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BACKGROUND Arteriovenous malformations (AVMs) of the brain are vessel conglomerates of feeding arteries and draining veins that carry a risk of
spontaneous and intraoperative rupture. Augmented reality (AR)-assisted neuronavigation permits continuous, real-time, updated visualization of
navigation information through a heads-up display, thereby potentially improving the safety of surgical resection of AVMs.

OBSERVATIONS The authors report a case of a 37-year-old female presenting with a 2-year history of recurrent falls due to intermittent right-sided
weakness and increasing clumsiness in the right upper extremity. Magnetic resonance imaging, magnetic resonance angiography, and cerebral
angiography of the brain revealed a left parietal Spetzler-Martin grade III AVM. After endovascular embolization of the AVM, microsurgical resection
using an AR-assisted neuronavigation system was performed. Postoperative angiography confirmed complete obliteration of arteriovenous shunting.
The postsurgical course was unremarkable, and the patient remains in excellent health.

LESSONS Our case describes the operative setup and intraoperative employment of AR-assisted neuronavigation for AVM resection. Application of
this technology may improve workflow and enhance patient safety.
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Arteriovenous malformations (AVMs) of the brain are conglomerates
of dysplastic vessels with direct shunting of blood from feeding arteries
to draining veins without an interposed capillary bed.1,2 Altered hemody-
namic forces in this low-resistance, high-pressure vascular network lead
to an estimated 1% annual rate of spontaneous ruptures with intracrani-
al hemorrhage and a fivefold increased risk of rehemorrhage yearly.1,2

Microsurgical resection is recognized as an outstanding treatment option
that offers excellent cure rates and an acceptable risk profile.3,4 A single
cohort of AVM resections has reported an estimated intraoperative rup-
ture rate of approximately 5%.5

Augmented reality (AR) technology is a novel approach for intra-
operative image guidance using preoperative imaging studies to
create a real-time, updated, three-dimensional (3D) virtual model of

anatomical structures superimposed on the real-world surgical field
visible on a microscope’s heads-up display (HUD).6,7 This differs
from virtual reality (VR)-assisted neuronavigation, which requires
the surgeon to mentally construct a 3D model of the surgical field
from 2D imaging data and can lead to workflow disruption.8 Given
the heterogeneous angioarchitecture of AVMs and their close rela-
tionship to surrounding structures, AR-based neuronavigation could
be particularly helpful in establishing and maintaining an under-
standing of AVM topology pre- and intraoperatively.9 Although the
employment of AR technology has been described in a variety of
neurosurgical pathologies in the past few years, literature character-
izing its use in conjunction with AVM resection remains scarce. In
this case report, we present our standard AVM resection procedure
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assisted by AR neuronavigation to improve surgical outcomes and
increase patient safety.

Illustrative Case
A 37-year-old female presented with a 2-year history of intermit-

tent right upper and lower motor weakness causing frequent non-
syncopal falls. She also experienced 4 months of increasing
clumsiness and episodes of sensory disturbance in her right upper
extremity. Her medical history was significant for migraines with
aura, sciatic leg pain, and a prior L3–5 lumbar fusion. Her neurolog-
ical examination was unremarkable with full strength in all extremi-
ties and no sensory deficits.

Diagnostic workup with computed tomography angiography (CTA),
magnetic resonance imaging (MRI), magnetic resonance angiography
(MRA), and 3D rotational angiography revealed a Spetzler-Martin grade
III AVM (size 3–6 cm, superficial drainage, eloquent cortex) centered
within the left parietal lobe without evidence of rupture. The AVM nidus
measured 2.5 � 2.4 � 3.4 cm. Arterial supply was composed of a pa-
rietal branch of the middle cerebral artery (MCA) and an occipital
branch of the posterior cerebral artery. Venous drainage was superficial
and directed superiorly and laterally toward the superior sagittal sinus
and transverse sinus, respectively (Fig. 1A).

Endovascular embolization with Onyx achieved excellent obliter-
ation of the deep MCA feeder (Fig. 1B), without compromise of ve-
nous outflow. Arteriovenous shunting persisted with arterial supply
from an anterior division of the posterior parietal artery of the MCA.
The nidus appeared to be reduced by 20%–30%. Postembolization
MRA confirmed the presence of venous drainage into the superior
sagittal sinus via a large-caliber tortuous vein.

The patient was prepared for stereotactic computer-assisted vol-
umetric resection. A brain contrast MRI scan was obtained after en-
dovascular embolization and was then loaded into the frameless
stereotactic neuronavigation system (BrainLab Curve). Using the
BrainLab SmartBrush software (BrainLab version 3.0), we then seg-
mented the draining veins, feeder arteries, and eloquent structures
on the 3D model by assigning different colors. The color-coded 3D
model was then injected into the HUD. The patient was positioned
supine on the operating table with the head turned and secured
with the Doro skull clamp (pro med instruments GmbH).

The frameless reference cluster was attached to the head frame,
and stereotactic registration was performed. Once registration accu-
racy was confirmed, a second stereotactic frameless reference frame

was attached to the microscope (Zeiss KINEVO 900). The microscope
was brought into the surgical field before the sterile prep and draping.
The HUD was turned on and used to assess patient positioning, de-
sign the skin incision, and plan the craniotomy (Fig. 2A).

After the left parietal craniotomy, the microscope was brought in
before dural opening. Upon opening the dura, the main draining
vein was visualized on the cortical surface. Correlating the angio-
graphic anatomy with the intraoperative findings and HUD, the ma-
jor feeding arteries were traced directly into the nidus under high
visual magnification and were circumferentially coagulated and di-
vided (Fig. 2B, Video 1). Complete discontinuation of arterial blood
flow was confirmed using indocyanine green videoangiography. At
this point, the only remaining attachment was the single draining
vein, which was then coagulated and divided.

VIDEO 1. Clip showing AR-assisted microsurgical resection of a
brain AVM. Click here to view.

The patient’s postoperative course was unremarkable. Immedi-
ately after surgery, she was extubated and admitted to the neuro-
surgical intensive care unit for monitoring and blood pressure
control. Her neurological examination results remained stable from
her preoperative exam. Postsurgical angiography confirmed com-
plete resection of the AVM without evidence of arteriovenous shunt-
ing or early filling veins (Fig. 3). The patient was discharged on the
third postoperative day. At 3-month follow-up, she remains in excel-
lent condition with complete resolution of presenting symptoms.

Discussion
Observations

Neurosurgery as a specialty relies greatly on radiological imag-
ing and has pioneered the use of AR-based neuronavigation for
clinical and training purposes.8 AR technology has been used for
the resection of various neoplastic lesions and a small number of
neurovascular lesions.7 Review of the literature revealed only eight
studies investigating the application of AR-projecting HUD for AVM
resection, and of those, even fewer were performed on high-grade
AVMs.6,10–16

Our setup matches the approach described by Cabrilo et al.,6

where virtual segmentations from preoperative imaging studies (CTA,
MRA, 3D angiogram) are integrated into the frameless stereotactic
system and projected onto the microscope’s HUD as a 3D overlay.
However, we advance this approach by integrating the patient’s brain
contrast MRI that was directly obtained after endovascular treatment.
This approach permits visualization of postembolization updated AVM
architecture information on the HUD. The frameless stereotactic navi-
gation system integrates the microscope’s spatial, focus, and zoom
parameters, thus permitting automated updating real-time tracking of
the target lesion.6 We believe this is a major advance to VR-assisted
neuronavigation where the surgeon’s attention is divided between the
operative field and the navigation screens in order to mentally align
the intraoperative findings with the patient’s MRI data.6,8,10

In addition, preoperative color segmentation allows intraoperative
distinction and tracking of draining veins, feeder arteries, and eloquent
structures through the HUD and can guide the surgeon in the critical
process of arteriovenous dissection.8 Early benefits of the HUD in-
clude planning of patient positioning and the surgical approach, and
further advantages in AVM resection include intraoperative guidance
of superficial and deep dissection of arterial feeders and draining

FIG. 1. Cerebral angiography of left parietal AVM pre- and postemboli-
zation. A: Preembolization angiogram of the left internal carotid artery
shows a lateral view of the malformation draining into the superior sag-
ittal sinus and left transverse sinus. B: Postembolization angiogram of
the left internal carotid artery demonstrates obliteration of the feeding
MCA branch.
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veins.10 In this case, the AR outline accurately corresponded to the
true alignment found during surgery and smoothly adjusted to the
zoom and focus functions of the microscope.

Lessons
Augmented reality provides a significant advance to VR-assisted

neuronavigation by enabling neurosurgeons to optimize their surgi-
cal approach as well as to identify and track the AVM in real-time
mode and with direct visualization on the HUD. MRI data that are
obtained directly after endovascular treatment permit visualization of
updated navigation information, potentially minimizing alignment er-
ror, improving workflow, and enhancing patient safety and care.

The use of AR technology has some limitations that deserve discus-
sion, though none of them were significant during this case. Previous
studies noted that a delay in AR projection on HUD may provide the
surgeon with inaccurate data for a short latency of time.8 The use of
high-speed wireless routers permitting rapid data transfer can provide a
solution.8 Deng et al.17 found that registration, tracking, and calibration of
different devices may result in alignment inaccuracies; therefore, compati-
bility of devices is of highest importance.8 Last, the system does not ac-
count for intraoperative brain tissue shift due to positioning changes or
cerebrospinal fluid leakage, resulting in an increased AR alignment er-
ror.8,18,19 Kantelhardt et al.20 addressed this limitation by manually reposi-
tioning the shifted VR segments according to imaging studies, and the
intraoperative reregistration allowed excellent, easy-to-perform restoration
of AR overlay accuracy.

There exist specific limitations of AR technology in AVM resection.
For example, previous studies reported an issue of insufficient depth per-
ception.6 The human eye incorporates depth cues such as texture and
shading during accommodation, and this is not constituted by the planes
of the virtual image on the HUD.21 Although the integration of color-seg-
mented 3D models alleviates the accommodation discrepancy, surgeons
may encounter depth perception mismatches when navigating along the
z-axis.6,21 Furthermore, the limited ability to distinguish between types of
arterial feeders and the complex angioarchitecture of AVMs may limit the
usefulness of AR.6 In contrast to the report by Cabrilo et al.,6 where the
navigation information of draining veins was incongruent to the 3D model
constructed from preembolization imaging studies, we received updated
navigation information because we had injected postembolization imaging
studies into the HUD.

FIG. 2. AR neuronavigation system for computer-assisted volumetric resection of AVM pre- and intraopera-
tively. A: HUD visualization of AVM nidus (purple), superior sagittal sinus, left transverse sinus, major draining
veins (blue), and MCA feeders (pink) for stereotactic planning of craniotomy. B: Intraoperative HUD visualiza-
tion with real-time tracking of AVM nidus (purple) and adjacent structures. C and D: Intraoperative photo-
graphs of HUD-guided intranidal dissection of AVM feeders and draining veins.

FIG. 3. Postsurgical angiography with complete separation of arterial
and venous phase. Postsurgical angiogram of the left internal carotid
artery in lateral view confirming complete obliteration of the AVM with
restored arterial circulation (A) and venous drainage (B).
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The small number of reported AR-assisted AVM resections in
the current literature does not permit a final conclusion of its useful-
ness for widespread clinical application at this point. Although more
prospective studies are needed to evaluate the benefits and barriers
of this technology, recent preclinical efforts have been made to in-
corporate the concept of time into the AR environment to better as-
sess hemodynamics in vascular pathologies.22 This is achieved by
injecting 3D rotational angiography, 3D time-of-flight MRI, and 4D
phase-contrast MRI data into an AR-capable device.22 Although not
integrated into the intraoperative HUD yet, this technology may allow
visualization of animated blood flow during neurovascular surgery.22

By enabling the surgeon to navigate in space and time through an
advanced 4D AR HUD, this technology may help identify the different
types of arterial feeders and draining veins, further increasing work-
flow and patient safety.
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