol, Isovue 370; Bracco) injected at 2.5mL/s for
8 seconds satisfies these requirements by producing strong pulsa-
tility in the area of interest.

After a 4D acquisition (both mask and fill acquisitions) and
reconstruction, a user has a 4D-DSA vascular volume of 512 �
512 � 396 voxels with resolution of 0.5mm. It may be viewed on
the software as either a movie or interactively using a slider bar to
progress through the sequences of timeframes (X Workplace;
Siemens). Cropping, thresholding, and dual-volume visualiza-
tions of implanted devices are available to the user as well.

4D-DSA Reconstruction Workflow
The reconstruction of 4D-DSA uses the data from a conventional
3D-DSA rotational acquisition (fill run subtracted from the mask
run) to create the vasculature geometry. This is then merged with
the temporal information from the 2D-DSA projection images
generated in the same acquisition. Figure 1 illustrates an overview
of the automated reconstruction workflow. First, a thresholded
3D-DSA reconstruction, called a constraint volume, is generated
(geometry). Next, for each acquisition angle (and time point), the
measured 2D-DSA image is divided by a digital forward projec-
tion of the constraint volume. The resulting ratio images describe
temporal changes in x-ray intensity, relative to the constraint vol-
ume, due to the passage of contrast medium (temporal informa-
tion). Finally, the temporal information, encoded in the sequence
of ratio images, is individually back-projected onto the 3D con-
straint volume, producing a temporal sequence of 3D images.
Each foreground voxel within the constraint volume is corrected
by a function based on the ray-dependent ratio.

The result is a fully time-resolved 3D-DSA image (4D-DSA) of
the anatomy of interest. The frame rate is identical to the acquisi-
tion frame rate (commonly 30 frames/second), and the total num-
ber of volumes is identical to the number of projection images in a
rotation. For example, a 12-second acquisition rotation would
have 304 frames over 260°, yielding .1 frame per degree of rota-
tion. Ultimately, a 4D-DSA vascular volume allows viewing of the
contrast bolus passage at any time and any desired viewing angle.
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Clinical Applications of 4D-DSA
In many instances, noninvasive imaging, ie, CTA or MRA, is suffi-
cient to establish the presence and type of cerebrovascular anoma-
lies; however, the superior spatial resolution of 2D- and 3D-DSA
enhances the user’s ability to understand some of the important
details of the vascular anatomy. After 4D-DSA became commer-
cially available in 2015, it further improved this capability.

AVMs and AVFs. In a preclinical study, Sandovol-Garcia et al13

compared the utility and accuracy of 4D-DSA with that of 2D- and
3D-DSA in a canine model. Angiographic data of the 3 techniques,
showing both the intracranial and extracranial vasculature, were
scored by 3 experienced neuroradiologists for the technique’s abil-
ity to do the following: 1) display a series of previously determined
vascular segments, 2) determine the direction of filling of the seg-
ment (antegrade or retrograde), and 3) determine the technique
they would choose for performing the previous 2 tasks. In 74% of
the datasets, 4D-DSA was judged to be superior to the other meth-
ods. It was also reported that the use of the 4D-DSA reconstruction
alone would have resulted in a very meaningful reduction in both
contrast dose and radiation exposure.13

Later reports by Sandovol-Garcia et al14 and by Lescher et al15

demonstrated the value of 4D-DSA in the diagnostic evaluation of
AVMs. In the 2017 study of Sandovol-Garcia et al,16 the angioarch-
itecture from 2D, 3D, and 4D-DSA acquisitions of 6 AVMs was
compared by 4 experienced observers. By consensus, the 4D-DSA
studies provided the best ability to display the presence of intrani-
dal aneurysms, fistulas, venous obstructions, and the sequence of
filling and draining, all of which are important for diagnosis.16

Figure 2 illustrates the difficulty of 3D-DSA in viewing the
angioarchitecture of the nidus due to vessel overlap and the
improvement when viewing the nidus with the combined spatial

and temporal features of 4D-DSA. Lescher et al15 also evaluated
the utility of 2D, 3D, and 4D reconstructions for displaying these
same features. In both AVMs (n ¼ 19) and AVFs (n ¼ 9), the
4D-DSA studies provided the best detail of the angioarchitecture at
the fistulous point or the nidus. Figure 3 illustrates the improved
viewing of an AVF with time-resolved 4D-DSA.

In a single-center study of 26 AVMs, Lang et al17 confirmed
the ability of 4D-DSA to show details of anatomy, as well as 2D
images; additionally, nidal features of the AVMs were most clearly
seen in the 4D reconstructions. On the basis of their observations,
they postulated that the availability of the 4D application would
decrease the number of 2D studies needed, therefore decreasing
the radiation dose.

In addition to diagnosis, 4D-DSA added value over conven-
tional techniques when used to create a treatment plan for AVMs
for gamma knife radiosurgery (stereotactic radiosurgery). Chen
et al18 compared the original treatment plans based on MR imag-
ing and 2D-DSA with ones based on 4D-DSA in 20 consecutive
patients with AVMs (n ¼ 12) or AVFs (n ¼ 8) who were sched-
uled for gamma knife radiosurgery. The radiosurgery treatment
plans were overlaid, and the registration errors were compared.
The determined area for treatment created with 4D-DSA was
generally smaller and more clearly demonstrated the AVM nidus
(in instances when it was supplied by multiple arteries) in com-
parison with the areas from conventional treatment plans. This
study suggests that the use of 4D-DSA for AVM radiosurgery
could reduce the target volumes of irradiation, which may result
in a decrease in the adverse effects of vascular radiosurgery.18

Intracranial Aneurysms. Endovascular treatment is now an
option for most intracranial aneurysms. For safe and effective
treatment, it is essential that both the relationship of an aneurysm

FIG 1. 4D-DSA reconstruction workflow. Starting at the upper left, projection images from a rotational acquisition are reconstructed into a 3D-
DSA. Following a threshold approach, a constraint volume is generated, which provides the geometric information for the 4D-DSA. Combining
the constraint volume with the angle-specific temporal information results in the volumetric, time-resolved 4D-DSA volume.
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to the parent artery and to adjacent branches and the character-
istics of the aneurysm be precisely defined. The accuracy of this
information depends on the imaging technique chosen and the
reconstruction tools used. Figure 4 illustrates a case with an in-
tracranial aneurysm in which the spatial and temporal data
obtained from 4D-DSA provide the ability to see the aneurysm
in an unobstructed view, which is not possible with 3D-DSA
modalities.

As discussed earlier, the geometry
obtained from 3D-DSA is used to create
a 4D-DSA, so the geometric accuracy of
the 3D-DSA reconstruction is essential
for achieving accurate measurements
from a 4D-DSA. Studies have shown
the ability of 3D-DSA to accurately dis-
play the dimensions of intracranial
vasculature, as well as intracranial aneu-
rysm volume, with satisfactory preci-
sion.19,20 In an effort to further impr-
ove the precision of dimensional meas-
urements obtained from 4D-DSA,
Ruedinger et al21 evaluated the impact
of various commercial reconstruction
parameters on the accuracy of these
measurements. Vessel reconstructions

were performed using edge enhancement or Hounsfield unit kernels
and normal or smooth image characteristics. Aneurysm volume,
surface area, dome height, and minimum andmaximum ostium di-
ameter measurement were made on 5 patient-specific 3D printed
aneurysm models. The actual dimensions were determined from
microCT measurements of the models, and it was concluded that
reconstruction parameters had very little impact on aneurysm and
vessel measurements.20 A subsequent article by this same group

FIG 2. Three views from 3D-DSA of a patient with an AVM supplied by the lenticulostriate arteries (upper row). While the anatomic detail is
excellent, vascular overlap in and around the nidus makes it impossible to see the angioarchitecture and to understand the sequences of blood
flow into and out of the AVM. Early timeframes of the 4D-DSA (lower row) show details of the AVM nidus that are not visible on 3D-DSA. Note
the small aneurysm on one of the lenticulostriate arteries (white arrow). No intranidal aneurysms are seen. Although the 4D-DSA images pro-
vided here are at 1 angle (angle B), these images may be viewed at any desired angle at any time of bolus passage.

FIG 3. Three 4D-DSA images from early timeframes (t1–t3) of the filling of an AVF located along the
intracranial surface of the petrous bone (blue circle). t1 shows several small arteries supplying the AVF
(blue arrow). In the image from t3, acquired less than a second later, these arteries are obscured. This
information is helpful when trying to plan an endovascular approach to this abnormality.
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showed that when using a proper protocol for the injection of con-
trast medium, both the spatial information of 3D-DSA (geometry)
and the temporal information of 4D-DSA (flow) remained highly
accurate.12 Additionally, Sandoval-Garcia et al16 also found com-
plete agreement in diagnostic characteristics in images from 2D-,
3D-, and 4D-DSA datasets. For endovascular treatment of aneur-
ysms, it is critical that precise information on vessel sizes, ostium
characteristics, and parent artery branch relationships be available.

Occlusive Disease. There are few reports about the use of 4D-
DSA in the diagnosis or treatment-planning of patients with occlu-
sive disease. However, in patients for whom stent placement or
angioplasty is indicated, the ability to make measurements from
images with better spatial resolution than either CTA or MRA
improves the ability to select optimal stent and balloon sizes. In a
series of 24 patients with (n ¼ 6) and without (n ¼ 18) an MCA
stenosis, Kammerer et al22 compared the utility of 4D-DSA with
that of 3D-DSA for displaying the anatomy of the lenticulostriate
arteries. Overall, the 4D-DSA reconstructions provided a superior
display of the lenticulostriate artery anatomy; in patients with a
chronic MCA stenosis, the 4D images also showed connections to
the collateral network. The ability to view any time point in the
contrast filling of a time-resolved 3D geometry was advantageous,
compared with a conventional plain 3D geometry.22

Quantification of Blood Flow from 4D-DSA
The temporal information contained in 4D-DSA is sufficient to
quantify blood velocity, and when combined with accurate vessel
measurements, blood flow can be quantified.12,23 Flow derivation is
based on identifying the time needed for a contrast bolus to pass
between 2 points; this movement is captured in the time-density

curves (TDCs) of 4D-DSA (also called
time-concentration curves). Each voxel
contains a TDC depicting bolus inflow,
steady state, and bolus outflow. As the
bolus moves through the vasculature,
cardiac-derived oscillation in a ratio of
contrast medium to nonopacified blood
is observed. This oscillation superim-
poses on the TDCs as a quasi-sine wave
(Fig 5). Investigating the TDCs shows
a position-dependent temporal shift
between the contrast-arrival time and
the phase of the contained quasi-sine
curve. Figure 5 illustrates a simplified
schematic of how blood flow is quanti-
fied using 4D-DSA.

This effect, as first identified by
Waechter et al,24 can be used to der-
ive velocity and flow of the liquid.
Waechter et al used a 2D representa-
tion of the contrast agent over a given
vessel segment and fit virtual maps rep-
resenting a given velocity and flow to
the measured data. For measuring the
data, the vessel centerline and radii are
first determined in 3D. Subsequently, a

2D flow map is determined showing the TDC of a given centerline
voxel along the y-axis and displaying each centerline voxel in direc-
tional order. Then, by means of mathematic models of the blood
flow, contrast injection, and fluid mixture and propagation, a
simulated flow map is determined. The final step is error minimi-
zation between the simulated and measured flow map.

Wu et al25 applied a shifted least-squares analysis to time
curves in a given phantom vessel segment. The vessel centerline
and radii of each vessel segment of interest were determined at
discrete intervals, and TDCs were recorded. Each TDC was
shifted with respect to all other TDCs, and the temporal shift
yielding the minimum least-squares difference was computed. A
velocity for the segment was determined from temporal shift and
spatial distance information with a relative root-mean-square
error of 11% and a Pearson correlation coefficient with phase
contrast (PC)-MR imaging of r¼ 0.835.25

Shaughnessy et al26 derived a similar shift from the phase sig-
nal in the Fourier domain to determine liquid velocities in a given
3D-printed, patient-specific vessel segment. In each vessel seg-
ment, the vessel centerline, discrete distances, and radii were
determined. TDCs for each vessel centerline point were Fourier-
transformed, and the fundamental frequency and associated
phases were determined. The temporal shift of the TDC between
2 vessel centerline points was determined as the phase shift at the
TDC fundamental frequency. This work yielded velocities within
10% of the ultrasonic flow meter and was extended to include a
mass-preservation constraint to establish preserved flow across
multiple bifurcations.26,27

In a study of AVMs, Lin et al28 showed the feasibility of meas-
uring blood velocity in the angiography suite using 4D-DSA. The
study used a similar approach by taking the pulsatile information

FIG 4. An anterior communicating artery aneurysm viewed from the anterior, posterior, and cra-
nial-caudal positions of a 3D-DSA (upper row) and a 4D-DSA (lower row). The branches that
obscure the view of the aneurysm (yellow circle) in the 3D-DSA are not yet filled in the 4D-DSA
image, making the aneurysm neck and its relationship to adjacent branches visible. This informa-
tion aids in the endovascular treatment of intracranial aneurysms.
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of the TDC and determining the peak-to-peak distance in ICA
segments. With the temporal shift, as well as distance and vessel
diameter determined, the contrast/blood mixture velocity and
flow were derived. Evaluation of hemorrhagic-versus-nonhemor-
rhagic AVMs showed an increased velocity and flow in the hem-
orrhagic group, albeit the results were not statistically significant.
To our knowledge, it is not known how vascular overlap may
affect the accuracy of flow quantification. All methods mentioned
above have been evaluated in noncommercial implementations
of 4D-DSA algorithms and are currently not clinically available.

Limitations and Helpful Solutions
As is the case for 3D-DSA, patient motion, improper timing of the
contrast injection, and involuntary vessel and muscle movement
can all degrade the spatial and temporal information contained in
a 4D-DSA reconstruction. If the injection sequence is used appro-
priately and no patient motion occurs, Lang et al29 showed that the
geometry of the vasculature from a 4D-DSA is as reliable as con-
ventional 3D-DSA. As briefly mentioned, vascular overlap may
occur in$1 of the 2D projections acquired during a rotational ac-
quisition, which may have an impact on some of the temporal in-
formation in the 4D volume of the projection. Nonetheless, the
added temporal dimension in a 4D-DSA means that the clinician
is no longer forced to view vasculature solely at the time of maxi-
mum contrast enhancement, as is the case in a conventional 3D-
DSA. By selecting different timeframes of bolus passage and view-
ing angles for image display, one can separate vascular structures
that fill at different time points and that would have previously
been obscured by overlap on many 2D projections and 3D images.

As previously mentioned, there is a distinct overlap phenom-
enon, arising at specific 2D projection angles during the acquisition

when 2D images of superimposed contrast-enhanced arteries and

veins are captured. Although these structures may be spatially sep-

arated in the 4D-DSA reconstruction and not visually overlapped,

there is a possibility that, in some voxels, there may be mixing of

temporal information at certain time points. The degree to which

this affects flow quantification has not, to our knowledge, been

defined. To resolve the ambiguity, Huizinga et al30 detailed, in a

recent publication, the use of a novel reconstruction algorithm that

uses a logical flow constraint. The algorithm enforces a connectiv-

ity between filling vasculature segments, removing erroneous early

filling in distal vasculature by requiring a previously filled con-

nected vessel.
From the perspective of a clinician using 4D-DSA for diagnosis

and treatment-planning, postprocessing techniques have been
found useful to further reduce the limitations caused by vascular
overlap. One example is when vessels from one vascular territory
are, in many viewing angles, superimposed on those from another
territory, eg, MCA territory on ACA territory. We refer to this
type of overlap as “superimposition,” which is different from the
vascular overlap that occurs when vessels in such close proximity
can only be separated by viewing 4D timeframes acquired before
the overlapping vessels are opacified. Superimposition can usually
be resolved by simply cutting out the part of the 4D volume that is
not of clinical interest, eg, the ACA territory when trying to view
the details of an MCA aneurysm.

Another limitation of using a 4D-DSA volume occurs when a
user thresholds an entire 4D volume. The optimal threshold for
arteries will not be the same as those for veins because of the differ-
ences in contrast concentration and volume. Likewise, the optimal
threshold for large arteries and veins will be different from that for

FIG 5. Simplified schematic of how flow is quantified using 4D-DSA: 1) Variations in the contrast density are due to the mixing of contrast with
nonopacified blood at and downstream from the injection site with each cardiac cycle. These variations can be tracked in a time density curve
(TDC) at any point along the vessel. 2) The time it takes the contrast bolus to arrive at a more distal location is quantified by the time-shift
between the peak of the curves (Dt). 3) Velocity is calculated by knowing the distance and time between 2 points in the vasculature. 4) The area
of the vessel is calculated from the 4D-DSA geometry. 5) The flow is quantified using the velocity and area.
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small arteries or veins. By using the postprocessing tool to cut out
a small ROI from the 4D volume and then thresholding it, one can
view the anatomic and blood flow features; this outcome is not
possible when thresholding the entire 4D volume at once.

Summary
4D-DSA, first developed in 2013, is a commercially available angio-
graphic technique that provides the user with a fully time-resolved
3D volume of the vasculature. The ability to see any desired viewing
angle at any desired time of bolus passage adds benefit over conven-
tional 2D- and 3D-DSAs for cerebrovascular diseases.
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