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Abstract
Digital subtracted angiography (DSA) remains the gold standard for diagnosis of cerebral vascular diseases and provides
intraprocedural guidance. This practice involves extensive usage of x-ray and iodinated contrast medium, which can induce side
effects. In this study, we examined the accuracy of 3-dimensional (3D) registration of magnetic resonance angiography (MRA) and
DSA imaging for cerebral vessels, and tested the feasibility of using preprocedural MRA for real-time guidance during endovascular
procedures.
Twenty-three patients with suspected intracranial arterial lesions were enrolled. The contrast medium-enhanced 3D DSA of target

vessels were acquired in 19 patients during endovascular procedures, and the images were registered with preprocedural MRA for
fusion accuracy evaluation. Low-dose noncontrasted 3D angiography of the skull was performed in the other 4 patients, and
registered with the MRA. The MRA was overlaid afterwards with 2D live fluoroscopy to guide endovascular procedures.
The 3D registration of the MRA and angiography demonstrated a high accuracy for vessel lesion visualization in all 19 patients

examined. Moreover, MRA of the intracranial vessels, registered to the noncontrasted 3D angiography in the 4 patients, provided
real-time 3D roadmap to successfully guide the endovascular procedures. Radiation dose to patients and contrast medium usage
were shown to be significantly reduced.
Three-dimensional MRA and angiography fusion can accurately generate cerebral vasculature images to guide endovascular

procedures. The use of the fusion technology could enhance clinical workflowwhile minimizing contrast medium usage and radiation
dose, and hence lowering procedure risks and increasing treatment safety.

Abbreviations: 2D = two-dimensional, ACoA = anterior communicating artery, AICA = anterior inferior cerebella artery, BA =
basilar artery, CBCT= cone beam computed tomography, DAVF= dural arteriovenous fistula, DSA= digital subtracted angiography,
F = female, ICA = internal carotid artery, L = left, M =male, MCA =middle cerebral artery, MPR =multiplanar reconstruction, MRA =
magnetic resonance angiography, MRI = magnetic resonance imaging, PCA = posterior cerebral artery, PCoA = posterior
communicating artery, R = right, VA = vertebral artery, VRT = volume-rendering techniques.
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1. Introduction

Nowadays, flat panel detector cone-beam computed tomography
(CBCT)-equipped angiographic suite has been commonly used
for detection of cerebral vascular diseases and as image assistance
for endovascular procedures. CBCT imaging, featured with
spatial resolution up to 0.1 to 0.2mm, enables visualization of the
anatomy of the vasculature in both 2-dimensional (2D) and 3D
space. Two-dimensional fluoroscopy and digital subtracted
angiography (DSA) with radio opaque iodine contrast medium
injection are useful in guiding catheterization procedures.
Detailed morphological information of blood vessels provided
by 3D DSA aids in detection of any circulatory disorder.[1–6] It
has now become possible to overlay the 3D vessels onto the 2D
live fluoroscopic images, which allows real-time localization of
the catheter or wire position with respect to anatomical structure
and visualization of such structures of interest from any desired
angle. However, DSA-guided procedures requires x-ray for
acquiring 2D and 3D images of the head and neck vessels,
respectively, which provide adequate information on a lesion and
selection of the best possible working angle, and also real-time
imaging. This is associated with the potentials for long-term
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health hazards resulting from prolonged ionizing radiation of the
x-ray exposure to patients. Additionally, although DSA is still the
gold standard for depicting cerebral vasculature and providing
intraprocedural guidance, this technique involves extensive usage
of iodinated contrast medium that may induce allergy and
nephrotoxicity and limit DSA applications in patients with renal
diseases.[7–10]

Magnetic resonance imaging (MRI) generates image sequence
based on the magnetic field and radio frequency waves. MRI
produces high-quality images with excellent contrast details of
soft tissue and anatomic structures without exposing the patients
or clinicians to ionizing radiation (x-rays). Magnetic resonance
angiography (MRA), in particular, permits visualization and
analysis of cerebral vessels in the brain while avoiding radiation
and contrast medium injection. Although the sensitivity of MRA
is generally inferior to that of conventional angiography, it has
been successfully used to identify stenosis, aneurysm, arteriove-
nous malformations, and diagnose atherosclerosis and other
vascular lesions in major cerebral vessels.[11–15]

With the rapid advancement of imaging technologies, image
registration between 2 stand-alone imaging modalities can be
obtained. For example, the bony references of a preprocedural
MRA image can be superimposed to an intraprocedural
angiographic image. The 2 image datasets are then displayed
onto the live fluoroscopic image, either individually or
combined.[16–18]

In this study, we first tested the feasibility and accuracy of the
3DMRA and angiographic image fusion. Secondly, we presented
our initial experiences where the success of the endovascular
treatment procedures benefited from the combined use of
preprocedurally acquired MRA and intraprocedurally acquired
angiography techniques.
Table 1

Patient diagnostic and treatment information.

Patient no. Age, sex Diseases

Group 1
1 54, F BA stenosis, R-VA occlusion
2 51, F Bilateral ACA, L-MCA, R-VA
3 45, M R-ICA aneurysm
4 75, M L-ICA intima injury
5 51, F Bilateral VA dissection-aneur
6 36, M R-MCA severe stenosis
7 33, F R-VA aneurysm
8 50, F R-AICA aneurysm
9 59, F R-ICA aneurysm
10 56, M L-PCoA funnel shaped dilatio
11 66, F R-ICA multiple aneurysms, L
12 63, F L-ICA multiple aneurysms, L-
13 62, F R-ICA occlusion, R-MCA sten
14 58, M R-ICA severe stenosis, R-ICA
15 58, F L-VA, L-ICA aneurysms
16 63, M —

17 57, M Bilateral MCA occlusion, bila
18 62, M R-ICA aneurysm
19 51, F L-meningioma

Group 2
20 43, F R-VA aneurysm
21 65, F BA occlusion
22 70, M L-ACoA aneurysm
23 52, F BA stenosis

ACoA= anterior communicating artery, AICA= anterior inferior cerebella artery, BA=basilar artery, CBC
angiography, F= female, ICA= internal carotid artery, L= left, M=male, MCA=middle cerebral artery, M
imaging, PCA=posterior cerebral artery, PCoA=posterior communicating artery, R= right, VA= verteb
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2. Materials and methods

2.1. Patient selection

From May to September 2015, 23 patients with suspected
neurovascular lesions were enrolled into this study. These
patients were scheduled for diagnostic angiography or interven-
tional recanalization. Detailed information of individual patient
was listed in Table 1. This study was approved by the hospital
ethics committee.
2.2. Preprocedural MRA image acquisition

Preprocedural MRI imaging was performed using a whole-body
3-Tesla MR scanner (Signa HDxt; GE Healthcare, Little
Chalfont, UK) with an 8-channel head coil. Three-dimensional
time-of-flight was applied in MRA imaging with the following
parameters: fast field echo, repetition time 22ms, echo time
3.9ms, flip angle 15o, field of view 220mm�165mm, slice
thickness 1.4mm, and total acquisition time 3minutes 55seconds.
2.3. Intraprocedural 3D angiographic image acquisition

Three-dimensional angiographic images were acquired during
the endovascular procedures. For the first group of 19 patients,
rotational x-ray angiography was performed to generate 3D
vasculature. To do this, a 3D mask image was acquired first,
followed by a fill run. Contrast medium (Ioversol, 320mgI/mL)
was injected during the fill run into the artery of interest by a
power injector (300psi) at an injection rate of 3mL/s for
6seconds, and with 1sesond x-ray delay to ensure full contrast of
the arteries. For the second group of 4 patients, no contrast
medium was injected, and noncontrasted low dose 5econds
Symptoms

Dizziness
stenosis R-lower limb weakness

Blepharoptosis
Headache and vomiting

ysm Sudden onset of headache and unconsciousness
Episodic headache
Headache
Sudden onset of headache
Intermittent headache

n Sudden onset of headache
-ICA aneurysm Neck discomfort
DAVF Walking unsteadiness
osis Sudden onset of L-limb weakness
occlusion Episodic syncope

Sudden onset of frontal headache
—

teral ECA stenosis Episodic dizziness
Sudden onset of L-limb weakness and cough
L-limb weakness, cough and dizziness

Sudden onset of headache and unconsciousness
Sudden onset of unconsciousness
Sudden onset of headache
Dizziness

T= cone beam computed tomography, DAVF=dural arteriovenous fistula, DSA=digital subtracted
PR=multiplanar reconstruction, MRA=magnetic resonance angiography, MRI=magnetic resonance
ral artery, VRT= volume-rendering techniques.
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rotational scan was acquired. The C-arm rotated for 200° in
5sesonds at a speed of 1.5°/frame and with x-ray dose of
0.36mGy/frame. A total number of 133 projection images were
generated as an output. The resulting raw projection images were
then immediately transferred to a commercially available
workstation (syngo X Workplace, Siemens Healthcare,
Germany) for 3D volume reconstruction.
For the first group, reconstructions were performed using the

reconstruction mode “native fill” to create a contrast-enhanced
image showing both vessels and skull. For the second group,
reconstructions were performed using the reconstruction mode
“native mask” to make a native image of the skull. The kernel
type was “HU,” and image impression was “normal” for either
group reconstructions.
2.4. 3D MRA-angiographic image fusion

The preprocedural MRA images were imported as Dicom images
into the same workstation. The angiographic images acquired
during the endovascular procedures were co-registered with the
MRA images using commercially available functionality “syngo
Inspace 3D/3D fusion.” Both the MRA and angiographic images
were presented in different colors and in the same window as
orthogonal multiplanar reconstruction (MPR) images in axial,
sagittal, coronal orientations, and also displayed using volume-
rendering techniques (VRTs) as shown in Fig. 1. Two image
datasets were fused via intensity-based automatic registration
Figure 1. Three-dimensional (3D) MRA (white) and DSA (yellow) fusion images pres
(D). DSA=digital subtracted angiography, MRA=magnetic resonance angiograp
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matched to the bony references (i.e., the skull) for alignment of the
2 volumes.When a registration errorwasdetected to be significant,
the re-registration would be made bymanual registration of visual
matching. The two 3D image volumes of different colors were
superimposed to achieve fusion precision.[19] The registration
matrix was then stored and applied to the fusion dataset. In the
automatically opened “Dual-Volume Properties” window, only
MRA image was shown. The window width and window center
were adjusted to best visualize the lesion.
After an accurate 3D/3D registration was achieved between

MRA and angiography, by using “syngo iPilot dynamic”
functionality, the VRT images of the 3D MRA could then be
overlaid with the live 2D fluoroscopy and displayed. A 3D live
roadmap visualization of the target vessels was provided as a result
during endovascular procedures. The opacity of the overlaidMRA
was adjustable to receive a better contrast of the artery, guide wire,
catheter, and anatomical background. The MRA image was
dynamically updated in response to geometrical changes of the
CBCT system such as tablemovement, C-arm rotations, and so on.
If amisalignmentwas foundbetween thefluoroscopyand theMRA,
the auto-recording mode could be switched to the manual mode to
perform 2D/3D manual registration based on visual matching.
3. Results

The imaging results of the first 19 patients were independently
read by 2 experienced radiologists. In particular, they checked
ented in axial (A), sagittal (B), coronal (C) orientations, and using VRT technique
hy, VRT=volume-rendering technique.
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whether the vessels in 2 models were superimposed in the 4
windows using a 3-point rating scale, where 3= image fusion of
high accuracy without obvious misregistration, class 2=mild to
moderate image misregistration, and class 1= severe misregistra-
tion. Differences in assessment were discussed and resolved by the
consensus. The overall quality of the 3DMRA and angiographic
fusion was scored as class 3 in 16 of the 19 cases and as class 2 in
the other 3 cases. Deviations were found to be less than 1mm
with respect to the diameter of major vessels, and also
characteristics of lesions including the size of aneurysm neck
and sac, length, and diameter of stenosis. The referring
radiologists and physicians concluded that the information
provided by the merged MRA images was helpful for 19
operations. Representative cases are shown in Fig. 2, which
illustrate accurate image fusion of the 3DMRA and angiographic
datasets for different clinical scenarios including aneurysm,
stenosis, and occlusion at different levels of intracranial
vasculature.
Figure 2. Three-dimensional (3D) MRA (white) and angiographic (red) fusion resu
aneurysm; D, R-ICA aneurysm; E, L-MCA occlusion. L-MCA= left middle cerebral
cerebella artery, R-ICA= internal carotid artery, R-MCA= right middle cerebral art
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The combined use of bony reference and visual matching
presumably allows a precise registration of the 3D MRA with
angiographic image and subsequently an accurate depiction of
the intracranial vessels. This infers that the 3D MRA registered
with the native skull angiography alone without additional
acquisition of 3D DSA of the vessels can be used to navigate
endovascular procedures. This idea was tested in the second
group of 4 patients. No contrast medium was injected during the
3D angiographic acquisition, and the endovascular procedures
were performed solely under the guidance of the registered 3D
MRA roadmap. We did conduct a few 2D DSA acquisitions that
included a 2 to 8mL of contrast medium injection to both verify
the spatial accuracy of the 3D MRA roadmap and confirm the
completion of the procedures.

3.1. Representative case 1

The first representative case was shown in Fig. 3 that
demonstrated the 3D anatomy of a small saccular aneurysm
lts of intracranial arteries: A, R-MCA stenosis; B, R-AICA aneurysm; C, R-ICA
artery, MRA=magnetic resonance angiography, R-AICA= right anterior inferior
ery, VRT=volume-rendering technique.



Figure 3. Magnetic resonance angiography (MRA) of the intracranial vessel (A);
MRA overlaid with live fluoroscopy (B); with the MRA roadmap guidance, the
guide wire entered R-VA (C), and approached the aneurysm neck (D); the
aneurysm size was measured (E), and coiling was performed (F). Final DSA
check of the coiling results in AP (G) and lateral (H) view. DSA=digital
subtracted angiography.
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(2mm) and its parent artery (i.e., right vertebral artery). The
vasculature presented by MRA (Fig. 3A) was overlaid with 2D
live fluoroscopy (Fig. 3B). The MRA was used to select the best
working angle, and then navigated the guide wire progression
through the right vertebral artery into the V4 segment (Fig. 3C),
which finally approached the aneurysm neck (Fig. 3D). The 3D
MRA was found to precisely superimpose with the 2D color-
inverted DSA roadmap of the target vessel obtained with 5mL
contrast medium injection. The 3D MRA revealed the size
of the aneurysm for coil selection (Fig. 3E). Next, 3 coils
5

(2.5mm�4mm, 2mm�2mm, 1mm�2mm; MicroPlex 10,
MicroVention) were carefully implanted and packed into the
aneurysm sac through a microcatheter (Fig. 3F). A final DSA
acquired with 5mL contrast medium injection confirmed
complete occlusion of the aneurysm (Fig. 3G, H). In our medical
center, the aneurysm treatment typically involves 50 to 70mL
contrast medium and 1100 to 1900mGy x-ray dose for an
average coiling procedure without a MRA roadmap. When
guided by the 3DMRA roadmap, however, the contrast medium
injected was reduced to about 20mL and the overall x-ray dose to
patients to about 768mGy.

3.2. Representative case 2

The second representative case was shown in Fig. 4 that
demonstrated the treatment procedure of a severe basilar artery
(BA) stenosis guided by the MRA roadmap. In Fig. 4A, MRA
image showed the anatomy of a stenosis at BA and indicated the
best working angle. During the endovascular procedures, the
MRA was registered with the low-dose angiography of the skull,
and then overlaid with 2D live fluoroscopy to provide intra-
procedural guidance (Fig. 4B). The guide wire was first navigated
into the left vertebral artery (VA) and then approached the
proximal of the stenosis (Fig. 4C). The wire was further advanced
through the tight lesion to reach the distal segment (Fig. 4D) and
entered right posterior cerebral artery (PCA) afterwards (Fig. 4E).
A balloon (2.5mm�9.0mm; Maverick Monorail, Boston
Scientific Scimed) was placed to predilate the stenosis
(Fig. 4F). Next, an intracranial balloon-expandable stent (3.0
mm�13mm; Apollo, MicroPort Medical, China) was delivered
across the stenosis (Fig. 4G) and deployed (Fig. 4H). The final
DSA was acquired with 5mL contrast medium injection each,
and it confirmed successful recanalization of the VA from both
anterior-posterior and lateral positions (Fig. 4I, J).With the use of
3DMRA roadmap, the overall amount of contrast medium used
was decreased to only 30mL, and x-ray dose was decreased to
1094mGy (as compared with 50 to 90mL contrast medium and
1300 to 2100mGy x-ray dose used on average for a typical
intracranial stenting procedure in the absence of the MRA
roadmap guidance).

4. Discussion

Magnetic resonance angiographyhas shown tobe an alternative to
conventional angiography with an excellent diagnostic accuracy
for neurovascular diseases. In the current study, we demonstrated
that the CBCT-based dynamic 3D road mapping enabled
registration of preprocedural MRA image with intraprocedural
angiography, and overlay of 3D fusion images with real-time 2D
fluoroscopy. We achieved precision in the registration of the 2
image modalities in all 19 patients from the first group. The 3D
DSA images accurately superimposed onto the corresponding
MRA images and enhanced visualization of vessels.
In the representative endovascular coiling case, the MRA

informed a small aneurysm of exact size and location that was
confirmed by 2D DSA. The 3D MRA roadmap enabled
monitoring of the packing density and morphology of the coils
from multiple angles, such that avoided coil prolapsing into
parent vessel or protruding through aneurysm sac. Either
scenario could lead to serious adverse neurological effects.
Minor difference in posterior inferior cerebella artery (PICA) was
visible only in the DSA image. The difference could be due to the
fact that the aneurysm was located at the origin of the PICA. The
MRA was performed in the acute phase of hemorrhage. This

http://www.md-journal.com


Figure 4. Preprocedural MRA showed severe BA stenosis (A). MRA was
overlaid with live fluoroscopy (B). With 3D MRA roadmap, the guide wire
entered left VA and approached the proximal of stenosis (C); the guide wire
passed through the stenosis into distal segment (D) and then entered right PCA
(E). A balloon was used for predilation of the stenosis (F). A intracranial stent
was inserted across the stenosis (G) and expanded by the balloon (H). Final
DSA check of the stenting result in AP (I) and lateral (J) view. 3D=3-
dimensional, DSA=digital subtracted angiography, MRA=magnetic reso-
nance angiography, PCA=posterior cerebral artery, VA=vertebral artery.
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stage of hemorrhage may cause vasospasm and reduce blood flow
into the PICA. On the other hand, the DSA acquisition and the
treatment were performed after the 2-day antispastic therapy,
and conceivably, the PICA could be observed in the DSA image,
but not in the MRA. In the stenosis stenting case, the lesion was
accurately depicted by the MRA. The 3D MRA roadmap
provided reliable guidance for the entire procedure including
wire/catheter progression, stenosis predilation with balloon, and
stent deployment. Slight arterial distortion was observed after
endovascular device insertion, and minor deviation was in turn
detected by comparing the marker positions of the balloon
and stent in relation to the 3D MRA roadmap coordinates. In
such cases, intraprocedural DSA may be required to update
vasculature morphology.
In this study, the accuracy between 3DMRA and angiographic

image fusion has been validated, and its advantages for guiding
cerebral endovascular procedures have been also demonstrated.
We showed that it is entirely possible to substantially reduce
radiation dose and renal load of patients without compromising
either examination or treatment. MRI has become a noninvasive
routine component in the imaging assessment of patients with
neurovascular diseases. The key benefit of this approach lies in
the readily available preprocedural MRA images that provide 3D
information for endovascular procedures. This eliminates the
repetitive acquisition of 3D DSA of the target vessels and
simplifies workflow. Because the MRA is registered to the low-
dose 3D angiography and then overlaid to live 2D fluoroscopy as
real-time guidance, the endovascular procedures are therefore
performed with possible minimum use of contrast medium.
Consequently, this approach is uniquely valuable for applications
in young patients or in those with renal impairment. Moreover,
since the procedures can be performed mainly under fluoroscopy,
x-ray dose to patient can in turn be greatly reduced.
The image fusion technique allows clear visualization of

vasculature of interest in 3D space from any desired angle during
endovascular procedures to aid in choices of the best working
angle. It also helps verify the wire tip position during its
advancement within the vessel lumen as guided by the 3D MRA
roadmap. As such, this approach can be rather useful in the case
of arterial occlusion, where distal segment of the occlusion is
often invisible in DSA images due to contrast medium blockage.
In contrast to DSA method, the MRA could provide sufficient
visualization of the distal segment of the occlusion, and thus,
accurate localization of the wire/catheter position with respect to
the 3D anatomical structure including the occluded vessel
segment. The procedure-related complications may in turn be
reduced.[11,20]

Owing to the limited spatial resolution of MRI, imaging small
vessels such as perforating arteries remains challenging. To
achieve proper 3D fusion between the MRA and angiography,
subsequent overlay with live 2D fluoroscopy images, and
accurate production of final image roadmaps, the patient should
be stabilized to minimize unanticipated movement that might
result in misalignment during image registration. Otherwise,
precision of intraprocedural guidance may be compromised.
Besides, although this approach can significantly reduce contrast
medium usage added by performing 2D and 3D DSA of the
vessel, due to the limited imaging field of MRA using head coils,
only intracranial vessels are acquired and used to guide for
endovascular procedures. To address this issue, our current
workflow still involves certain amount of contrast medium
injection during catheterization and wire progression to assist
fine selection of artery with lesions. Future MRA of the head and
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neck region requires improvement in sensitivity and coverage of
vessels. The 3D MRA-associated roadmap of entire cerebral
circulation is warranted to help further reduce or even eliminate
the contrast medium usage during endovascular procedures and
enhance operation safety. Currently, another limitation is that the
MRA examination time is longer than that typically required for
CTA. Acquiring MRA could then be difficult in acute cases, and
MRA applications may be questionable in such patient cohorts.
Worthy of note, patients with implants such as pacemakers
should be considered carefully as they might be affected by the
strong magnetic field with MRA. Since our study did not enroll a
large number of patients, future investigations of larger-size
patient populations are needed to further evaluate clinical
applications of the fusion method.
5. Conclusions

The current work demonstrated successful fusion between 3D
MRA and angiographic images for accurate visualization of
cerebral vasculature. The use of MRA image as 3D roadmap was
shown to be both feasible and excellent to guide endovascular
procedures. The fusion approach may enhance clinical workflow
while reducing radiation dose to patients and contrast medium
usage. The method offers important clinical value in lowering
endovascular procedure risks and increasing treatment safety.
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