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ABSTRACT

AIM: To demonstrate the possible use of mixed reality (MR) technology in neurosurgery for multiple purposes, including preoperative 
planning, training, and three-dimensional (3D) navigation.   
MATERIAL and METHODS: Using magnetic resonance imaging (MRI) and computed tomography (CT), 3D holographic images of 
three patients were created and inspected using a remote control. Preoperative planning was performed in a conference room using 
holographic images. Intraoperatively, the 3D images were matched and the adjacent structures were examined.
RESULTS: The MR System (MRS) was a useful tool for preoperative planning and intraoperative navigation during the cranial 
intervention. It reduces operative time, decreases complication rates, increases surgical success, and enhances surgical outcomes. 
Eventually, MRS may be more economical.
CONCLUSION: The MRS can be used for intraoperative navigation by displaying a 3D hologram at the surgeon’s fingertips and for 
preoperative 3D examination of the lesions and its surrounding structures. The MRS enhances surgical efficacy, reduces healthcare 
costs, and has a shorter learning curve than the conventional methods. It also enables customized patient-specific surgery.
KEYWORDS: Mixed reality, Augmented reality, Neuronavigation, Neurosurgery

ABBREVIATIONS: MxR: Mixed reality, AR: Augmented reality, ER: Extended reality, VR: Virtual reality, MRI: Magnetic resonance 
images, iMRI: Intraoperative magnetic resonance imaging, AVM: Arteriovenous malformation, MxRG: Mixed reality glasses, iCT: 
Intraoperative computed tomography

tion systems to determine tumor borders more precisely and 
perform broader excisions while ensuring patient safety and 
minimizing the risk of postoperative complications (52). Virtual 
reality (VR), augmented reality (AR), and mixed reality (MxR) 
are increasingly being used in medical education to enhance 
students’ comprehension of anatomical structures and rela-
tionships. These technologies enable the creation and display 

█   INTRODUCTION

In modern neurosurgery, intraoperative magnetic reso-
nance imaging (iMRI), neuronavigation, ultrasound, and 
fluorescein-guided surgery are frequently employed (6). 

With the advancement of technology, it is now feasible to 
use sophisticated imaging techniques and surgical naviga-
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of three-dimensional (3D) images that can be viewed and 
interacted with from various angles, resulting in a more im-
mersive and interactive learning environment. Particularly with 
MxR, virtual images can be projected onto actual objects and 
environments, allowing for a more realistic representation of 
medical concepts (31,33,35,38). There have also been studies 
on the application of MxR glasses (MxRGs) in neurosurgical 
education (3,7).

The Role of Mixed Reality Applications in Neurosurgery

Neuronavigation and contemporary imaging methods, such 
as MRI and CT, have significantly impacted the practice of 
modern neurosurgery. It is particularly crucial to precisely 
determine the vascular and cortical regions of the lesions. 
To plan and navigate neuronavigation-based operations, it 
is crucial to accurately visualize the 3D structure of lesions, 
particularly those that are with vascular adjacency or are 
located at the cranial base. Thin-section imaging techniques 
can provide detailed 3D images of the lesions and their 
adjacent structures, which can guide the surgical approach 
and enhance the precision and safety of the procedure (34, 
60). Multiple studies have demonstrated the importance of 
VR and AR technology in surgical training and planning. They 
decrease the operative time and complication rates, enable 
extensive resection of glial tumors located in eloquent regions, 
and boost patient satisfaction (15,48,58).

AR allows the projection of virtual objects onto physical en-
vironments, enabling visualization of both the real and virtu-
al elements without interaction or manipulation. Conversely, 
VR produces a fully immersive virtual environment in which 
the user can only see and interact with virtual objects. Recent 
studies on AR systems have been extensive. Despite limited 
data, both systems are considered promising and can outper-
form the current navigation technologies (42).

MxR is a more advanced version of AR and VR systems that 
enables users to view the real world through virtual reality eye-
wear and interact with holographically created and positioned 
virtual images. By integrating both virtual and actual elements, 
this technology allows a more immersive and interactive ex-
perience (38,43). Although the use of MxR in neurosurgery is 
still being explored, and studies on this topic are limited, pre-
liminary studies suggest that MxR may be comparable to neu-
ronavigation in determining the neighborhood and localizing 
lesions in patients with cancer (30). In this study, we examined 
the potential benefits of utilizing MxR for preoperative plan-
ning and intraoperative navigation in three patients, aiming to 
determine its feasibility and relevance in neurosurgical pro-
cedures due to a lack of comprehensive neurosurgical usage 
analysis of this technology.

█   MATERIAL and METHODS
Study Participants

Three patients aged 24, 25, and 65 years were chosen 
based on their lesion’s location and its proximity to vascular 
structures. The study participants, which included a patient 
with an arteriovenous malformation (AVM), a patient with 

a cerebellar glial tumor, and a patient with a sphenoid wing 
meningioma, were selected from a cohort of patients who 
presented to the clinic in April 2022. Before being enrolled 
in the study, the patients and their first-degree relatives were 
provided with comprehensive information regarding a mixed 
reality system (MxRS), and informed consent was obtained. 

This study was approved by the Ankara University Ethics 
Committee convened under the chairmanship of Prof. Dr. 
Hakan ERGÜN on 24.10.2022 (Approval number:I09-592-22).

Mixed Reality System

We used the BrainLab System (Munich, Germany) for cranial 
navigation at our clinic. We briefly used the BrainLab Naviga-
tion System, Magic Leap eyewear, and MxR technology for 
preoperative and intraoperative planning and navigation.

MxRG use a computer to project virtual 3D images onto 
the physical environment in real-time, enabling the user to 
remotely interact with these images from various angles. 
Virtual 3D images were generated by importing the patient’s 
radiological images into the glasses coupled with a computer. 
Consequently, the reflection of the same 3D holograms onto 
the physical environment using multiple glasses made it 
possible to observe and interact with it from various angles. It 
was possible to examine the location and vascular structures 
in close proximity of the lesion in the 3D environment, perform 
a virtual craniotomy by interacting with the images in real-
time using a preoperative control, and examine the important 
neighborhoods in 3D by separating them.

Preoperative Planning

By uploading thin-section contrast-enhanced T1-sequence 
MRI and MRI angiography images to a computer system, 
3D holographic images were created for this study. The day 
before the surgery, these images were uploaded to the MxRG 
and examined by the surgical team in the conference room. 
This allowed the team to plan for the craniotomy, better 
understand the relationship between the pathological and 
normal anatomy, and identify the optimal margins for the bone 
flap. During the preoperative planning, the 3D holographic 
images were examined repeatedly.

Intraoperative Planning and Navigation

Intraoperatively, the preoperative plan was implemented using 
MxRGs. The patients’ preoperative images were loaded onto 
the MxRG, and 3D holograms were manually positioned on 
the patient. The procedure commenced with the use of a 
microscope and a MxRG. Owing to the lack of a compatible 
software, the microscope–glasses-linked navigation system 
could not be installed when the glasses and microscopes 
were being used. Instead, 3D holographic images, which were 
in our immediate vicinity and were manually projected onto 
the patient intraoperatively when deemed necessary, were 
examined using a MxRG without moving the microscope 
at all. Only the head was moved. Consequently, the lesion 
and the essential structures surrounding it were examined 
immediately, and macroscopic navigation was provided 
without the use of any additional software.
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The patient’s virtual 3D radiologic images could be positioned 
anywhere in the actual environment. During surgery, we could 
readily examine the radiologic images. In addition, the 3D 
holograms were assisted by navigation in the actual world. 
Using the patient’s MRI to generate 3D holograms resulted in 
an almost identical representation of the surgical field.

█   RESULTS
Case-1

A 25-year-old female presented with migraines, vertigo, and 
a history of two surgeries for her left cerebellar lesion. She 
exhibited normal motor muscle strength, a quiescent tremor 
on the left side, and a positive Romberg’s test. Examination 
of the cranial nerves yielded normal results. On the MRI, 
two cerebellar lesions and edema were detected. The first 
lesion, which was 1.5 cm in diameter, was located at the 
previous surgical site. The second lesion, which was 1 cm in 

diameter, was located 1 cm above and in front of the previous 
surgical site and was associated with first lesion (Figure 1). 
The preoperative images were uploaded to the MxRG, which 
were worn in conference room for preoperative planning. 
The lesion and its surrounding vascular structures were 
anatomically observed (Figure 2). The lesion was located 1 cm 
below the transverse sinus and 3 cm medial to the sigmoid 
sinus. Utilizing the pre-existing craniotomy defect from two 
prior procedures, the current craniotomy was planned using 
MxRG in the presence of holographic images. The patient’s 
vascular anatomy was examined in three dimensions and the 
sinus region was confirmed. The lesion was supplied by the 
distal branches of the posterior inferior cerebellar artery and 
drained by the sigmoid sinus. The compaction of the pontine 
structures was mapped and confirmed using preoperative 3D 
holograms (Figure 3). In the operating room, the preoperative 
plan was uploaded to the MxRG. Following neuronavigation, 
the holographic images were matched to the patient and 

Figure 1: Preoperative gadolinium-enhanced MRI scans showing two lesions in the left cerebellar hemisphere that are approximately 
1–1.5 cm in diameter. T2-weighted MRI sequences reveal concomitant edema. A) Contrast-enhanced axial section. B) Contrast-
enhanced sagittal section. C) Contrast-enhanced coronal section. D) T2-weighted axial segment. E) T2-weighted sagittal section. F) 
T2-weighted coronal section. MRI: Magnetic resonance imaging.
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the surgery was 250 ml. It took 5 minutes to prepare the MRI 
navigation during the operation. The duration of hospital stay 
was 8 days.

Case-2

A 65-year-old female presented with migraines to our clinic. 
She had normal motor function, no visual impairment, 
and no history of epilepsy or syncope. A right sphenoid 

projected in the operating room. The images were altered by 
the residents using a control device according to the surgeon’s 
instructions. While investigating the surgical field with a 
microscope, the lesion’s adjacent structures were examined 
with holograms and a microscope, and successful completion 
of surgery was confirmed (Figure 3). No additional neurological 
deficits developed after the surgery. The operative time was 
approximately 3 hours. The total volume of blood lost during 

Figure 2: Preoperative planning was 
performed in a conference room. 
Using the 3D scans, the position and 
dimensions of the craniotomy flap and 
the connection between the tumor and 
vascular systems were investigated. 
A) vascular neighborhoods and feeders 
of the lesion. B) interaction of the lesion 
with the sinuses. C) Preoperative VR 
planning for craniotomy and surgical 
approach. 3D: three dimensional.

Figure 3: Intraoperative use of the 
mixed reality system. The figure shows 
the 3D hologram of a skull and the 
patient’s cranial MRI sections in close 
proximity to the operating surgeon. 
With the mixed reality system, the 
surgeon can continue performing the 
operation without leaving the surgical 
field. A) The same images can be seen
on the screen of the assistant
accompanying the case from the
outside B) Intraoperative examination
of the mass and its vascular
neighborhood. C) Simultaneous use of
glasses and microscope D) the
vascular architecture is controlled with
the assistance of a three-dimensional
hologram. 3D: three dimensional;
MRI: magnetic resonance imaging.
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Case-3

A 24-year-old male, who was intubated in the emergency 
department due to status epilepticus, was admitted to 
our clinic after a parenchymal hematoma was detected 
radiologically. On arrival, he was lethargic, cooperated 
minimally, and could not be evaluated for orientation. The 
global muscle strength was approximately 3–4/5. Due to the 
development of hydrocephalus during the follow-up, external 
ventricular drainage was performed. Diagnostic selective 
angiography revealed that the AVM was nourished by the 
M1 branch of the middle cerebral artery and P1 branch of 
the posterior cerebral artery and drained by the transverse 
sinus. On admission to our clinic, CT angiography, MRI, and 
MR angiography were performed. Preoperatively, the patient’s 
radiological images were transferred to the system and 3D 
holograms were created and uploaded to the glasses by the 
surgical team in the conference room. On the 3D holograms, 
the lesion’s feeding artery, it’s draining vein/sinus structure, 

ridge meningioma was identified on the MRI (Figure 4). 
Preoperatively, the patient’s MRI scans were transferred to 
the system and 3D holograms were created and uploaded 
to the glasses by the surgical team in the conference room. 
The vascular regions of the meningioma were observed 
preoperatively, and the lesion was found to be adjacent to the 
M2 branch of the middle cerebral artery. The craniotomy was 
planned preoperatively (Figure 5). Intraoperatively, the images 
were uploaded to the glasses, and the lesion was completely 
excised using neuronavigation and Mixed Reality 3D Anatomy. 
The middle cerebral artery neighborhood detected during 
the preoperative and intraoperative planning using MxRG 
was confirmed via the microscope intraoperatively. The 
vascular structures were preserved (Figure 6). No additional 
neurological deficits developed postoperatively. The operative 
time was approximately 2.5 hour. The total volume of blood 
lost during the surgery was 300 ml. It took 5 minutes to 
prepare the MRI navigation during the operation. The duration 
of hospital stay was 6 days.

Figure 4: Preoperative MRI showing the presence of a meningioma in the sphenoid wing. A) Contrast-enhanced axial section.                         
B) Contrast-enhanced sagittal section. C) Contrast-enhanced coronal section. D) T2-weighted axial segment. E) T2-weighted sagittal 
section. F) T2-weighted coronal section. MRI: Magnetic resonance imaging.
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Figure 5: A) creation of the 3D holograms using thin-section cranial MRI scans. B) Determination of the lesion’s location. C) Preoperative 
craniotomy plan. 3D: three dimensional; MRI: Magnetic resonance.

Figure 6: A) Preoperative plans were uploaded to the system. B) MxRS assisting with the navigation to facilitate alignment of the 
holographic images with the patient. C-E) The vicinity of the lesion, reexamination of the intraoperative craniotomy plan, and provisional 
anatomical orientation with MR intraoperatively. MxR: mixed reality; MxRS: mixed reality system.
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█   DISCUSSION
Neurosurgery is a challenging medical specialty that requires 
extensive surgical experience and education. Surgical 
experience is gained by observing numerous surgical 
procedures and conducting them repeatedly (4). According to 
a 2011 article published by the American College of Surgeons 
the cost of general surgery training is approximately $4 
million, the annual cost of surgical training for each general 
surgery resident is approximately $12,516, and $30,000 is 
the annual teaching fee allotted to each faculty member 
instructing residents (17). In 2021, the estimated cost of a 
neurosurgery residency in the United States was $172,563 

and its surroundings were examined. A two cm AVM lesion 
was confirmed in the inferior temporal lobe, which was fed 
by the MCA-M1 and PCA-P1 and drained to the transverse 
sinus (Figure 7). The preoperative plan could not be utilized 
intraoperatively because the demo period for the MxRS had 
expired on the day of the procedure. Using neuronavigation 
and 3D anatomy, the lesion was completely and extensively 
excised. No additional neurological deficits developed 
postoperatively. The operative time was approximately 3 
hours. The total volume of blood lost during the surgery was 
50 ml. It took 5 min to prepare for the MR navigation. The 
duration of hospital stay was 8 days.

Figure 7: Preoperative imaging of 
the arteries. A) Digital subtraction 
angiohraphy. B) Left: magnetic 
resonance angiography and right: CT 
angiography. C) Mixed reality images. 
Several techniques are using to evaluate 
the structure of a preoperative lesion, 
including its feeder and drainage veins.
DSA: digital subtraction angiography; 
CT: computed tomography.
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patient’s tractography on real-time images. In addition, the 
surgeon can view the patient’s radiological images intraoper-
atively without having to turn away from the surgical field to 
access them (8,32,61,62). The use of intraoperative MxR ap-
plications to treat high-grade gliomas improves surgical treat-
ment outcomes. However shifting in cerebral tissues during 
surgery may reduce the efficacy of the navigation (40,58). In 
the current neurosurgical practice, intraoperative MRIs and 
CTs are effective methods for assessing intraoperative brain 
displacement. However, both these procedures are expensive 
and require a protracted preparation process. iMRI and intra-
operative CT (iCT) are valuable instruments in neurosurgery; 
however, their ubiquitous use is hampered by the excessive 
cost of procuring a system, which ranges from $3 to $7 mil-
lion for MRI and from $1.5 to $3 million for CT. Furthermore, 
there may be additional costs associated with renovating the 
operative suite to accommodate the system. It is difficult for 
many hospitals and clinics to adopt an iMRI because of these 
financial obstacles (53). In contrast, iCT can be beneficial in 
neurosurgery; however, it exposes the patient to additional 
radiation (45). Similar to iMRI, intraoperative ultrasound is an 
effective instrument for intraoperative navigation; however, 
there is no need for additional expenditures and devices (36, 
44). A 2018 study demonstrated that using intraoperative ul-
trasonography to assist navigation can increase the accuracy 
of MRI navigation by making corrections during the procedure 
(24). For neurosurgical navigation, head-mounted displays are 
significantly less expensive than intraoperative imaging mo-
dalities such as iMRI and iCT. Although iMRI and iCT systems 
can cost millions of dollars, head-mounted displays are typi-
cally much more affordable, making them accessible to a wid-
er spectrum of hospitals and clinics (10). A study examining 
the use of AR applications in stereotactic surgery determined 
that these applications could improve the safety of the surgery 
(54). Another study on ventricular drainage placement in pa-
tients with hydrocephalus determined that MxRGs were more 
effective than conventional methods (39).

AR applications can be used for preoperative planning and 
intraoperative navigation in spinal surgery. They reportedly 
shorten the operative time and reduce intraoperative 
hemorrhage. However, studies regarding this effect on 
operative time and intraoperative hemorrhage are limited 
(18,26,28,41,64).

Literature regarding the three surgical assistive techniques 
(iMRI/iCT-guided, simple, and conventional navigation) were 
reviewed in terms of the preoperative plan, surgical practice, 
amount of intraoperative bleeding, operative time, margin of 
error when matching during navigation and the time spent 
on it, amount of radiation exposure to the patient, and length 
of hospital stay. Table I shows the comparison of navigation 
systems based on these terms with the data obtained from 
our clinic’s MxRS and the data obtained from literature.

In terms of preoperative planning and surgical practice, MxRS 
is superior to other methods because of its ability to display 
3D anatomy which can be manipulated and its reproducibility. 
When MxRS is compared with other techniques used in 
comparable cranial cases, the operative time (average, 170 

per year or $1,207,941 for a seven-year neurosurgery practice 
(25). The significance of simulation systems in training was 
emphasized at the 2007 American Association of Neurological 
Surgeons meeting with the following statement: “Simulators 
provide harmless and repeatable practice, multiple and varied 
scenarios, immediate feedback, uniform standards, objective 
measures, and trend analysis. For neurosurgery, sophisticated 
simulators are a great advance in residency training. Although 
they are costly, they can be provided in specially designed 
training centers. Simulators would be highly useful in the 
certification and maintenance of certification processes as 
well as in continuing medical education, refreshment of skills, 
and even surgical rehearsal.” (50). Currently, AR systems are 
an inexpensive solution to providing simulations. In one study, 
the minimum cost of simulation systems in a neurosurgery 
practice was estimated to be $341,978, and simulation systems 
in neurosurgery training were shown to provide learning 
curves without compromising patient safety (22). Multiple 
studies have demonstrated that VR and AR applications can 
enhance learning motivation, experiential and contextual 
learning, and technical skills (16,27). Using AR applications 
in surgical education enhance depth perception, accelerate 
learning, reduce surgical complications, and improve surgical 
outcomes (23,47,65). Furthermore, neurosurgery assistants 
can use simulations to learn about uncommon cases and 
complex procedures which may not be encountered frequently 
in regular practice (12,59).

In neurosurgery, it is convenient to analyze 2D images in 3D. 
In conventional surgical practice, the adjacent pathology of a 
lesion is evaluated based on surgical experience and using 2D 
image. In intricate procedures, it is crucial to evaluate the le-
sion’s surroundings in three dimensions to better understand 
the pathology and determine the surgical approach (12). Pre-
operative examination of the patient’s 3D radiological images 
in a VR environment can reduce surgical time, cerebrovascu-
lar injuries, and complications, improve prognosis, and permit 
the development of case-specific treatment plans (19,56,57).

During surgical procedures, every minute adds to the finan-
cial burden on the healthcare system (14). Intraoperative im-
aging-guided surgeries reduce hospital stays, complications, 
and morbidity, thereby reducing the financial burden on the 
healthcare system (37,46). In neurosurgery, AR systems re-
duce the operative time and the incidence of complications 
(64). Current evidence suggests that a MxRS may be a cost-ef-
fective option for healthcare systems because of their relative-
ly low cost and reusability. The MxRS enables the visualization 
of 3D images and virtual models in real-time, allowing for more 
precise surgical planning and execution. This can reduce the 
operative time and the likelihood of complications, resulting in 
reduced healthcare costs.

The MxRS not only has a use in training and preoperative 
planning, but also in the operating rooms of today. MxR ap-
plications can be used intraoperatively for the treatment of 
numerous diseases, including neurovascular, neurooncolog-
ical, spinal, stereotactic functional procedures. Intraopera-
tively, MxR applications can prevent complications by super-
imposing images of tumors, vascular structures, and even a 
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ble II summarizes the advantages and disadvantages of MxR 
and other methods.

Limitations

Our study had some limitations. The MxR system in this 
srudy was used (Magic Leap glasses) was used for only a 
limited duration and patient population. A larger sample size 
is necessary to obtain more accurate results. Questions and 
ideas that emerged during the study could potentially offer 
hypotheses for future researches.

█   CONCLUSION
The use of MxRS for preoperative planning and navigation 
requires further in-depth research. These technologies have 
only recently been used in surgical procedures. It has a short 
learning curve for examining and comprehending 3D surgical 
anatomy, enabling reproducible 3D examinations in medical 
practice, and enabling determination of anatomical variations 
in peripheral structures. The MxRS used during neurosurgery 
is cost-effective and has the potential to reduce complications 
and shorten the operative time. However, additional research 
is required to understand the potential benefits and limitations 
of MxR in neurosurgery. It is important to bear in mind this 
technology is not a magical instrument; however, its user-
friendliness greatly benefit surgeons. Additional research 
is required to determine the optimal use of MxR in various 
neurosurgical procedures and patients.

min) and the amount of hemorrhage (average 200 ml) is 
lesser (1,2,5,9). This is because of the preoperative planning, 
standard operating procedures, and surgeon’s sense of 
safety. Thus, a shorter hospital stay (average, 7.33 days) 
is anticipated compared with other studies. Furthermore, 
conventional surgical techniques have a shorter operative 
time (7.69 days) (9,21). This may be attributable to the lengthy 
preoperative examinations of patients scheduled to undergo 
surgery. Compared to the time allocated for the intraoperative 
preparation phase of navigation in other systems, MxRS 
requires lesser time (5–10 min) (1,63). We didn’t measure the 
target margin of error. However, the margins of error reported 
in literature were comparable to those of other systems (20).

In cranial procedures using iCT navigation, the patient’s aver-
age radiation exposure is 2.73mSv (11). The lack of radiation 
exposure is an additional benefit of the MxRS. The cost of 
the MxRS is reportedly approximately $3000 (49,51). Howev-
er, the costs of iMRI, iCT, and simple neuronavigation system 
are are $3,000,000–$8,000,000, $800,000–$2,000,000, and 
$300,000, respectively (29,49,55). Considering the features of 
iMRI and iCT, costs can increase even further when prepara-
tions, such as the arrangement of the operating room to ac-
commodate these technologies and requirement of a private 
isolation chamber for the personnel in the operating room, are 
factored in. The MxRS is more cost-effective than other sys-
tems because they do not have such requirements, are less 
expensive, and are as effective during and before surgery. Ta-

Table I: A Comparison of MxR, iMRI/iCT, and Conventional Surgery According to the Literature

Mixed Reality iMRI/iCT Navigation Simple Navigation Conventional Surgery

Preoperative Plan Preoperative 3D Images, 
Hologram

- Preoperative 2D Images Preoperative 2D Images

Surgical Training / 
Education

+
(3D with Hologram

Reproducible)

- - -

Blood Lost (ml) 200 (50-350) ml 793 ± 1083 ml (5) 331 (238-970) ml 
(2,9,13)

570 (344-1810) ml 
(2,9,13)

Operation Time (min) 170 (150-180) min 255 ± 10.6 min (1)
(iMRI)

207 (206-210) min 
(2,9,13)

279 (166-460) min 
(2,9,13)

Mean Target 
Registration Error (mm)

Not calculated in our 
cases, 2.5 (0.7-4.4) mm 

(20) in literature

0.87 ± 0.36 mm on iCT 
(11) 2.6 (2.1-3.1) mm (20) No navigation

Time for Planning and 
Registration (min) 5-10 min 60 min (1) 68.2 ± 21.7 min (63) 37.8 ± 10.8 min (63)

Stay in Hospital (days) 7.33 (6-8) days 5.2 days (21) 5.93 days (9) 7.69 days (9)

Radiation Rate in During 
Surgery None 2.73mSv on iCT (11) None None

Cost
Low cost hardware like 
Hololens and Google 
Glass (51) $3000 (49)

iMRI- $3–8 million (55)
iCT- $800,000–2 million 

(29)
$300,000 (49) No additional cost for 

intraoperative use



10 10 | Turk Neurosurg, 2024

Caglar YS. et al: Mixed Reality in Cranial Lesions

 
2.  Akyuz ME, Kadioglu HH: Application of neuronavigation 

system in intracranial meningioma surgery: A retrospective 
analysis of 75 cases. Cir Cir 90:92-97, 2022. https://doi.
org/10.24875/CIRU.22000201

3.  Alaraj A, Charbel FT, Birk D, Tobin M, Luciano C, Banerjee 
PP, Rizzi S, Sorenson J, Foley K, Slavin K, Roitberg B: Role 
of cranial and spinal virtual and augmented reality simulation 
using immersive touch modules in neurosurgical training. 
Neurosurgery 72:115-123, 2013. https://doi.org/10.1227/
NEU.0b013e3182753093

4.  Ali NU, Shaikh Y, Sharif S, Amin F: The challenges in 
neurosurgery training in a Third World country. World Neurosurg 
152:19-23, 2021. https://doi.org/10.1016/j.wneu.2021.04.118

5. Archer DP, Cowan RAM, Falkenstein RJ, Sutherland GR: 
Intraoperative mobile magnetic resonance imaging for 
craniotomy lengthens the procedure but does not increase 
morbidity. Can J Anesth/J Can Anesth 49:420-426, 2002. 

AUTHORSHIP CONTRIBUTION
Study conception and design: YSC, MZ, ID, OO
Data collection: EE, BCA, EBM
Analysis and interpretation of results: BCA, EBM
Draft manuscript preparation: MZ, EE, BCA, EBM
Critical revision of the article: MZ, EBM
Other (study supervision, fundings, materials, etc...): YSC, ID, OO
All authors (YSC,MZ,OO,EE,BCA,EBM,ID) reviewed the results 
and approved the final version of the manuscript.

█   REFERENCES
1. Ahmadi R, Campos B, Haux D, Rieke J, Beigel B, Unterberg 

A: Assessing perioperative complications associated with use 
of intraoperative magnetic resonance imaging during glioma 
surgery - a single centre experience with 516 cases. Br J 
Neurosurg 30:397-400, 2016. https://doi.org/10.3109/026886
97.2016.1161726

Table II: Potential Benefits and Shortcomings of MxR, iMRI/iCT, Simple Navigation and Conventional Surgery

Mixed Reality 
Systems

Pros

�	 Can be use for neurosurgical training 
�	 Allows the surgeon to see and interact with virtual and real elements simultaneously in 3D
�	 Enhances accuracy and precision of surgery by providing additional information and guidance in 

real-time
�	 May reduce the need for multiple incisions and reduce surgical time
�	 Has a positive effect on the amount of bleeding
�	 Has the potential to improve patient outcomes and complications
�	 Cheaper than intraoperative MRI/CT and can be as precise as intraoperative MRI/CT
�	 Has a short learning curve
�	 Friendly using

Cons �	 Requires specialized equipment
�	 The technology is still in the early stages of development

Intraoperative 
MRI/CT

Pros

�	 Provides real-time information about the surgical field
�	 Improves accuracy and safety of surgery by providing up-to-date information as the procedure is 

being performed
�	 May reduce the need for multiple incisions and reduce surgical time
�	 Has the potential to improve patient outcomes

Cons
�	 Expensive to implement and maintain
�	 Need specified surgical tools to work
�	 Requires specialized equipment, training and trained staff

Simple 
Navigation

Pros

�	 Provides the surgeon with a map of the brain and allows them to track their position within it
�	 Improves accuracy and efficiency of surgery by providing a clear understanding of the surgical 

field
�	 May reduce the need for multiple incisions and reduce surgical time
�	 Better patient outcomes than conventional neurosurgery

Cons
�	 May be expensive to implement and maintain
�	 Requires specialized equipment and training
�	 May not be suitable for all types of neurosurgery

Conventional 
Neurosurgery

Pros �	 Widely available and well-established technique
�	 Can be effective for many types of neurosurgery

Cons �	 May be less precise and less efficient than more modern techniques
�	 May require larger craniotomies, multiple incisions and longer surgical times



  11 Turk Neurosurg, 2024 | 11

Caglar YS. et al: Mixed Reality in Cranial Lesions

assisted free-hand surgery for spine fixation surgery: A 
matched-control study comparing accuracy. Sci Rep 10:707, 
2020. https://doi.org/10.1038/s41598-020-57693-5

19. Ferroli P, Tringali G, Acerbi F, Schiariti M, Broggi M, Aquino D, 
Broggi G: Advanced 3-dimensional planning in neurosurgery. 
Neurosurgery 72:54-62, 2013. https://doi.org/10.1227/
NEU.0b013e3182748ee8

20. Fick T, Van Doormaal JAM, Hoving EW, Willems PWA, Van 
Doormaal TPC: Current accuracy of augmented reality 
neuronavigation systems: Systematic review and meta-
analysis. World Neurosurg 146:179-188, 2021. https://doi.
org/10.1016/j.wneu.2020.11.029

21. Fuentes AM, Ansari D, Burch TG, Mehta AI: Use of 
intraoperative MRI for resection of intracranial tumors: A 
nationwide analysis of short-term outcomes. J Clin Neurosci 
99:152-157, 2022. https://doi.org/10.1016/j.jocn.2022.03.005

22. Gasco J, Holbrook TJ, Patel A, Smith A, Paulson D, Muns A, 
Desai S, Moisi M, Kuo YF, Macdonald B, Ortega-Barnett J, 
Patterson JT: Neurosurgery simulation in residency training: 
Feasibility, cost, and educational benefit. Neurosurgery 73: 39-
45, 2013. https://doi.org/10.1227/NEU.0000000000000102

23. Gasco J, Patel A, Ortega-Barnett J, Branch D, Desai S, Kuo 
YF, Luciano C, Rizzi S, Kania P, Matuyauskas M, Banerjee 
P, Roitberg BZ: Virtual reality spine surgery simulation: An 
empirical study of its usefulness. Neurol Res 36:968-973, 
2014. https://doi.org/10.1179/1743132814Y.0000000388

24. Gerard IJ, Kersten-Oertel M, Drouin S, Hall JA, Petrecca K, 
De Nigris D, Di Giovanni DA, Arbel T, Collins DL: Combining 
intraoperative ultrasound brain shift correction and 
augmented reality visualizations: A pilot study of eight cases. 
J Med Imaging (Bellingham) 5:021210, 2018. https://doi.
org/10.1117/1.JMI.5.2.021210

25. Gordon WE, Mangham WM, Michael LM, Klimo P: The 
economic value of an on-call neurosurgical resident 
physician. J Neurosurg 135:169-175, 2020. https://doi.
org/10.3171/2020.3.JNS193454

26. Gu Y, Yao Q, Xu Y, Zhang H, Wei P, Wang L: A clinical 
application study of mixed reality technology assisted lumbar 
pedicle screws implantation. Med Sci Monit 26:e924982, 
2020. https://doi.org/10.12659/MSM.924982

27. Hedberg J, Alexander S: Virtual reality in education: defining 
researchable issues. Educ Media Int 31:214-220, 1994. 
https://doi.org/10.1080/0952398940310402

28. Hu MH, Chiang CC, Wang ML, Wu NY, Lee PY: Clinical 
feasibility of the augmented reality computer-assisted spine 
surgery system for percutaneous vertebroplasty. Eur Spine 
J 29:1590-1596, 2020. https://doi.org/10.1007/s00586-020-
06417-4

29. Hussain I, Cosar M, Kirnaz S, Schmidt FA, Wipplinger C, Wong 
T, Härtl R: Evolving navigation, robotics, and augmented 
reality in minimally invasive spine surgery. Glob Spine J 10: 
22S-33S, 2020. https://doi.org/10.1177/2192568220907896

30. Incekara F, Smits M, Dirven C, Vincent A: Clinical feasibility 
of a wearable mixed-reality device in neurosurgery. World 
Neurosurg 118: e422-e427, 2018. https://doi.org/10.1016/j.
wneu.2018.06.208

 

https://doi.org/10.1007/BF03017334
6. Barone DG, Lawrie TA, Hart MG: Image guided surgery for 

the resection of brain tumours. Cochrane Database Syst Rev 
2014:CD009685, 2014. https://doi.org/10.1002/14651858.
CD009685.pub2

7.  Bernardo A: Virtual reality and simulation in neurosurgical 
training. World Neurosurg 106:1015-1029, 2017. https://doi.
org/10.1016/j.wneu.2017.06.140

8. Besharati Tabrizi L, Mahvash M: Augmented reality-guided 
neurosurgery: accuracy and intraoperative application of an 
image projection technique. J Neurosurg 123:206-211, 2015. 
https://doi.org/10.3171/2014.9.JNS141001

9.  Bir SC, Konar SK, Maiti TK, Thakur JD, Guthikonda B, Nanda A: 
Utility of neuronavigation in intracranial meningioma resection: 
A single-center retrospective study. World Neurosurg 90:546-
555.e1, 2016. https://doi.org/10.1016/j.wneu.2015.12.101

10. Boaro A, Moscolo F, Feletti A, Polizzi GMV, Nunes S, 
Siddi F, Broekman MLD, Sala F: Visualization, navigation, 
augmentation. The ever-changing perspective of the 
neurosurgeon. Brain Spine 2:100926, 2022. https://doi.
org/10.1016/j.bas.2022.100926

11. Carl B, Bopp M, Saß B, Nimsky C: Intraoperative computed 
tomography as reliable navigation registration device in 200 
cranial procedures. Acta Neurochir 160:1681-1689, 2018. 
https://doi.org/10.1007/s00701-018-3641-6

12. Carlstrom LP, Graffeo CS, Perry A, Nguyen BT, Alexander AE, 
Holroyd MJ, Peris-Celda M, Driscoll CLW, Link MJ, Morris JM: 
Three-dimensional modeling for augmented and virtual reality-
based posterior fossa approach selection training: Technical 
overview of novel open-source materials. Oper Neurosurg 
(Hagerstown) 22:409-424, 2022. https://doi.org/10.1227/
ons.0000000000000154

13. Chen W, Zhang G, Lin C, Yang Y, Cai D, Huang M, Xu Y, Cai 
C, Li W, Lin C: Clinical use of a neuronavigation system in 
hemangioblastoma resection of posterior cranial fossa. Minim 
Invasive Ther Allied Technol 21:234-240, 2012. https://doi.org
/10.3109/13645706.2011.611140

14. Childers CP, Maggard-Gibbons M: Understanding costs of 
care in the operating room. JAMA Surg 153:e176233, 2018. 
https://doi.org/10.1001/jamasurg.2017.6233

15. Dadario NB, Quinoa T, Khatri D, Boockvar J, Langer D, 
D’Amico RS: Examining the benefits of extended reality in 
neurosurgery: A systematic review. J Clin Neurosci 94:41-53, 
2021. https://doi.org/10.1016/j.jocn.2021.09.037

16. Dalgarno B, Lee MJW: What are the learning affordances of 
3-D virtual environments? Br J Educ Technol 41:10-32, 2010. 
https://doi.org/10.1111/j.1467-8535.2009.01038.x

17. Danzer E, Dumon K, Kolb G, Pray L, Selvan B, Resnick AS, 
Morris JB, Williams NN: What is the cost associated with the 
implementation and maintenance of an ACS/APDS-based 
surgical skills curriculum? J Surg Educ 68:519-525, 2011. 
https://doi.org/10.1016/j.jsurg.2011.06.004

18. Elmi-Terander A, Burström G, Nachabé R, Fagerlund M, Ståhl 
F, Charalampidis A, Edström E, Gerdhem P: Augmented reality 
navigation with intraoperative 3D imaging vs fluoroscopy-



12 12 | Turk Neurosurg, 2024

Caglar YS. et al: Mixed Reality in Cranial Lesions

44. Mosteiro A, Di Somma A, Ramos PR, Ferrés A, De Rosa A, 
González-Ortiz S, Enseñat J, González JJ: Is intraoperative 
ultrasound more efficient than magnetic resonance in 
neurosurgical oncology? An exploratory cost-effectiveness 
analysis. Front Oncol 12:1016264, 2022. https://doi.
org/10.3389/fonc.2022.1016264

45. Ogiwara T, Goto T, Fujii Y, Hanaoka Y, Miyaoka Y, Koyama 
JI, Hongo K, Horiuchi T: The current status in intraoperative 
image-guided neurosurgery associated with progressive 
operating rooms: A retrospective analysis. World 
Neurosurg 167:e710-e716, 2022. https://doi.org/10.1016/j.
wneu.2022.08.062

46. Paleologos TS, Wadley JP, Kitchen ND, Thomas DG: Clinical 
utility and cost-effectiveness of interactive image-guided 
craniotomy: Clinical comparison between conventional and 
image-guided meningioma surgery. Neurosurgery 47:40-47; 
discussion 47-48, 2000. https://doi.org/10.1227/00006123-
200007000-00010

47. Patel A, Koshy N, Ortega-Barnett J, Chan HC, Kuo YF, Luciano 
C, Rizzi S, Matulyauskas M, Kania P, Banerjee P, Gasco J: 
Neurosurgical tactile discrimination training with haptic-based 
virtual reality simulation. Neurol Res 36:1035-1039, 2014. 
https://doi.org/10.1179/1743132814Y.0000000405

48. Pelargos PE, Nagasawa DT, Lagman C, Tenn S, Demos JV, Lee 
SJ, Bui TT, Barnette NE, Bhatt NS, Ung N, Bari A, Martin NA, 
Yang I: Utilizing virtual and augmented reality for educational 
and clinical enhancements in neurosurgery. J Clin Neurosci 
35:1-4, 2017. https://doi.org/10.1016/j.jocn.2016.09.002

49. Qi Z, Li Y, Xu X, Zhang J, Li F, Gan Z, Xiong R, Wang Q, Zhang 
S, Chen X: Holographic mixed-reality neuronavigation with 
a head-mounted device: Technical feasibility and clinical 
application. Neurosurg Focus 51:E22, 2021. https://doi.
org/10.3171/2021.5.FOCUS21175

50. Quest DO: Naval aviation and neurosurgery: Traditions, 
commonalities, and lessons learned. The 2007 presidential 
address. J Neurosurg 107:1067-1073, 2007. https://doi.
org/10.3171/JNS-07/12/1067

51. Rahman R, Wood ME, Qian L, Price CL, Johnson AA, 
Osgood GM: Head-mounted display use in surgery: A 
systematic review. Surg Innov 27:88-100, 2020. https://doi.
org/10.1177/1553350619871787

52. Renfrow JJ, Strowd RE, Laxton AW, Tatter SB, Geer CP, Lesser 
GJ: Surgical considerations in the optimal management of 
patients with malignant brain tumors. Curr Treat Options Oncol 
18:46, 2017. https://doi.org/10.1007/s11864-017-0487-8

53. Rogers CM, Jones PS, Weinberg JS: Intraoperative MRI for 
brain tumors. J Neurooncol 151:479-490, 2021. https://doi.
org/10.1007/s11060-020-03667-6

54. Satoh M, Nakajima T, Yamaguchi T, Watanabe E, Kawai K: 
Application of augmented reality to stereotactic biopsy. Neurol 
Med Chir (Tokyo) 59:444-447, 2019. https://doi.org/10.2176/
nmc.tn.2019-0128

55. Senft C, Bink A, Franz K, Vatter H, Gasser T, Seifert V: 
Intraoperative MRI guidance and extent of resection in glioma 
surgery: A randomised, controlled trial. Lancet Oncol 12:997-
1003, 2011. https://doi.org/10.1016/S1470-2045(11)70196-6

 

31. Ingrassia PL, Mormando G, Giudici E, Strada F, Carfagna F, 
Lamberti F, Bottino A: Augmented reality learning environment 
for basic life support and defibrillation training: Usability 
study. J Med Internet Res 22:e14910, 2020. https://doi.
org/10.2196/14910

32. Inoue D, Cho B, Mori M, Kikkawa Y, Amano T, Nakamizo 
A, Yoshimoto K, Mizoguchi M, Tomikawa M, Hong J, 
Hashizume M, Sasaki T: Preliminary study on the clinical 
application of augmented reality neuronavigation. J Neurol 
Surg A Cent Eur Neurosurg 74:71-76, 2013. https://doi.
org/10.1055/s-0032-1333415

33. Izard SG, Juanes JA, García Peñalvo FJ, Estella JMG, 
Ledesma MJS, Ruisoto P: Virtual reality as an educational and 
training tool for medicine. J Med Syst 42:50, 2018. https://doi.
org/10.1007/s10916-018-0900-2

34. Jean WC, Felbaum DR: The use of augmented reality to 
improve safety of anterior petrosectomy: Two-dimensional 
operative video. World Neurosurg 146:162, 2021. https://doi.
org/10.1016/j.wneu.2020.11.054

35. Jones C, Jones D, Moro C: Use of virtual and augmented 
reality-based interventions in health education to improve 
dementia knowledge and attitudes: an integrative review. 
BMJ Open 11:e053616, 2021. https://doi.org/10.1136/
bmjopen-2021-053616

36. Keles A, Ture U: Cottonoid-guided intraoperative 
ultrasonography in neurosurgery: A proof-of-concept single 
surgeon case series. Neurosurg Rev 45:2289-2303, 2022. 
https://doi.org/10.1007/s10143-021-01727-7

37. Kucharczyk W, Bernstein M: Do the benefits of image 
guidance in neurosurgery justify the costs? From stereotaxy 
to intraoperative MR. Am J Neuroradiol 18:1855-1859, 1997

38. Lareyre F, Chaudhuri A, Adam C, Carrier M, Mialhe C, Raffort 
J: Applications of head-mounted displays and smart glasses 
in vascular surgery. Ann Vasc Surg 75:497-512, 2021. https://
doi.org/10.1016/j.avsg.2021.02.033

39. Li Y, Chen X, Wang N, Zhang W, Li D, Zhang L, Qu X, Cheng W, 
Xu Y, Chen W, Yang Q: A wearable mixed-reality holographic 
computer for guiding external ventricular drain insertion at the 
bedside. J Neurosurg JNS 131:1599-1606, 2019. https://doi.
org/10.3171/2018.4.JNS18124

40. Luzzi S, Giotta Lucifero A, Martinelli A, Maestro MD, Savioli G, 
Simoncelli A, Lafe E, Preda L, Galzio R: Supratentorial high-
grade gliomas: maximal safe anatomical resection guided 
by augmented reality high-definition fiber tractography and 
fluorescein. Neurosurg Focus 51:E5, 2021. https://doi.
org/10.3171/2021.5.FOCUS21185

41. Ma S, Chen S, Hu Y, Qi J, Li Z, Cun E, Wang L, Shi X, Yang 
J: Application of virtual reality system for individualized 
preoperative planning of sphenoidal ridge meningioma. 
Zhonghua Yi Xue Za Zhi 94:3562-3566, 2014

42. Meola A, Cutolo F, Carbone M, Cagnazzo F, Ferrari M, Ferrari 
V: Augmented reality in neurosurgery: A systematic review. 
Neurosurg Rev 40:537-548, 2017. https://doi.org/10.1007/
s10143-016-0732-9

43. Moro C, Štromberga Z, Raikos A, Stirling A: The effectiveness 
of virtual and augmented reality in health sciences and 
medical anatomy. Anat Sci Educ 10:549-559, 2017. https://
doi.org/10.1002/ase.1696



  13 Turk Neurosurg, 2024 | 13

Caglar YS. et al: Mixed Reality in Cranial Lesions

61. Wadley J, Dorward N, Kitchen N, Thomas D: Pre-operative 
planning and intra-operative guidance in modern neurosurgery: 
A review of 300 cases. Ann R Coll Surg Engl 81:217-225, 1999

62. Watanabe E, Satoh M, Konno T, Hirai M, Yamaguchi T: The 
trans-visible navigator: A see-through neuronavigation system 
using augmented reality. World Neurosurg 87:399-405, 2016. 
https://doi.org/10.1016/j.wneu.2015.11.084

63. Wirtz CR, Albert FK, Schwaderer M, Heuer C, Staubert 
A, Tronnier VM, Knauth M, Kunze S: The benefit of 
neuronavigation for neurosurgery analyzed by its impact on 
glioblastoma surgery. Neurol Res 22:354-360, 2000. https://
doi.org/10.1080/01616412.2000.11740684

64. Yang DL, Xu QW, Che XM, Wu JS, Sun B: Clinical evaluation 
and follow-up outcome of presurgical plan by Dextroscope: 
A prospective controlled study in patients with skull base 
tumors. Surg Neurol 72: 682-689; discussion 689, 2009. 
https://doi.org/10.1016/j.surneu.2009.07.040

65. Yudkowsky R, Luciano C, Banerjee P, Schwartz A, Alaraj A, 
Lemole GM, Jr., Charbel F, Smith K, Rizzi S, Byrne R, Bendok 
B, Frim D: Practice on an augmented reality/haptic simulator 
and library of virtual brains improves residents’ ability to 
perform a ventriculostomy. Simul Healthc 8:25-31, 2013. 
https://doi.org/10.1097/SIH.0b013e3182662c69

56. Stadie AT, Kockro RA, Reisch R, Tropine A, Boor S, Stoeter 
P, Perneczky A: Virtual reality system for planning minimally 
invasive neurosurgery. Technical note. J Neurosurg 108:382-
394, 2008. https://doi.org/10.3171/JNS/2008/108/2/0382

57. Steineke TC, Barbery D: Microsurgical clipping of middle 
cerebral artery aneurysms: Preoperative planning using virtual 
reality to reduce procedure time. Neurosurg Focus 51:E12, 
2021. https://doi.org/10.3171/2021.5.FOCUS21238

58. Sun GC, Wang F, Chen XL, Yu XG, Ma XD, Zhou DB, Zhu 
RY, Xu BN: Impact of virtual and augmented reality based on 
intraoperative magnetic resonance imaging and functional 
neuronavigation in glioma surgery involving eloquent areas. 
World Neurosurg 96:375-382, 2016. https://doi.org/10.1016/j.
wneu.2016.07.107

59. Teodoro-Vite S, Pérez-Lomelí JS, Domínguez-Velasco 
CF, Hernández-Valencia AF, Capurso-García MA, Padilla-
Castañeda MA: A high-fidelity hybrid virtual reality simulator of 
aneurysm clipping repair with brain Sylvian fissure exploration 
for vascular neurosurgery training. Simul Healthc 16:285-294, 
2021. https://doi.org/10.1097/SIH.0000000000000489

60. Upadhyay UM, Golby AJ: Role of pre- and intraoperative imaging 
and neuronavigation in neurosurgery. Expert Rev Med Devices 
5:65-73, 2008. https://doi.org/10.1586/17434440.5.1.65


