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ABSTRACT

Objectives: Augmented reality (AR) has recently evolved, offering unprecedented precision in the surgical management of brain tumors. AR devices
empower surgeons to visualize patient anatomy by seamlessly integrating 3D-reconstructed scans into the surgical site, thus improving surgical precision
and efficiency.

Materials and Methods: This retrospective case-series study analyzed cases operated on at a single center from January 2020 to June 2022. Patients
underwent craniotomy with AR-guided neuronavigation. Pre-operative magnetic resonance imaging sequences were processed. AR software
superimposed 3D virtual objects onto the surgical field.

Results: The study analyzed 14 brain lesion cases involving patients aged 11-79, with lesions in various anatomical locations, including the frontal lobes,
petroclival area, and cavernous sinus. Pathologies ranged from glioblastomas and meningiomas to metastatic carcinomas. Patients underwent elective
craniotomy with AR-guided neuronavigation to identify critical areas such as Broca’s and Wernicke’s areas, motor areas, and neurovascular structures.
Gross-total or near-total resection was achieved in all cases, with surgical times ranging from 2 to 9 h. No intra- or post-operative complications were
reported. Hospital stays varied from 2 to 13 days.

Conclusion: AR significantly enhanced surgical accuracy and patient safety by enabling precise identification of critical areas and structures. It improved
resection extension and accuracy for various brain lesions, reducing neurovascular injuries while preserving neurological function. Future research
should explore AR’s impact on clinical outcomes and continue advancing its applications in neurosurgery.

Keywords: Augmented reality, Image-guided surgery, Neuronavigation, Virtual reality

INTRODUCTION

advancements in

devices allow surgeons to visualize patient anatomy by
merging 3D-reconstructed computed tomography (CT) or
magnetic resonance imaging (MRI) scans directly into the
surgical area, a technique known as “in situ” visualization.[
This method significantly enhances the surgeon’s perception
by overlaying digital images onto the surgical field.”

Technological neurosurgery  have
historically occurred approximately every two decades.” A
significant milestone in neurosurgery was the adoption of
the surgical microscope in the late 1950s, which dramatically
transformed neurosurgical procedures. More recently,

virtual reality found its applications in neurosurgery in the
1990s.M"" Augmented reality (AR), a technology that overlays
computer-generated images onto a user’s real-world view
creates a combined perspective that enhances the user’s
current perception of reality” and has been incorporated
into neurosurgery in the past decade.”) Recently, AR has
advanced swiftly, providing unmatched precision in the
surgical treatment of central nervous system tumors. AR

The successful use of AR depends on precise alignment
between patient imaging (usually CT or MRI) and the
surgical site, which is essential for safe image-guided
navigation. AR systems aim to enhance workflow in
neurosurgical operating rooms by overlaying computer-
generated 2D or 3D images onto the surgeon’s real-world
view.”®! However, the application of AR in minimally
invasive surgery presents unique challenges and may extend
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the surgical time. Given the high costs of the intraoperative
implementation of AR, this technology has been largely
implemented in high-income countries.”?! Our study provides
information on the feasibility of using intraoperative AR in
a low-to-middle-income country (LMIC). Our institution
has integrated AR navigation for brain lesion resection by
combining neuronavigation systems, robotic visualization,
and advanced intraoperative imaging. This paper aims to
present our initial experience and learning lessons using
AR, highlighting the barriers and their potential benefits for
neurosurgical procedures.

MATERIALS AND METHODS

This retrospective study analyzed a prospectively acquired
case series and was conducted at a single center, spanning
from January 2020 to June 2022. Independent of the
location and histopathology all cases where intraoperative
AR was used were included, accordingly. All patients
underwent elective craniotomy with the assistance of
AR-guided neuronavigation at the Hospital Universitario
Fundaciéon Santa Fe de Bogota, Bogota, Colombia.
Institutional Review Board approval was obtained. This
study was performed in compliance with the Declaration
of Helsinki and was done according to our institutional
ethics committee approval.

Neuroimaging acquisition protocol

Images were acquired with a 3T scanner (SIGNA™ Voyager,
GE, GE HealthCare, USA). A 3D BRAVO sequence was
acquired with T1 information. Field of view (FOV) 240
slice thickness, 1 mm isotropic, echo time (TE) 3.02, and
repetition time (TR) 7.47. A diffusion tensor imaging (DTI)
protocol was also included for intra-axial lesions where
tractography was required to delineate the lesions position
and its anatomical relationships: B1000, directions between
40 and 68, FOV 260 mm, Thickness of 3 mm, TR 5585, and
TE 76.9. All imaging data were processed using the Elements
neuronavigation planning system (Brainlab®, Munich,
Germany).

Surgical implementation of AR

During the surgical procedure, patients were placed under
general anesthesia and secured using a three-point skull
clamp. Optical neuronavigation registration was performed
to ensure precise alignment of pre-operative imaging with
the surgical site. Subsequently, the surgical microscope
(Robotic Visualization System® - KINEVO 900%, Zeiss)
was synchronized and integrated with the neuronavigation
system to confirm accuracy. The processed images were
then imported into AR software, enabling the deployment
of both imaging and optical augmentation. This process
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allowed the superimposition of three-dimensional virtual
objects onto the surgical field, enhancing the surgeon’s
visual perception during the procedure. The extent of
resection (EOR) was calculated as follows: Gross-total
resection (GTR) (100%), near-total resection (NTR)
(>90%), and sub-total resection (<90%). All attempts
to achieve a GTR were made, however, a maximal safe
resection was performed using functional boundaries for
intra-axial lesions and respecting neurovascular structures
as needed. In Figure 1, we present an illustration of the
neurosurgical room in which the neuronavigator and AR
are used for brain tumor resection.

RESULTS

14 procedures were found where AR guidance was used
[Table 1]. Hlustrative cases are described in Figures 2-5,
which describe the pre-operative findings, the use of
intraoperative AR, and the immediate post-operative results.
The types of lesions treated with AR technology included
one cavernous malformation, seven tumors of glial origin,
three meningiomas, one schwannoma, and two metastatic
tumors. Regarding the anatomical location of the lesions, AR
technology was applied in nine intraaxial and five extraaxial
lesions. Among these, one lesion was located at the skull base,
one was intraorbital, and one was in the petroclival area.

The EOR was either GTR or NTR in all cases. Specifically,
six patients underwent NTR, while eight patients achieved
a GTR [Table 1]. The patient demographics included eight
females and six males, with a median age of 69.5 years.
The average surgical time for the procedures was 7 h. No
intra- or post-operative complications were observed. The
average length of hospital stay was 7 days. The indications

Figure 1: Representation of neurosurgery room with the use of
augmented reality. The microscope and the neuronavigator are
presented in which images previously taken and prepared under the
neuronavigation protocol described above for the resection of brain
tumors are superimposed. This figure was created with Biorender
(www.Biorender.com).
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Table 1: Patient characteristics, lesion types, and surgical outcomes using AR.

Case Age Gender Anatomical Pathology WHO EOR ARrole Surgical Length of
location grade Time  Stay (days)
(hours)
1 69 Left frontal GBM, 4 NTR Identification of Broca’s 8 8
IDH -Wild Type area and arcuate
fasciculus
2 52 Left petroclival Meningioma 1 GTR Identification of the 7 7
petrous apex and
performing an anterior
petrosectomy
3 41 Right frontal Astrocytoma, I GTR To identify the proximity 5 5
IDH-Mutant to the motor area
4 40 Right orbit with Schwannoma - NTR To delimit the 8 4
intracranial intracavernous carotid
extension to the
right cavernous
Sinus
5 20 Left frontal Astrocytoma, I GTR To identify the motor area 5 2
IDH-Mutant and monitor the arcuate
fasciculus
6 11 Left temporal GBM, II GTR To identify the Wernicke’s 5 8
(Wernicke’s Area) IDH-Wild Type area
7 43 Anterior fossa Meningioma II GTR  Verify the relationship to 4 5
the optic nerves
8 56 Right frontal Cavernous - GTR Identification of the 2 10
Malformation drainage vein and the
deep afferent artery
9 57 Left sphenoid wing ~ Meningioma I GTR Identification of 5 10
neurovascular structures
10 59 Left frontal GBM, v NTR Identify neurovascular 5 8
IDH-Wild Type structures, the arcuate
fasciculus, and motor
area.
11 79 Left frontal GBM, v NTR Relation to vascular 6 13
IDH-Wild Type structures, arcuate
fasciculus, and motor
area.
12 49 Right Frontal Metastatic - NTR To identify the motor area 7 8
Carcinoma,
Primary Infiltrating
Non-Small Cell
Carcinoma
13 54 Bifrontal with Astrocytoma, IV GTR To identify the 5 6
extension to the IDH-Mutant relationship to the
genu of the corpus anterior cerebral artery
callosum
14 70 Sellar, and parasellar, Metastatic - NTR To identify the relation to 9 7
with extension to the Adenocarcinoma, the optic and oculomotor
pterygopalatineand ~ Primary nerves
infratemporal fossae. ~Salivary Cell
Adenocarcinoma

WHO: World Health Organization, EOR: Extent of resection, GTR: Gross-total resection, NTR: Near-total resection, AR: Augmented reality,

GBM: Glioblastoma, IDH: Isocitrate dehydrogenase.
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Figure 2: Frontal perirolandic cavernous malformation. (a) Pre-operative tractography shows a
medial displacement and involvement of some lateral fibers of the right corticospinal tract, adjacent
to a bleeding site. (b) The cavernous malformation (blue) and the corticospinal tract fibers are
superimposed in a microscopic intraoperative image. (c) Immediate post-operative changes of
malformation resection in the right precentral region, with hematic debris and the presence of edema
around the surgical site are observed.

Figure 3: Tuberculum sellae meningioma. (a) Pre-operative T2 imaging of a meningioma in close
relationship with the Al segment of the anterior cerebral arteries and the anterior aspect of the optic
chiasm. (b) Intraoperative microscopic views demonstrating a close relationship of the tumor with
the optic nerves and the chiasm (yellow), and the internal carotid and anterior cerebral arteries (red).
(c) Post-operative magnetic resonance imaging demonstrating a gross total resection of the tumor.

Figure 4: Anterior skull base schwannoma. (a) An expanding orbital mass with intracranial extension
into the right cavernous sinus through the superior sphenoidal fissure is observed in the pre-operative
magnetic resonance imaging (MRI). (b) Intraoperative microscopic image demonstrates orbital roof
drilling guided by AR while observing the superimposed image of the tumor (orange). (c) Post-operative
MRI shows changes in the right pterional craniotomy showing resection of the intra-orbital component
of the tumor with a residual in the right cavernous sinus, with minimally extension into the orbital apex.

for deciding whether to use or not AR navigation were (1) DISCUSSION
identifying safe boundaries for resection locating arteries and
cranial nerves for skull base (5 cases) or intra axial lesions
(2 cases) and (2) identifying cortical and subcortical motor In the medical field, AR has shown significant potential,
and language areas for intra axial lesions (7 cases). especially in neurosurgery, enhancing both clinical outcomes

The role of AR in neurosurgery
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Figure 5: Parietal glioma. (a) Pre-operative magnetic resonance imaging (MRI) demonstrates a left
parietal intra-axial tumor. (b) Intraoperative microscopic view demonstrating in red a superimposed
image of the tumor before the cortical stimulation and further corticectomy. (c) Post-operative MRI
showing a gross-total resection of the tumor with post-operative edema.

and training efficiency.”’! Neurosurgery, which relies heavily on
radiological imaging, has integrated AR-based neuronavigation
to improve practice and education. Conventionally,
neurosurgeons had to look away from the surgical field to
consult screens, but AR now allows direct visualization of 3D
anatomical details within the surgeon’s view, facilitating more
accurate procedures.'!! This real-time overlay of virtual and
physical realms enhances the surgical experience.'>!?!

AR significantly enhances surgical landmark identification,
navigation, and overall surgeon experience, improving
precision and reducing operation time.? However, at the
beginning of its use, operative room (OR) time, especially
before surgical incision, may increase, given the need to
prepare both the navigation system and the microscope
for adequate imaging injection, as reported in our series.
Intraoperative AR fiber tractography has become a crucial
tool for planning surgeries in challenging areas like the motor
and language areas, helping to avoid post-operative deficits
and manage tumors in highly eloquent regions.!"*!*! Despite
operational improvements in AR-assisted transsphenoidal
surgeries, further research is needed to better understand
patient outcomes, including mortality, morbidity, and
cost-effectiveness.'!! AR technology has notably benefited
neuro-oncological procedures, such as gliomas and
meningiomas management, offering real-time, updated 3D
models superimposed on the surgical field, integrating pre-
operative MRI or CT data with real-time anatomy to enhance
precision during complex surgeries.”! Reviews indicate that
AR systems improve complex anatomy visualization and
intraoperative lesion localization, reducing skin incision
size and craniotomy extent. However, challenges like
registration accuracy and real-time model updates due to
brain shift remain.®'”!® In our perspective, the implication
of fancy images may not impact improving surgical times or
accurate surgeries necessarily. The use of these images may
be restricted to specific points like resection of tumor borders
only. Likely, the next improvement for this technology may
be to have automated processes for imaging injection.

Gliomas

Gliomas, constituting 78% of primary malignant brain
tumors, originate from glial progenitor cells such as astrocytes
or oligodendrocytes."! Maximizing the EOR is crucial for
improving survival and the efficacy of adjuvant therapies.!*!!
However, achievinga GTR is challenging due to tumor infiltration
into brain parenchyma and functional areas, often causing
significant neurological morbidity and mortality."*"! Iseki et al.
pioneered the evaluation of AR for tumor surgery, finding that
using open MRI with real-time navigation significantly increased
the EOR in these cases, improving intraoperative image accuracy
and aiding tumor removal.?”! The integration of AR with DTI-
based high-definition fiber tractography and sodium fluorescein
in surgeries for high-grade gliomas markedly improved the EOR
and progression-free survival, without increasing complication
rates when compared to conventional techniques.”!’ Pushing
boundaries for improving oncological outcomes is always
welcome, and the development of new technologies including
AR is promising.

This technology enhances the surgeon’s three-dimensional
understanding of the spatial location of fiber tracts, crucial
for tumors in the primary motor area where the risk of
post-operative motor deficits is high.?! Integrating AR
with essential electrical stimulation mapping overcomes
limitations in spatial resolution and fiber tract morphology,
offering  continuous  anatomical-functional  feedback
during surgery.”? Studies show that AR combined with
intraoperative MRI in these cases results in a significantly
higher rate of complete resections and helps preserve
neurological functions such as motor skills, visual fields, and
language abilities."! It is important to remark that AR nor
the neuronavigation system can replace the gold standard of
intraoperative cortical and subcortical stimulation. Research
involving 74 subjects showed that using AR projections with
volumetric CT/MRI data reduced intensive care and overall
hospital stays by 40% to 50% without extending the surgical
duration or increasing complication risks.?*! In our practice,
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AR has proven beneficial for glioma resections by enabling
precise identification and preservation of critical brain
structures, such as Broca’s area, arcuate fasciculus, and motor
areas including the corticospinal tract, optimizing the EOR
while protecting vital neurological functions.

Meningiomas

AR is especially beneficial in meningioma surgeries due to
the tumors’ proximity to vital neurovascular structures and
bone landmarks.®! Using pre-operative 3D reconstructions,
AR integrates these images into the surgical field through
head-up displays (HUDs) and microscopes with integrated
HUDs.?" This technology provides clear visualization
of venous structures at both surface and deeper levels,
which is particularly beneficial during the excision of
extensive meningiomas located in the convexity, along the
parasagittal plane, and near the falx cerebri.®® When it is
necessary to incise the dura, AR offers a clear view of the
venous sinuses below, which is advantageous for treating
falcine meningiomas, allowing for virtual visualization and
preservation of the sagittal sinus.'**! AR aids in visualizing
tumors within the folds of a cerebral sulcus, guiding the
surgeon on which sulcus to open. During corticectomy and
tumor removal, AR allows the surgeon to view essential
vascular and neural structures.!”!

Skull base meningiomas present unique challenges due to
their location and complexity. However, the integration
of AR with neuronavigation can enhance orientation,
reduce adverse events, and potentially increase the EOR.1*
In our experience, AR has been particularly beneficial in
complex areas like the petroclival region, enabling precise
identification of the petrous apex (and its neurovascular
relationships) and facilitating anterior petrosectomy. AR also
improved safety by identifying the optic nerves in anterior
skull base meningiomas, preventing damage to visual
pathways, and accurately delineating the intracavernous
carotid artery in meningiomas extending into the cavernous
sinus. In addition, AR-enhanced orientation and precision in
sphenoid wing meningiomas.

Other pathologies

In our study, we found AR beneficial beyond meningiomas
and gliomas. For a cavernous malformation in the right frontal
lobe, AR allowed a precise identification of the drainage vein
and deep efferent artery, avoiding vascular complications.
In such unusual instances, acquiring MRI data immediately
following endovascular treatment allows for updated
navigation information to be visualized, which can reduce
alignment errors, streamline workflow, and improve patient
safety and treatment quality."?) In schwannomas extending
to the right cavernous sinus, AR facilitated delimitation of
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the intra-cavernous carotid, enhancing surgical safety and
accuracy. AR was also useful for metastatic tumors, such as
those in the right temporal extra-axial region, by identifying
relations to the optic and oculomotor nerves. In addition,
AR minimized post-operative motor deficits in metastatic
carcinoma of the right frontal lobe by accurately identifying
the motor area.

Limitations of AR in neurosurgery

In its early years, the largest limitation of AR technology
was the hardware itself, but it has dramatically improved
recently.”” A significant limitation of neuronavigation is
that it does not account for intraoperative brain tissue shift
due to positioning changes or cerebrospinal fluid leakage,
leading to increased AR alignment errors.'"??! Brain shift,
a complex spatiotemporal phenomenon caused by various
physiological, chemical, and physical factors, reduces the
effectiveness of using pre-operative images for intraoperative
surgical guidance.’® AR technology shares this limitation,
necessitating neurosurgeons to consider this inaccuracy,
particularly in cortical lesions. However, skull base lesions
allow for greater precision due to anatomical bone repairs.
Implementing AR requires significant training for the
surgical team. Initially, the AR setup added 45 min to
conventional navigation times, but recent advancements have
reduced this to an average of 12 min. Innovations like live
registration updates through intraoperative 3D ultrasound
are enhancing AR displays in tumor surgeries, correcting for
brain shifts in near-real time."*?

Successful AR implementation in neurosurgery relies on
comprehensive training and participation of the entire
surgical team, strategic organization of the surgical room,
optimal navigation camera placement, and continuous
biomedical engineering support.” While initial adoption
may increase pre-surgical preparation times, proper
coordination and training can reduce these times and
improve surgical efficiency.™ Future integration of
ultrasound updates into AR displays for tumor surgeries
holds promise, but further research is essential to evaluate
AR’s impact on clinical outcomes, resection times, and
complication rates. Continuous innovation and rigorous
clinical studies are crucial to realizing AR’ full potential in
neurosurgery.

Limitations of the study

Despite promising results, our study has several limitations.
The small sample size of 14 cases limits the generalizability of
the findings, and the single-center design may reduce external
validity due to specific practices and technologies unique
to our institution. However, this limitation is secondary
to a multifactorial barrier. Our institution is located in a
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middle-income country. The costs related to this technology
are enormous in a middle-income economy. Consequently,
the approval from healthcare insurance is limited. Even
though, we find our study beneficial for LMICs, where the
acquisition of this technology may help future neurosurgery
teaching. As a retrospective study, it is subject to biases, and
the absence of a control group hinders direct comparison
with traditional methods. Technological challenges, such
as brain shift and registration inaccuracies, can affect AR-
guided neuronavigation precision. The learning curve for AR
integration may initially prolong surgery times. The follow-
up period was limited to the immediate post-operative
phase, preventing assessment of long-term outcomes. Future
research should involve larger, multi-center studies with
control groups and longer follow-up periods to address these
limitations and further validate AR’s efficacy in neurosurgery.

CONCLUSION

Our study adds information on AR’ potential to improve
surgical accuracy and patient safety. In glioma cases, AR
facilitates the precise identification of eloquent areas, crucial
for preserving essential functions. For meningiomas and
schwannomas, AR improved the accuracy and safety of
resections by delineating critical neurovascular structures.
Future research should evaluate AR’s impact on clinical
outcomes and continue innovation to maximize its benefits
in neurosurgical practice.
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