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Abstract: Augmented Reality (AR) is rapidly transforming the healthcare sector by seamlessly overlaying digital 
information on the real world, significantly enhancing various medical domains. Augmented reality technology 
improves our understanding of the real world by adding new sensory experiences to what we see, touch, and hear 
in our surroundings. This review explores diverse applications of AR, including its revolutionary impact on med-
ical training and education through 3D anatomical visualization and surgical simulation as well as its role in sur-
gical assistance and navigation for increased precision. A keyway to experience AR is through Head-Mounted 
Displays (HMDs), such as Google Glass, Smart Glass, and Microsoft HoloLens, which allow users to view and 
interact with virtual elements that are integrated into their real-world view. The use of augmented reality in med-
icine has far-reaching implications, offering the potential to revolutionize patient care, diagnosis, and treatment. A 
thorough examination of existing research reveals numerous areas within the healthcare sector where AR can be 
effectively integrated. This article details the contributions of AR to diagnostics and imaging, remote collaboration 
in telemedicine, engagement in rehabilitation programs, and advancements in pharmaceutical research, along with 
critical challenges, including high implementation costs, technical limitations, data privacy concerns, and regula-
tory hurdles. Despite these obstacles, this review highlights the recent developments in AR adoption and its ad-
vantages in healthcare. 
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Introduction 
Augmented reality (AR) is an interactive technology that overlays digital information on real-world 
environments, allowing various computer applications to generate virtual objects. This concept has 
been evolving since the 1960s and has undergone substantial advancements since that time. [1] AR 
works by generating a virtual image on top of a real image, enabling interaction in real-time, and seam-
lessly blending 3D (or 2D) virtual objects with real objects. AR is a technology that merges digital in-
formation with the real world, creating an interactive experience in which objects are generated using 
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computer software. This has sparked intense discussions among medical professionals and opened up 
new avenues for research. Consequently, the healthcare industry and policymakers have quickly rec-
ognized the advantages of AR, with education and training being notable applications in medical en-
vironments. [2-4] The Real Environment (RE) is the physical world we inhabit and is governed by the 
laws of physics. AR enhances this real environment by superimposing virtual elements onto it, allowing 
participants to simultaneously see both physical and digital realities. Conversely, Augmented Virtual-
ity (AV) takes virtual reality as its primary setting but integrates real-world elements into it, meaning 
participants are immersed in a synthetic world while still perceiving some real components. Finally, 
Virtual Reality (VR) represents a completely synthetic, computer-generated world in which the partic-
ipant is fully immersed, experiencing an entirely digital environment. The distinction between virtual 
reality and augmented reality is evident and can be illustrated using the Reality – Virtuality Continuum 
model proposed by Paul Milgram and Fumio Kishino, as depicted in Figure 1. [5] 
 
 

 
 

Figure 1. Milgram's Reality- Virtuality Continuum 
 
AR enhances perception by overlaying digital information onto the real world, offering a deeper un-
derstanding and seamless integration of virtual and physical elements. This immersive experience is 
often facilitated by wearable devices such as Head-Mounted Displays (HMDs), smart glasses, Google 
Glass, and Microsoft HoloLens which allow users to effortlessly interact with virtual content within 
their actual surroundings. [6] This immersive technology allows healthcare professionals to interact 
with virtual elements while remaining connected to their physical environment, offering intuitive and 
contextual experiences. [7] An AR system comprises three basic steps: recognition, tracking, and mix-
ing. In the recognition phase, any image, object, face, body, or space is identified as the target, where a 
virtual object is superimposed. Subsequently, during tracking, real-time spatial localization of the im-
age, object, face, body, or space is performed, and finally, multimedia content in the form of video, 3D, 
2D, text, and so on is overlaid onto it. [5] Augmented Reality (AR) technologies not only enable medical 
professionals to engage with and visualize information in three dimensions, requiring a broad under-
standing of technology for effective integration, [8-10] but also serve as a valuable resource for patient 
education. [11, 12] Patients can use AR applications on their smartphones to visually describe their 
symptoms to doctors, for instance, by pointing to areas of pain on an augmented anatomical model. 
This can lead to more accurate and efficient symptom reporting. [13] This allows doctors to visually 
clarify surgical procedures, medication functions, and new treatments, thereby enhancing patient ex-
perience, deepening understanding of intricate matters, and ultimately improving health outcomes. 
[14-16] 
 
Application of AR in healthcare 
Currently, AR technology is gaining substantial interest for creating applications that healthcare prac-
titioners and patients can use directly. Augmented healthcare solutions can be applied in a wide range 
of fields, such as diagnosis, surgery, rehabilitation, monitoring, guidance, and education. In general, 
AR technology has enhanced healthcare systems by providing numerous services and platforms. 
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Medical training and education: In the 21st century, technological advancements are accelerating at an 
unprecedented rate. This rapid progress is seen in young people, particularly in those studying medi-
cine, who interact with cutting-edge digital tools. Consequently, educators are incorporating digital 
technology into the curriculum to enhance learning outcomes. [17, 18] Digital learning has become 
widely accepted in healthcare education. [19, 20] Digital technology has been fundamentally integrated 
into the teaching and learning processes. This integration ranges from simply converting traditional 
materials, such as textbooks, into digital formats like PDFs, to utilizing advanced digital tools, including 
video conferencing and virtual reality for dynamic and interactive learning experiences. [21] Most stu-
dents and healthcare professionals have reported integrating digital technologies into their studies or 
daily clinical work. [22] AR significantly boosts students' understanding of anatomy and enhances sim-
ulated surgical practice, leading to improved skills during medical training, as shown in Figure 2. This 
technology enables risk-free surgical practice by providing interactive 3D anatomical models. [23] Med-
ical schools are increasingly adopting AR for anatomy learning. Medivis's AnatomyX platform pro-
vides meticulously detailed 3D anatomical models that students can interact with in augmented reality, 
offering custom dissections and multi-user shared sessions for collaborative learning. [24] These mod-
els can be superimposed onto real bodies or mannequins, allowing for a dynamic understanding of 
complex structures, reducing both direct supervision and costs. Other applications like Anatomy.app 
and AR Anatomy (available on mobile platforms) offer detailed 3D human models for comprehensive 
study. AR also helps develop essential skills, such as speed, multitasking, precision, hand-eye coordi-
nation, and bimanual dexterity. Furthermore, recent advancements in AR allow experienced surgeons 
to provide remote training and expert consultations from anywhere globally. [25] 
 
 

 
 

Figure 2. Using AR headset in the medical-educational area. [26] 
 
Although the integration of augmented reality (AR) into medical education is still in its early stages, its 
benefits in various medical fields are already evident. For instance, AR allows surgeons to visualize 
organs before operations, [27] aids in the training of dental students, [28] and enhances pathology ed-
ucation. [29] Despite these proven advantages, AR technology has not yet achieved widespread adop-
tion in tertiary medical or health education. Sutherland et al. and Tang et al. concluded that in medical 
education, augmented reality surpasses textbook readings and lecture-based instructions by offering a 
more immersive and realistic 3D visualization of human organs and their functions, providing a more 
authentic representation of the human body compared to traditional media. [11, 30] Moro et al. con-
ducted a randomized controlled trial to assess the effectiveness of health science education via aug-
mented reality (AR). The trial showed that participants who used both HoloLens and mobile-based AR 
devices achieved better test results, indicating the potential of AR in improving content delivery. More-
over, participants found learning through both devices enjoyable, suggesting that AR can be a novel 
and engaging method of instruction. [31] 
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Diagnostics and imaging: AR is transforming how medical professionals interpret and interact with 
diagnostic information by converting 2D medical images (X-rays, CT scans, and MRIs) into interactive 
3D models, allowing doctors to manipulate and explore them from various angles. This provides a 
more comprehensive understanding of a patient's condition and aids in more accurate diagnoses. [32] 
AccuVein a handheld device that emits near-infrared (NIR) light, which is absorbed by haemoglobin 
in veins, creating a digital image of the vascular pattern. This image is then projected as a visible map 
onto the patient's skin using augmented reality, providing real-time visualization. (figure 3) This tech-
nology greatly simplifies locating veins for blood draws or IV insertions, especially for patients with 
difficult-to-find veins, leading to significantly improved first-stick success and enhanced patient com-
fort during procedures. [33] Sakakibara et al, highlights the AccuVein's utility in breast cancer surgery, 
demonstrating its ability to visualize superficial breast veins. This aids in identifying lesions and per-
forating branches for safer procedures, regardless of examiner skill, ultimately improving patient out-
comes. [34] Recent years in medical imaging have significantly improved disease diagnosis especially 
for conditions like cancer. [35] While the increased spatial resolution provides incredibly detailed views 
of complex anatomical structures, it also presents a challenge for doctors in efficiently review vast 
amounts of data. To address this, users are presented with a virtual image of the patient’s examination 
results alongside a real-world view that adapts to the specific task, such as an integrated physical exam, 
medical imaging assessment, pre-operative planning, or an intraoperative procedure, the real-world 
image displayed would be the patient’s actual anatomy. [36] 
 

 
 

Figure 3. AccuVein® visualizes the subcutaneous mammary veins. [34] 
 
AR can also be used to identify various eye diseases, including glaucoma and dry eye syndrome. It uses 
a digital contact lens to monitor the blood sugar levels in individuals with retinal implants. This tech-
nology is also used to diagnose breast cancer in sentinel lymph nodes and prostate cancer in prostatec-
tomy samples. [37] Furthermore, it helps to understand the inner and deeper structures of the heart 
and analyze heart conditions based on normal, murmur, and extra-systolic sounds. Additionally, it 
provides cardiac data for examination, prediction, and treatment of cardiac arrhythmia. It is also used 
to identify skin incisions, skull craniotomy, and tumour locations. [38] A recent scoping review by Al-
nasery et al. (2024) explored AR integration in image-guided tumour ablations, synthesizing findings 
from five human studies that met the inclusion criteria, which focused on AR techniques in image-
guided tumour ablation. These studies utilized various AR setups, including optical-based AR systems 
and head-mounted AR devices, and examined diverse tumour types. The collective findings from the 
reviewed studies consistently showed positive results including reduced radiation exposure, shorter 
procedure times, and improved navigation and targeting assistance. Overall, the review suggests that 
AR systems enhance image-guided tumour ablations by improving the accuracy of ablation probe 
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placements and increasing efficiency, offering real-time guidance and enhanced visualization for opti-
mal needle placement. [39] 
 
Surgical precision and navigation: Historically, surgeons relied on 2D displays for complex operations. 
AR revolutionizes this process by projecting 3D images directly onto a patient's body. This significantly 
enhances their understanding of the surgical field, leading to more accurate and informed decision-
making. AR surgical systems are becoming increasingly sophisticated, addressing the critical need for 
real-time precise visualization in complex procedures. [40] AR allows surgeons to superimpose vital 
information, such as internal structures and areas of concern, onto the patient in real-time, a core de-
velopment is the refined ability to overlay high-resolution 3D images from pre-operative CT or MRI 
scans directly onto a patient's body during surgery making procedures safer and more efficient. [41] 
 
AR systems can project precise surgical guides, optimal incision lines, and planned trajectories directly 
into the surgical field. This assists surgeons in achieving greater accuracy, particularly in highly precise 
procedures such as spinal surgery, neurosurgery, orthopaedic interventions, and dental implant place-
ments. [28, 42, 43] In orthopaedic surgery, numerical and geometric data, as well as visual information 
from pre- and intraoperative medical images, are frequently utilized. Moreover, common mechanical 
orthopaedic procedures, such as screw, wire, or implant insertion and deformity correction, necessitate 
accurate knowledge of insertion point positioning in relation to the patient's anatomical structure. [44] 
Orthopaedic surgery encompasses a range of procedures, including hip, spinal, lower limb, shoulder, 
elbow, and knee operations.  Sakai et al. studied the use of AR, VR, and MR in spinal surgery, verifying 
the advantages of minimally invasive procedures. [45] Longo et al. examined the potential of AR, VR, 
and AI in aiding pre-operative diagnoses. [46] 
 
AR is widely used in neurosurgery, particularly for neuronavigation. Its advantages include reduced 
treatment complications, improved surgical outcomes, and shortened operative times. Neuro naviga-
tion systems, which have been around since 1986, utilize AR to superimpose pre-operative images onto 
the patient's visible surface, providing real-time anatomical visualization. [47] Hou et al. employed an 
augmented reality surgical navigation system on a low-cost iPhone. [48] Nevertheless, this method is 
limited in that it only displays AR images from particular viewpoints, rendering it unsuitable for real-
world surgical scenarios. Schlueter-Brust et al. developed an AR-based guidance system to assist the 
placement of Kirschner wires for glenoid component placement in total shoulder arthroplasty. [49] 
 
Telemedicine and Remote Collaboration: Telemedicine involves remote medical communication, a 
concept that originates from the use of telephones for information exchange between hospital systems. 
[50] AR significantly boosts telemedicine capabilities by enabling more interactive and visual remote 
consultations. [51] Specialists can provide real-time visual guidance and support to practitioners or 
even patients in remote areas, aiding in diagnosis, treatment, and emergency situations. 
 
Rehabilitation and Therapy: AR is being increasingly integrated into rehabilitation to enhance tradi-
tional therapies and improve patient outcomes. [52] This technology superimposes digital information 
onto the real-world, creating more engaging physical and cognitive rehabilitation environments that 
motivate patients and provide real-time feedback during exercise. [53] Gamified exercises motivate pa-
tients, while AR provides a safe environment for practicing daily activities and refining motor skills, 
beneficial for stroke recovery, brain injuries, or managing conditions like Parkinson's. [54] Condino et 
al. introduced the first wearable AR system, designed to assist patients in regaining shoulder mobility 
by offering real-time performance monitoring and an immersive, dynamic experience. [55] Research by 
Lamichhane et al (2023 and Ku et al. (2019) highlights that AR-based training, particularly for balance 
and mobility can lead to significant improvements in scores on scales like the Berg balance scale, espe-
cially when conducted for long duration. [56, 57] While the field is still evolving, the existing research 
indicates AR's significant potential in making rehabilitation more engaging, effective, and accessible 
for a wide range of conditions, from neurological disorders. [52] 
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Pharmaceuticals and Drug Discovery: In the pharmaceutical sector, AR helps researchers visualize 
complex molecular structures and drug-target interactions in dynamic 3D, aiding drug design and op-
timization. AR application like molecular rift allow researchers to engage with 3D molecular represen-
tations, thereby enhancing their comprehension of how drugs interact with their targets. [58, 59] it’s 
also used for patients education, helping them understand medications and administration instruction. 
[60] 
 
Challenges and Limitations 
Despite its immense potential, the widespread implementation of AR in healthcare has several signifi-
cant challenges. 
 
High Cost of Implementation: The initial financial outlay for advanced AR hardware (e.g. high-end AR 
headsets and specialized sensors) and the development of bespoke, medically validated software ap-
plications can be substantial. This poses a significant barrier to adoption for many healthcare institu-
tions, particularly smaller clinics or those with limited budgets. [61] 
 
Technical Limitations: AR technology, while rapidly advancing, is evolving. Current challenges in-
clude maintaining accurate and stable real-time tracking in dynamic clinical environments (e.g. ac-
counting for patient movement during surgery), a limited field of view in some AR devices, display 
resolution limitations, and the need for robust, low-latency processing power to avoid motion sickness 
or lag. 
 
Data privacy concerns: AR systems often process and display highly sensitive patient data (e.g. medical 
images and personal health information). Ensuring the privacy, confidentiality, and security of this 
information is paramount and requires stringent cybersecurity measures, robust data encryption, and 
strict adherence to regulatory guidelines, such as the Health Insurance Portability and Accountability 
Act (HIPAA). 
 
User comfort and Ergonomics: Prolonged use of current AR headsets can lead to physical discomfort, 
eye strain, headache, and fatigue. Improving the design, weight distribution, and ergonomics of AR 
devices is crucial for their widespread and comfortable adoption by healthcare professionals during 
long shifts. 
 
Lack of Robust clinical Evidence: While numerous pilot studies and anecdotal reports highlight the 
promise of AR, there is a need for more robust, large-scale, Randomised Controlled Trials to definitively 
demonstrate the long-term clinical efficacy, cost-effectiveness, and superior outcomes of AR applica-
tions compared to traditional methods. Some healthcare professionals may resist adopting new tech-
nologies due to a lack of familiarity, concerns about disruption to established workflows, or insufficient 
training. Comprehensive and user-friendly training programs are essential for facilitating adoption. 
 
Current and future Outlook 
AR continues to evolve rapidly and is a transformative force in the healthcare sector, with significant 
developments emerging from published research and industry innovations in late 2024 and throughout 
2025. [62] The current trajectory sees AR moving beyond experimental phases into more integrated and 
practical clinical applications, driven by advancements in hardware, artificial intelligence (AI) integra-
tion, and a growing understanding of its benefits. AR surgical systems are becoming increasingly so-
phisticated, addressing the critical need for real-time precise visualization in complex procedures. [40] 
The convergence of AR with AI and the Internet of Medical Things (IoMT) is a significant current trend, 
leading to more intelligent and predictive healthcare solutions. AI algorithms are being integrated to 
make AR experiences more adaptive and personalized. Efforts are ongoing to integrate AR systems 
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with existing Electronic Records (EHR) and hospital management systems to ensure smooth data and 
streamlined workflows. 
 
The future points towards more miniaturized and comfortable AR devices (resembling normal glasses), 
deeper AI integration for personalized care, and expansion into home-based care and patient self-man-
agement. Making AR an increasingly pervasive and essential component of modern healthcare. [63] 
Surgeons are constantly looking for more efficient methods to perform surgeries with a higher success 
rate, and technology can also be used in the Metaverse for complex surgical procedures. [64] The global 
AR in healthcare market is experiencing significant growth Reports indicate a market size of approxi-
mately USD 3.05 billion in 2023, projected to reach around USD 3.95 billion by end of 2025. [65] North 
America currently leads the market due to its advanced healthcare infrastructure and ongoing innova-
tions. [66] 
 
Conclusion 
AR has been successfully integrated into various sectors, including military, education, healthcare, and 
gaming. Augmented Reality is undeniably a transformative force poised to revolutionize the healthcare 
sector. Its ability to seamlessly blend digital information with the physical world offers a paradigm shift 
in medical education, clinical practice, and patient care. AR provides unparalleled opportunities for 
enhanced precision in diagnosis and surgery, more effective and engaging training methodologies, 
seamless remote collaboration among health care professionals, and empowered patient engagement 
in their own health journey. While challenges related to high implementation costs, technical limita-
tions, data privacy, and regulatory frameworks currently exist, ongoing research, rapid technological 
advancements, and increasing investment are actively addressing these hurdles. As AR technology 
continues to mature and become more accessible, its deeper integration into healthcare will undoubt-
edly lead to a future in which medical interventions are more precise, training is more effective, 
healthcare delivery is more efficient, and ultimately, patient outcomes are significantly improved. The 
projected substantial growth of the augmented reality healthcare market underscores that AR is not 
merely a fleeting trend, but a fundamental and enduring shift in how healthcare will be delivered in 
the years to come. 
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