© April 2025 | JIRT | Volume 11 Issue 11 | ISSN: 2349-6002

Comprehensive Review on Integration of Mixed Reality
In Surgical Procedures

Veena Wilfred?, Thontadari C?
12 dept. of Computer Science Christ University Bangalore, India

Abstract—This article gives an extensive review of the
integration of Augmented Reality (AR) and advanced
technologies in surgery. AR has become a revolutionary
technology in medicine, facilitating visualization,
accuracy, and surgical performance. This review
synthesizes current literature regarding AR usage in
surgery, including its advantages, limitations, and future
prospects. The research also delves into other emerging
technologies like artificial intelligence, robotics, and 3D
imaging in operating rooms. Through an examination of
existing research trends and breakthroughs, this paper
seeks to offer insights into the promise of AR-driven
surgical innovations.
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I. INTRODUCTION

The introduction of AR, VR, and CAS into surgery
was progressive and revolutionary until today-from
simple imaging techniques to sophisticated, real-time
guidance systems that reshape modern surgical
practice. It began with the introduction of image-
guided surgery in the 1980s, which for the first time
offered surgeons much greater visual information,
thereby improving the accuracy of surgical
intervention. This period was the first major milestone
in the development of CAS beyond which more
advanced technologies started to be developed.

In the 1990s, the further development of virtual
reality-for surgical training and planning-gave impetus
to the field. Early virtual reality systems were no doubt
basic compared to those of today but gave a glimpse
of what could be achieved with immersive simulations
for improving surgical outcomes. In these early
applications of VR in surgery, the focus was mainly
on the creation of virtual environments where
surgeons could practice their procedures without the
risks of live surgery. Although the technology was still
in its infancy, it showed immense promise for
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enhancing surgical skills and planning by utilizing
virtual environments. The integration of AR into
surgery began until late in the 1990s and early 2000s
impelled by a need for enhancement of visualization
in minimally invasive surgery. Unlike traditional open
surgeries, minimally invasive techniques rely on large
amounts of visual information delivered through
endoscopic cameras. AR provided a method to overlay
key information, such as anatomical landmarks and
surgical guides, directly onto the view of the surgeon
to decrease cognitive load and enhance precision
during such procedures. Early adoption of AR in
surgery came with many substantial challenges. Other
hardware limitations included the bulkiness of
headsets and low-resolution displays, but even the
mere integration of digital overlays with real-time
surgical environments that are usually dynamic and
unpredictable obstructed its wide acceptance. The
challenges it faced could not stop this trend from
progressing further. Continuous improvement in
computing powers, improvement in imaging
technologies, and updating user interfaces kept it
developing. During the 2000s and 2010s, substantial
gains had been made in the development of AR/VR
systems in improving their accuracy, reliability, and
usability. Techniques such as high-definition cameras
and continued advances in 3D reconstruction
algorithms  further enhanced the visualizations
possible. The systems started to become more
intuitive, with gesture and voice controls making
them even more accessible to surgeons.

Several drivers were behind the adoption of such
technologies into surgery. First was the need to
enhance surgical precision while reducing the
possibilities of an error occurring. While keeping
additional difficulties of managing complex virtual
information apart, AR and VR systems thus integrate
real-time, context-sensitive information to help
overcome some of the fundamental difficulties in the
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navigation of complex anatomical structures, in
particular for minimal invasive interventions, where
direct view is restricted for the surgeon. Besides that,
preparing a surgical plan in advance in a VR
simulation and then performing it with the help of AR
guidance has been shown to lead to improved results
for specifically complex procedures in neurosurgery
and orthopedic surgery.

Another driving force was the possible reduction of
time taken for surgical training along with an increase
in quality using these technologies. Traditional
surgical education normally takes a great deal of time
and is quite exhausting, since it involves endless
observation and assisting at live surgeries. These VR
simulations provide a sterile, controlled environment
within which the trainees can practice as many times
as they need without being an immediate threat to the
lives of patients. This brings about efficient training
programs and helps standardize surgical education
across institutions.

A. Background

Modern technologies, such as augmented reality,
virtual reality, and computer-assisted surgery, take
precedence in opening new dimensions in the medical
and surgical world. It lifts away from the classical
methods of surgery to showcase a new path where it
suggests new tools to infuse safety with accuracy to
change the outcome for the patient. Having evolved
over the past few decades from what might be termed
experimental applications, they have now moved into
a more well-accepted role within most surgical
disciplines. Of these, AR technology has come up as a
formidable tool in the realm of surgical endeavors. The
beauty of augmented reality is its allowance for
superimposition with digital information on the real
world in real time. This allows advanced
intraoperative visualization by the surgeon in a more
sophisticated way of the anatomical structure. The
technology enhances precision in planning and
carrying out surgical procedures where conventional
imaging techniques are at a shortcoming. AR has
already been implemented in neurosurgery to localize
critical areas, like the vessels, important structures, or
the margins of tumors during craniotomy and tumor
resection surgery. It allows surgeons to proceed with
much more confidence and precision.

One of the widest ranges in application focus with
virtual reality is probably surgery holding for training

IJIRT 175096

and simulation. Literally, every possible thing that
might come up can be prepared for by surgeons, who
practice in the virtually simulated environment where
the complications have no real risk. Improved results
in the outcomes of surgeons from such VR training
will ensure that results for the patients are better since
the risks of errors will be nullified in the actual
implementation. CAS represents one more quantum
jump in the development of surgery. The ability to
image, have robotics, and have real-time data
processing guide the surgeon through the systems for
an optimum result are some things currently in active
development. Specialty areas that are going to benefit
more are orthopedic surgery because alignment and
accurate positioning are always desired in this field.
So, even better long-term results will be bestowed on
the patients through CAS, which ensures precise
placement of components in Total Knee Arthroplasty.
This integration of AR, VR, and CAS can be predicted
to be an innovative development that will
revolutionize surgery. It should empower much better
surgeries through a hybrid environment composed of
augmented and virtual reality with computer-assisted
surgery technologies that inform and enhance
precision. In fact, it would enable the surgeon to use
even more visualization and precision to open up new
paths for minimal invasiveness.

B. Significane and Current Trends

What is profound about all these AR, VR, and CAS
technologies is what lies ahead in their application to
change the nature of surgery. Health systems are really
into digital tools; their interest goes right to integrating
those into daily clinical practices. Improved surgical
outcomes, shorter recovery times, safer patient care—
all these mean that the list is in no way short of huge
benefits. This may be the birth of an entirely new
generation of conscientious, conscious surgeons who
were expertly taught to simulate and who dived deeply
into the details of this new surgery with the help of AR
and VR. Subsequent research highlights the vast range
of surgical specialties where these technologies are
applied: in oral and maxillofacial surgery, AR is used
for complex reconstruction procedures; in virtual
reality, it is used for preoperative planning and patient
education; and in neurosurgery, AR is used to
precisely locate a tumor or other lesion to lower the
risk of complications. In equal measure, CAS has been
found to be very helpful in orthopedic surgeries where
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alignment and positioning require much precision so
as to ensure good outcomes. However, a few
challenges do remain. The diffusion of AR, VR, and
CAS is not expected to be easy, as it involves long
learning, high expense, and system integration into the
working processes. Additionally, the efficiency of
technologies can appear rather dissimilar in relation to
various surgical settings and populations, which in
turn presupposes further research and clinical trials.
Finally, this realization of challenges is expected to
translate within time into practice on a daily basis
using AR, VR, and CAS.

The objective of the study is that the potential and
issues associated with AR, VR, and CAS technologies
that already exist are incredibly vast, and in the current
review, an effort will be made to outline these with the
help of an analysis based on findings from a wide
selection of studies. Their efficacy within the surgical
scene, ranging through specialties like neurosurgery
and oral/maxillofacial to orthopedics, will continue to
leverage the benefits resulting from improved, safe,
and precise surgeries. He further expands on the job
done by AR, VR, and CAS-related technologies in the
discipline of surgical training and simulation in
enhancing skill acquisition to project reality for better-
prepared surgeons.

Il. METHODOLOGY

This article provides an extensive overview of the
convergence of Augmented Reality (AR) and other
advanced technologies in surgical operations. AR has
developed as a revolutionary aid in the healthcare
sector, with improved visualization, accuracy, and
overall operation outcomes. This review integrates
current literature on the use of AR in surgery,
highlighting its advantages, obstacles, and future
direction. The research also examines other emerging
technologies like artificial intelligence, robotics, and
3D imaging in surgical environmentsThe review is
anchored on a wide review of published research
papers, case studies, clinical trials, and technology
reports on AR in surgery. Systematic methodology
was used to compile relevant literature from peer-
reviewed journals, conferences, and databases like
PubMed, IEEE Xplore, ScienceDirect, and Google
Scholar. The inclusion criteria were peer-reviewed
articles from the past decade, with emphasis on recent
developments in AR-based surgical procedures. The
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inclusion criteria were relevance to AR applications in
surgery, technological integration, and clinical
validation, while studies with sparse empirical
evidence or old technologies were excluded.

An exhaustive search approach was utilized with key
terms like "Augmented Reality in surgery,” "AR-
assisted procedures,” "medical imaging with AR,"
"surgical navigation systems,” "Al in surgery," and
"robotics in surgical procedures." Boolean operators
and filters were used to narrow down the search
results.

The review mainly focuses on technological
innovations, clinical usage, comparative research, and
case-specific applications of AR in surgery. Moreover,
articles that explored AR's integration with artificial
intelligence, robotics, 3D imaging, and haptic
feedback systems were deemed to offer a more
comprehensive view of AR's new role in
contemporary surgical procedures. A thematic
analysis strategy was used to group findings into major
domains to ensure an organized and systematic
discussion of the topic. Based on the study of ongoing
research patterns and evolution, this paper tries to offer
insight into the possibilities of AR-led surgical
breakthroughs.

I1l. LITERATURE REVIEW

Modern surgical practices have been thoroughly
revised in their way of offering improved
visualization, accuracy, and decision support with the
incorporation of Augmented Reality, Virtual Reality,
and Computer-Assisted Surgery. Over the past two
decades, enabling technologies such as those
underlying Virtual and Augmented Reality have
undergone significant evolution regarding algorithms,
hardware, and software. This literature review
synthesizes the findings of key advances, challenges,
and future directions represented in a corpus of some
papers on this area.

A. AR in Surgery

AR in surgery is applied to superimpose layers of
digital information over the actual working view of the
surgeon and of the working on the procedure arial. Its
first use was in marking simple 2D objects in the
operating field which later modified to stereoscopic
3D images with interactive layers superimposed on the
operating theater. Another promising development
area of the AR is image registration which may be
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viewed as one of the primary trends in the field. Again,
there is a need to match the preoperative images of CT
or MRI with actual anatomy during the surgery that
will help in increasing the level of accuracy. In order
to be able to manage safer intraoperative tissue
deformations, [15] worked on a combined rigid and
“deformably” registration method. In the same
respect, [11] developed a new intensity registration
technique based on mutual information and better
multi-modal image registration mostly when the tissue
features change with tumour resections. Further
advancements in the contour matching algorithms
have also been expected to have made a tremendous
impact on the advances in AR. Other deformable
models such as the “snakes” modify the edges of
organs by several cycles and provide the feedbacks to
the surgeons during the surgery. The contour matching
which is less sensitive to poor visibility or even
abnormal organs, was another work accomplished by
[3] in the last year by using the machine learning
approach. This particular approach has been greatly
applied especially in minimally invasive surgeries
where it is almost impossible to make a clear
differentiation of the structures. Other contributions
to AR in surgery are [1] developed an AR deep
learning system for orthopedic surgery. Their system
builds over real video feeds of surgeries, a 3D model
of bones that will assist the surgeons in their spatial
orientation during a particular surgery. For example,
[7] used and incorporated AR to do an accuracy
comparative study of processes that require
craniomaxillofacial surgery the application of AR in
this study improved the ability of the surgeon to
accurately cut bones and then shape them accordingly.

B. Virtual Reality for Training and Surgical Planning
As the real surgery comes with lots of risks involved
while performing the actual surgery, virtual reality
allows an environment that mimics the real surgery,
and therefore there are benefits of virtual reality in
surgical training and preoperative planning. The use of
virtual reality surgical simulation modules are
effective in enhancing the skills of trainees in
performing surgical operations especially the ones that
are minimally invasive in nature because the system
provides real experiences that are not easily afforded
by conventional training. [8] examined the possibility
of utilizing VR for the purpose of preoperative
planning in the neurosurgical framework. Their work

IJIRT 175096

proved that 3D reconstructed manipulations of a
patient’s brain provided better spatial orientation of
the crucial structure and therefore less operative time
and better results. [2] went further in defining the
benefits of VR in educating patients pointing out that
it can reduce pre-operative anxiety and increase
patient satisfaction due to virtual explanations of
surgeries. Some research that has been done in recent
years is [14] who proposed a novel VR framework for
planning liver resections. Theirs made it possible for
the surgeons to get 3D models of the liver and get to
influence the resection paths without or with minimal
incidence of post surgery complications. In the same
vein, [4] developed and applied a novel VR-based tool
for planning complex spinal surgeries, and
dispassionately supported the findings showing the
increase in the accuracy of screw location and the
decrease in intraoperative usage of radiation.
Furthermore, there is prior work on using the VR for
guiding during surgery. [9] designed a VR system for
real-time navigation to guide the endovascular
surgeon in the endovascular procedures since
developing an immersive view of vascular anatomy
and increasing the accuracy of catheter positioning.
This work can be seen as an important advance toward
bringing VR into the operating theater and thereby
providing possible advantages for a broad variety of
operations.

C. Computer-Assisted Surgery

CAS is therefore augmented reality, virtual reality and
robotic assisting where at times feedbacks and
conformity can be well done within the shortest time
and most significantly enhancing the precision of
operations. One of them is the trends of the changes
which have been made in the algorithms for robotic
control which is one of the major changes in the field
of CAS. By progressively using kinematic algorithms,
[12] were among the first to provide surgical control
of robots that enables them to exert minimal and
accurate movements to be applied by the surgeon.
Another important area of operation at CAS is Force
feedback control or the better-known term haptics.
Furthermore, in parallel, [10] outline an exciting force
feedback concept that provides the surgeon with touch
feedback in order to achieve certain movements
impossible to perform by using robotic instruments.
Due to this pressure concerning this technology, it has
been widely used in microsurgical operations. The
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feedback algorithms are used to make it real time and
as such there is no need to implement CAS systems.
[5] proposed a data fusion approach including a visual
and haptic and also auditory modality that helps the
surgeons to have a complete vision of operations they
perform in real time. This has been applied particularly
in the laparoscopic operations where modification is
made according to the updating data available. Some
other case-related research studies that have been
conducted in the recent past include applying machine
learning algorithms to CAS with the aim of enhancing
the surgical outcomes. For example, Huang and
colleagues have described an artificial intelligence
model about the risk of surgeries’ complications to
predict through real-time that lets the doctor decide
during the surgery. In the same manner, [13] showed
the deep learning of autonomous surgical robots and
the potential of the systems to successfully perform
simple kinds of operations with insignificant
likelihood of error for accomplishing the standard
duration.

D. Challenges and Future Directions

However, with the integration of AR, VR, and CAS
technologies, there come a couple of challenges: data
integration and data processing speed because the
volume of data that could be produced in the process
of a surgical operation might be too much to handle for
the systems and could hence cause delays or
inaccuracies. The last but not least critical concerns are
those regarding patient data privacy and security when
most of the surgeries are going to rely on cloud-based
systems. In this sense, much work will most likely be
dedicated in the future to developing even more
sophisticated machine learning algorithms that could
fit the peculiar conditions of each surgery. Another
avenue could be the integration of 5G networks; this
could provide the needed bandwidth to process the
enormous data volume involved in real time and thus
allow more responsive and precise CAS systems.

IV. RESULTS

The literature reviewed illustrates how AR
applications during surgery enhance procedure
accuracy, shortens operation duration, and ensures
patient safety. The most critical findings of several
studies are as follows:
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Preoperative Planning: Research illustrates how AR-
based 3D visualization supports more accurate
surgical strategy creation, minimizing the margin of
error. Advanced preoperative imaging facilitates
accurate mapping of intricate anatomical structures,
and hence improved development of surgical
strategies and minimization of the chances of
complications.

Intraoperative Navigation: Studies confirm that AR-
assisted navigation during neurosurgical and
orthopedic interventions enhances accuracy and
diminishes reliance on conventional imaging
technology. Real-time integration of AR overlays
enhances depth perception for surgeons to make
accurate cuts and direct interventions with less damage
to surrounding tissue.

Postoperative Monitoring: AR-assisted rehabilitation
methods give patients immediate feedback, resulting
in quicker recovery and better compliance with
treatment regimens. Research indicates that AR-based
patient monitoring systems enhance post-surgical
outcomes through interactive recovery exercises and
remote guidance features, lowering hospital
readmission rates.

V. DISCUSSION

The integration of AR into surgery has shown
considerable augmentation in procedural effectiveness
and patient outcomes. The research shows that AR
improves visualization, enabling surgeons to more
intuitively interact with patient anatomy. Through its
real-time superimposition of anatomical structures,
AR improves accuracy in challenging procedures,
including neurosurgery and orthopedic surgery. AR-
integrated systems also enhance decision-making
processes by decreasing the potential for surgical error
through increased depth perception and enhanced
guidance.

Additionally, AR enables more effective collaboration
among surgical teams since several practitioners can
share the same augmented environment, reducing
intraoperative communication and coordination. The
integration of Al further boosts AR applications by
providing predictive analytics and individualized
procedural recommendations, guaranteeing optimized
surgical planning and execution.

In spite of these benefits, various challenges prevent
the large-scale application of AR in surgery. High
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costs of implementation are a major obstacle,
especially for small medical centers. Moreover, the
technology requires extensive training for surgeons to
be able to integrate AR into their practice efficiently.
Issues related to device reliability, latency, and system
compatibility also restrict its large-scale application in
clinical practice.

AR in surgery continues to develop, with research
underway to incorporate Al for increased automation
and accuracy. AR-based remote surgery and
telemedicine hold a lot of promise, particularly in low-
resource environments where access to specialist care
is limited. Future studies need to work on cost-
effective AR solutions, enhance user flexibility, and
address regulatory issues related to data privacy,
compliance, and ethics. In addition, a move should be
made towards standardization of AR-supported
surgical procedures to allow for easier incorporation
into current healthcare systems.

VI. CHALLENGES AND LIMITATIONS

Though it has many benefits, surgery with AR also has
some challenges:

Technical Challenges: AR hardware is plagued with
accuracy, latency, and software compatibility issues
that impact real-time responsiveness and precision.
Moreover, the smooth integration of AR into current
hospital information systems and surgical equipment
is a challenge.

Cost and Accessibility: Prohibitive implementation
costs, such as equipment purchase, upkeep, and
software licensing, present economic obstacles,
especially to smaller healthcare centers. Inadequate
access to AR technology in developing nations further
widens inequalities in surgical progress.

Training and Adaptation: AR utilization is preceded
by large amounts of training and skill acquisition in
surgeons. The steep learning curve in AR-supported
interventions may discourage adoption, especially
from veteran professionals with conventional surgical
exposure. Also, the absence of uniform training
modules and certification makes it harder to integrate
AR in medical education.

Ethical and Legal Implications: Confidentiality of
patient data, legislative compliance, and issues of
liability are major challenges. The use of AR in real-
time decision-making raises ethical concerns over
responsibility in the event of surgical mistakes.
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Moreover, compliance with privacy laws like HIPAA
and GDPR requires strong cybersecurity controls to
avoid breaches and unauthorized access.

VII. FUTURE PERSPECTIVES

Developments in Al, robotics, and machine learning
will further increase AR's functionality in surgery. The
convergence of real-time analytics, haptic feedback
systems, and improved visualization methods is likely
to transform surgical procedures by allowing more
accurate and minimally invasive methods. Al-based
predictive analytics may aid surgeons in decision-
making, anticipating complications before they occur,
and tailoring procedures to patient-specific
requirements. Further, the emergence of cloud-based
AR platforms can enable remote collaboration among
surgical teams, enabling experts from remote locations
to participate in real-time. Improved AR-based
training simulations with the integration of machine
learning can offer surgeons hands-on experience in
intricate surgical procedures, enhancing their expertise
prior to actual surgery. In addition, wearable AR
devices with embedded biometric sensors can
potentially facilitate real-time monitoring of a
surgeon's physiological status, avoiding fatigue-
induced errors and maintaining peak performance.
Future research must aim at optimizing AR systems
for cost efficiency, making them more accessible to
healthcare environments in general, and resolving
issues associated with data privacy, cybersecurity, and
smooth  integration  with  current  medical
infrastructures. Extending the capabilities of AR using
hybrid integration of technology, for example, by
integrating AR with Internet of Things (10T) devices,
would help further automate and facilitate real-time
data exchange, making the surgical ecosystem more
connected.
VIIl. CONCLUSION

Augmented Reality is revolutionizing surgical
procedures through enhanced accuracy, minimizing
complications, and improved training procedures.
With the provision of real-time visual overlays and
compatibility with Al-fueled analytics, AR helps
surgeons make more accurate decisions, lessening the
chances of mistakes and enhancing procedure
accuracy. The addition of Al-based insights, combined
with AR-guided robotic systems, enhances surgical
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procedures by enabling micro-precision movements
and improving dexterity in complicated procedures.
In addition, AR-powered simulation training is
boosting the medical skills of medical practitioners,
enabling them to practice intricate procedures in a
simulated, virtual setting before actually conducting
them on real patients. AR-based learning platforms are
transforming surgical education by providing
immersive and interactive learning environments,
which ensure competence prior to hands-on practice.
Integration of real-time patient information with AR
visualization also makes it possible for surgeons to
personalize procedures based on individual anatomical
differences, thereby maximizing patient outcomes.
Although there are challenges, continuous
technological developments, such as the combination
of robotics, haptic feedback, and cloud-based
collaboration software, point to a bright future for AR
in surgical procedures. Remote AR-guided surgeries
may also close geographical distances, enabling expert
consultation and intervention in real-time regardless of
location. Cooperation among clinicians, engineers,
and policy makers is critical to optimize the
opportunities of AR-based surgical innovations, with
increased accessibility, adherence to regulations, and
ongoing improvement of AR-assisted surgical
practices. Furthermore, defining standardized AR
protocols and guidelines will be important to enable
large-scale clinical uptake, promoting safety, efficacy,
and equivalence across hospitals worldwide.
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