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ABSTRACT 

The accumulation of augmented reality (AR) and virtual reality (VR) in radiology is 

transforming procedural planning, medical imaging, and diagnostics. These state of art 

technologies offer immersive and interactive experiences, enhancing precision in 

interventional radiology, medical education, and surgical planning. AR aids with vascular 

intervention, tumor localization, and precise medicine by overlaying imaging data onto the 

patient’s body in real-time. Virtual reality (VR) offers 3D holographic recreation of 

complicated anatomical structures to enhance medical training and diagnostic precision. 

Despite of proficient benefits of AR and VR there are many drawbacks of their usage in 

radiology, for example hindrances in the smooth integration with current workflows, high 

installation costs, and hardware problems. As AR is best suited for real-time procedural 

guidance, in contrary VR is excellent for education and in-depth image analysis.  

AR/VR both could be efficient in reducing diagnostic errors, refining strategies for surgeries, 

and patient outcomes. For amplifying the usage of AR/VR in clinical applications there is 

need of development in AI integration, user-friendly designs, and cost-effective solutions. To 

authenticate long term benefits, large-scale clinical studies are essential, while efforts to 

enhance accessibility will play crucial role in determining the widespread adoption. Evolution 

in AR and VR has potential to redefine radiology, eventually bridging the gap between 

technology and patient-centered care. Both technologies can improve surgical techniques, 

decrease diagnostic mistakes, and enhance patient outcomes. 

The research and development in AI integration, user-friendly designs, and affordable 

solutions can lead to the expansion of their clinical application. The efforts to improve 

accessibility can lead to wide recognition of these technologies, while vast clinical research is 

required to confirm their long-term advantages. As AR and VR develop further, they could 

revolutionize radiology by bringing technology and patient-centered treatment together. 

KEYWORDS: Virtual Reality (VR), Radiology, Medical Imaging, Procedural Planning, 

Interventional Radiology, Surgical Planning  

INTRODUCTION 

Imaging the human body for medical diagnosis and treatment dates back for some time 

now and has become revolutionized since its origin. The role of radiology has rapidly 

evolved since Wilhelm Rontgen discovered x-rays in 1895, to include advanced imaging 
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modalities, such as computed tomography (CT), magnetic resonance imaging (MRI), and 

positron emission tomography (PET).(1–4) These techniques revolutionized medical 

diagnostics by providing insight into interior structures without the need for invasive 

procedures, leading to greatly improved clinical decision-making.(5–7) The field has been 

substantially changed by technological advances, such as digital imaging that has displaced 

film-based approaches and artificial intelligence (AI), which now does some of the picture 

interpretation. With the incorporation of new technology into radiology, the focus is now on 

tools to help improve visualization, accuracy, and interaction, allowing for innovative 

solutions such as augmented reality (AR) and virtual reality (VR).(8–11) It all represents a 

sweeping shift, allowing clinicians to engage with imaging data in new ways. 

AR and VR are exciting technologists, especially in radiology, as technology is shining 

new in health care.(10,12,13) AR presented the virtual elements (for example, interacting 

with 3D anatomical structures, or imaging data) upon the real world that brought to an 

improvement of user perception of its environment.(12,14–16) AR does that by integrating 

digital information with the physical environment supported by devices such as head-

mounted displays (HMDs), smart glasses and mobile platforms.(17) VR on the other hand, 

submerge users in a fully virtual environment, isolating them from the real world. It offers 

unparalleled visualization of anatomical and pathological details by enabling the users to 

explore and manipulate 3D datasets.(18–21) Both AR and VR seem to great promise in 

radiology, by offering novel approaches to diagnostic imaging, medical education, and 

interventional procedures.(22–24) 

AR and VR’s applications in radiology have the capability to address key challenges in 

the field, for example enhancing spatial understanding of complex anatomy and also 

enhancing procedural precision.(25–28) In diagnostic imaging, AR provides real-time 

guidance for clinicians during interventions facilitates by superimposition of imaging data 

onto patients. In training and education, VR enables radiologists to practice interpreting 

images or performing virtual procedures without risk to patients by offering a safe and 

captivating environment.(25–27) In surgical planning, surgeons and radiologists collaborates 

using 3D visualizations of patient-specific anatomy using AR and VR, to improve 

preoperative planning and patient outcomes. As radiology becomes more twisted with 

precision medicine, AR and VR offer tools that can improve diagnostic accuracy, reduce 
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procedure times, and enhance patient safety.(28–31) Therefore, understanding the 

comparative strengths and weaknesses of these technologies is important for maximizing 

their impact in clinical practice.(32–34) 

Objectives 

This narrative review explores and compares the applications of augmented reality and 

virtual reality in radiology. Both AR and VR offer transformative potential, but their specific 

advantages, limitations, and clinical outcomes remain areas of ongoing exploration. This 

comparison can provide valuable insights into their respective roles in advancing radiological 

practices and guide future integration into healthcare systems. This review discuss the current 

clinical applications of AR and VR in radiology, their impact diagnostic accuracy, procedural 

outcomes, and patient safety, their comparative advantages and limitations in clinical and 

educational contexts, Which technology demonstrates better cost-effectiveness and ease of 

implementation in radiological practice, future directions for these technologies in radiology, 

and their integration be optimized. This review aims to provide a comprehensive 

understanding of the role of AR and VR in radiology, offering evidence-based 

recommendations for their adoption and future research. 

Overview of Augmented Reality (AR) in Radiology 

Augmented reality (AR) technology superimposes digital data, such as real-time data, 

annotations, or 3D images, onto the user's physical surrounding to create interactive and user 

rich experience.(35,36) It combines the real and virtual worlds, allowing simultaneous 

interaction between them. In radiology, AR enhances visualization by projecting imaging 

data (e.g., CT, MRI, or ultrasound scans) onto the patient’s body or a physical surface to 

facilitate better spatial understanding of anatomical structures and pathological 

changes.(37,38) For example, for accurate localization during interventions or surgeries, AR 

enables radiologists and clinicians to see a 3D display of a tumor overlaid on a patient’s 

body.(31,38,39) 

A proper AR system consists of different parts like cameras and sensors which compile 

information from the physical environment to match virtual and physical content. Processors 

are the other part which offers real-time digital overlay rendering and spatial data 

analysis.(35,36) Display devices which use mobile devices, smart glasses, or head-mounted 

displays (HMDs) to provide AR material to the user.(35,36) Software algorithms are also the 
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most important part that compile imaging data, process sensor inputs, and ensure accurate 

virtual object alignment (registration) with the real world.(40) 

AR-enabling technologies 

AR applications in radiology require a number of devices and technologies, including 

head-mounted displays (HMDs) like Magic Leap and Microsoft HoloLens provide immersive 

augmented reality experiences, allowing users to interact with digital overlays without using 

their hands for other tasks.(41,42) Google Glass and other lightweight smart glasses can 

display simple augmented reality content, making them suitable for diagnostic or educational 

contexts. AR software-enabled smartphones and tablets offer portable and convenient 

solutions for tasks like surgical planning and picture review.(41,43) Optical or 

electromagnetic tracking methods ensure accurate alignment of virtual objects with the 

patient's anatomy.(41–43) 

Uses in Clinical Settings 

1. Interventional Radiology 

To guide minimally invasive procedures, imaging technologies such as fluoroscopy, CT, 

or ultrasound are being used frequently in interventional radiology (IR).(43,44) AR adds a 

new dimension by providing real-time, three-dimensional overlays of imaging data directly 

onto the patient’s body, significantly improving accuracy and efficiency. During biopsies, AR 

can help radiologists precisely locate and target lesions by projecting 3D imaging data onto 

the patient.(44) This increases diagnostic yield while cutting down on procedure time. AR 

also helps in catheter placement as during vascular interventions, it enables real-time 

visualization of blood vessels, guiding catheter navigation with greater precision. AR can 

assist in tumor ablation because in procedures like radiofrequency ablation, AR helps 

radiologists visualize the tumor’s boundaries and adjacent critical structures, minimizing 

damage to healthy tissue.(9,45) 

AR-guided procedures decrease reliance on fluoroscopy which reduces radiation exposure for 

both patients and clinicians ultimately improving procedural accuracy.(46) 

2. Surgical Planning 

AR is being utilized in radiology more and more to help surgeons with pre-surgery 

planning and intraoperative guidance, especially in cases involving complex anatomy.(39,47) 

AR aids in preoperative visualization as it enables the creation of patient-specific 3D models 
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of organs, tumors, and vascular structures, allowing surgeons to study the anatomy in detail 

before the operation. AR, for instance, can be used to project the vascular anatomy of the 

liver during surgery, assisting in the planning of resections while maintaining healthy 

tissue.(47) It is also helpful for intraoperative guidance as AR systems can overlay imaging 

data onto the surgical field, so it guide incisions and instrument placement during 

surgery.(40,48) This is especially helpful in minimally invasive procedures where there is 

little opportunity for direct visualization. In Orthopedic surgeries AR increases the surgical 

precision while providing aid in bone alignment and implant placement, reducing the 

requirement for preoperative CT scans.(12,48) Better patient outcomes, shorter procedure 

times, and a lower risk of complications have all been linked to AR-driven surgical 

planning.(49) 

3. Education and Training 

Augmented reality has turned up to be a significant tool with regards of medical 

education and training, particularly in radiology, where understanding of intricate anatomical 

structures and imaging data is crucial.(17,25) Teaching anatomy by using augmented reality 

applications, students can view 3D models of somatic structures superimposed on cadavers or 

real mannequins. Such methods increase the chances of enhancing spatial memory and 

comprehension.(50) Radiological interpretation augmented reality platforms offer trainees 

immersive environments with real-time feedback and annotations, in which they can practice 

interpreting imaging studies.(27,50) Procedural simulations through AR-based simulators 

enabled radiologists to rehearse secure and lifelike training settings like catheter insertions 

and needle biopsies, by image-guided procedures.(27,35,51) Unlike traditional simulators, 

AR enables trainees to interact with real-world objects while visualizing virtual overlays, 

bridging the gap between theory and practice. Training programs and educational institutions 

have reported that AR has improved procedural skills, learner engagement, and 

comprehension of complex concepts. (27,35,51,52) 

Advantages of AR in Radiology 

1. Enhanced Precision in Interventional Radiology 

As compared to conventional imaging methods augmented Reality (AR) has brought 

revolution to interventional radiology by amplifying the accuracy of procedures.(43) For 

instance CT or ultrasound, they provide 2D representations of 3D structures, which make 
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clinicians to interpret the spatial relationships of anatomical features by mind 

mapping.(43,45) On the other hand AR removes this complication of mind mapping by 

directly superimposing 3D imaging data onto the patient's body. This allows internal 

structures to be seen in real-time.(15,45) AR provides real time guidance which makes it 

easier to precisely navigate tools during procedures like tumor ablations, catheter insertions, 

and biopsies. The possibility of harming healthy tissue declines with AR, as during liver 

tumor ablation AR projects the tumor's borders and nearby essential structures which give an 

accurate tumor location.(9,44) AR offers decreased radiation exposure by providing 

extremely accurate spatial localization which reduces the need for fluoroscopy, which 

eventually lowers radiation exposure for both patients and medical professionals. The idea 

that AR-guided interventions improve patient outcomes is supported by many 

researches.(9,50,53) As it decreases procedure time and increases accuracy of outcome data 

eventually leading to enhanced efficiency.(46) 

2. Improved Understanding of Complex Anatomical Structures 

Among the prime advantages of AR in radiology the most significant is that it improves 

the visualization of intricate anatomical relationships.(54,55) As in radiology the 

understanding of the spatial arrangement of structures depends on the precise diagnosis and 

treatment planning. Conversion of 2D imaging data into interactive 3D models helps 

surgeons and radiologists to better understand complex anatomical patterns.(25,55,56) For 

instance, in cardiac imaging AR helps with preoperative planning via offering a detailed view 

of the heart's chambers and vessels, to deal with conditions like congenital heart defects. AR 

enables personalized treatment plans by allowing physicians to use each patient's unique 

imaging data to develop customized anatomical models.(54,56) AR fosters better 

communication among multidisciplinary teams by projecting imaging data in 3D space, as 

collectively all members can interact with and interpret the data.(25,55) 

Limitations of AR 

1. Challenges in Hardware Integration 

Instead of the extreme potential of AR, there are a lot of technical obstacles in this area, 

particularly when it’s about integrating and implementing hardware systems in clinical 

settings.(44,57) Cost and complexity could be a challenge as advanced AR devices like head-

mounted displays (HMDs) and tracking systems are expensive and require specialized 
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training, limiting their widespread adoption in resource-constrained environments. AR could 

be less useful for prolonged operations and surgeries.(44,57) It’s because of its heavy or 

unwieldy headsets, which can make user uncomfortable if wore for extended periods of time. 

Seamless integration of AR systems with already-existing imaging devices, like CT or MRI 

scanners is crucial. In spite of that, it is still difficult to ensure compatibility across various 

platforms and devices.(58) 

2. Dependence on Accurate Alignment of Virtual and Real-World Data 

The clinical utility of AR in radiology is severely limited by its reliance on accurate 

spatial alignment (registration) between virtual overlays and the real world; any misalignment 

raises the possibility of diagnosis or treatment errors. Attaining the exact alignment between 

virtual object and real world anatomy can be technically difficult, mainly in dynamic 

environments, where patient movement or physiological changes (like breathing) can cause 

errors in registration.(44,57) AR systems need to process and render data in real time, to 

guarantee effortless and precise overlays of image. Latency problems can result from data 

processing delays which make virtual objects, lag or not line up with real-world structures. 

AR dependence on high-quality imaging data, as the quality of the input data from imaging 

modalities determines how effective AR is. Poor image resolution or artifacts can degrade 

AR performance and reduce its reliability.(44,57) 

Virtual Reality (VR) in Radiology 

Virtual Reality (VR) immerses users in a fully synthetic, computer-generated environment 

designed to replicate real-world or abstract scenarios.(59,60) VR totally replaces the user's 

environment with a virtual space, in contrast to Augmented Reality (AR), which 

superimposes virtual elements onto the real world.(36,60) Virtual reality (VR) tracks the 

user's head, hand, and body movements to create an engaging experience, which provides 

real-time visual, aural, and occasionally tactile responses. This interaction is enabled by 

advanced hardware and software integration. In radiology, virtual reality (VR) is helping to 

improve procedural planning by offering an interactive environment for analysis, 

interpretation and instruction. This enables users to manipulate 3D medical imaging data 

(such as MRI or CT scans) using handheld controllers or motion-sensing 

technologies.(41,61,62) Virtual reality (VR) is being used to visualize intricate anatomical 
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structures, interpret diagnostic imaging, and simulate radiological workflow which will also 

help in making better decisions.(41,62,63) 

VR-Enabling Technologies 

Developments in hardware and software have fuelled the broad use of virtual reality in 

radiology: Head-Mounted Displays (HMDs), these gadgets allow submerging oneself in 

virtual worlds for instance, the Oculus Rift, HTC Vive, and Meta Quest. Such HMDs provide 

high resolution images which give radiologists a more detailed and interesting experience 

with a broad field of view.(41,57,61,62,64) In order to manipulate data more precisely 

radiologist use motion tracking technologies like Leap Motion and haptic gloves, which 

allow them to interact with 3D reconstructions through gestures.(65,66) Computing power is 

important to support flawless processing of medical imaging data and to create interactive 

VR environment, therefore modern GPUs and real-time rendering software (e.g., Unity, 

Unreal Engine) are used.(20,67) In order to enable radiologists to directly import and 

visualize imaging datasets in virtual space, VR platforms can integrate with Picture 

Archiving and Communication Systems (PACS).(58) 

Uses in Clinical Settings 

1. Diagnostic Imaging 

By reshaping conventional 2D imaging sections into interactive 3D reconstructions, 

virtual reality (VR) has boosted radiologists' comprehension and analysis of imaging data. 

Intricate anatomical areas, like the brain, spine, or vasculature, radiologists can explore 3D 

models of these structures, which gives them a more thorough grasp of spatial 

relationships.(57,68) This is particularly useful when diagnosing intricate conditions like 

tumor mapping or congenital anomalies. VR increase diagnostic accuracy because 

radiologists can examine imaging data with the help of virtual reality (VR) from different 

angles, this decreases the chances of interpretative errors that usually occurs in plane 2D 

imaging view.(1,69,70) Virtual reality (VR) can provide a comprehensive view of patient’s 

health, as it combine information from different imaging modalities (such as CT, MRI, and 

PET) into a single virtual model.(1,25,56) 

2. Radiology Workstations 

Virtual reality has converted traditional radiology workstations into enticing 

environments, which allows more sophisticated and effective image analysis. VR enable 
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radiologists to "walk into" the imaging data, allowing them to examine lesions, fractures, or 

vascular anomalies within 3D space.(1,56,68,71) Radiologists, surgeons, and other medical 

professionals can collaborate through VR-based workstations. So, multiple users can interact 

with the same dataset at once. VR platform increases the speed and precision of diagnosis 

while interpreting complex data, relatively because of ease of use that lessens the mental 

stress.(72) 

3. Education and Simulation 

Use of virtual reality in education and training has become popular these days, as it 

provides realistic and hand-on learning environment to medical professionals. VR-based 

platforms that mimic real-life radiological work flow, by using it students can get practical 

skills in a risk free environment.(71,73,74) Students can practice analyzing multi-slice CT 

scans or performing needle biopsies under imaging guidance. By engrossing users in a 3D 

model of anatomical structures virtual reality (VR) improves the learning of intricate ideas 

like organ systems or the course of disease.(52,69,71,75) Difficult clinical situations, like 

spotting minute fractures or determining uncommon diseases are mimicked in virtual reality 

simulations, providing users the opportunity to practice making decisions under pressure. By 

using virtual reality (VR) practicing radiologists can keep abreast of developing technologies 

and methodologies, to stay up-to-date with current industry developments.(2,35,52) 

Advantages of VR in Radiology 

1. Immersive Visualization for Complex Diagnostic Tasks 

VR allows radiologists to interact with complex anatomical and pathological features in a 

fully immersive 3D environment. VR applications, for example, increase diagnosis accuracy 

and treatment planning by allowing for in-depth inspection of tumors, fractures, and vascular 

anomalies from numerous perspectives.(68,70) By merging CT, MRI, and PET scans into a 

unified 3D model, virtual reality (VR) devices might help radiologists discover minor 

anomalies and better grasp spatial relationships.(1,4,76) Virtual reality's immersive 

visualization is particularly beneficial for complex preoperative planning. Radiologists and 

surgeons can virtually practice procedures to identify potential issues and enhance 

techniques.(46) Virtual reality systems encourage interdisciplinary teamwork by allowing 

radiologists and other medical specialists to collaborate in real-time. VR is a valuable tool for 
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case discussions and decision-making since it allows numerous users to interact with the 

same dataset at the same time.(59,61,64) 

2. Improved Educational Opportunities in Medical Education 

Virtual reality creates realistic clinical environments, providing medical students with 

practical experience. In a virtual environment, trainees can perform diagnostic and 

interventional procedures while honing their abilities without jeopardizing patient safety. 

Virtual reality (VR) can help practitioners and students understand complex relationships and 

structures in human anatomy, such as the organization of tissues, organs, and 

arteries.(52,73,74) VR-based training packages are effective for teaching technical skills such 

as interpreting images and guided needle placement. Virtual reality systems promote 

customized learning by adjusting scenarios according to the learner's proficiency 

level.(2,27,52,77) That boosts confidence and memory retention. VR can also become source 

of consistent development in professional, educational, and technological   fields.(58) 

Limitations of VR 

1. High Costs and Resource Requirements 

Advanced VR systems, such as high-resolution headsets (e.g., Oculus Rift, HTC Vive) and 

haptic feedback devices, often come with high acquisition and maintenance costs. This may 

prevent smaller healthcare facilities with tighter budgets from using VR. To successfully 

integrate VR in radiology, a strong computational infrastructure is needed, including strong 

GPUs, substantial data storage options, and smooth interaction with current imaging systems 

like PACS.(44,57) Not all institutions may be able to afford this level of infrastructure. 

Training of staff members is important in order to use VR systems efficiently and also cost 

money which increases the total budget. 

2. Isolation of Users from the Clinical Environment 

Virtual reality (VR) separates users from the actual clinical setting, even though it immerses 

them in a virtual environment. It can lead to reduction in situational awareness, most 

probably in cases when VR is utilized for teamwork or patient interactions.(44,57) As 

opposed to AR, which superimposes data on the actual world, VR replaces it entirely. This 

lack of real-time interaction between patient, medical equipment, and coworkers as AR could 

be a potential drawback.(72) VR use could impair user performance and prevent broad 
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adoption in clinical workflows. Because long-term exposure to VR may result in motion 

sickness, visual fatigue, or discomfort.(72) 

Table 1: Comparison of Augmented Reality (AR) and Virtual Reality (VR) in Radiology 

Feature Augmented Reality (AR) Virtual Reality (VR) 

Definition 
Overlays digital elements onto 

the real world 

Fully immersive digital 

environment 

Key Devices 
AR glasses, smartphones, 

tablets 
VR headsets, motion controllers 

Applications 
Surgery guidance, education, 

real-time imaging 

Radiology training, simulation, 

treatment planning 

Advantages 
Enhances real-world 

interaction, real-time updates 

Fully immersive experience, 

detailed visualization 

Limitations 
Can be expensive, requires 

precise alignment 

High cost, may cause motion 

sickness 

 

Comparative Analysis of AR and VR in Radiology 

1. User Experience 

Augmented reality (AR) enables radiologists to work with tools in the real world by the 

fusion of real and virtual-world elements, while superimposing digital data, like imaging 

data, on the patient or equipment. This leads to improves situational awareness, particularly 

in surgical guidance and interventional radiology.(26,78) On the contrary VR, transport users 

into an artificial environment offering them a fully immersive experience. Even though VR 

makes it possible to concentrate more intently on imaging data or surgical simulations, but it 

separates users from their immediate physical environment. This leads VR to make it less 

appropriate for tasks that call for multitasking or direct patient interaction.(13,73) 

Procedures like catheter placements, biopsies, and intraoperative imaging that call for real-

time decision-making and direct patient interaction are better suited for AR. In stressful 

dynamic clinical settings AR is a useful tool as it can superimpose digital data on actual 

objects.(26,79) On the other hand immersive qualities of VR make it ideal for non-clinical 

uses for instance education, training, and intricate diagnostic testing. Radiologists can study 
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complex 3D anatomical models in virtual reality (VR) without interruptions, something that 

might not be possible in a busy clinical setting.(27,80) 

2. Diagnostic and Clinical Outcomes 

Augmented reality (AR) enhances diagnostic accuracy by directly overlaying imaging 

data onto patients, enabling real-time correlation between imaging results and physical 

anatomy. For example, by offering real-time visual feedback, AR has enhanced the accuracy 

during vascular interventions and tumor ablation.(81,82) VR's immersive 3D visualization of 

imaging data has made better diagnostic comprehension possible. For example, while using 

VR, radiologists interact with volumetric data from CT or MRI scans, which aid them to 

identify unnoticeable peculiarities and complex pathologies that might have been missed in 

2D imaging.(4,9) A study showed that AR-guided liver tumor destruction therapy has higher 

localization accuracy and lower procedure times as compared to conventional ultrasound-

guided techniques.(23,27,83) On the other hand it has been demonstrated that VR-based 

training programs enhances radiologist’s and surgeon’s  procedural accuracy and skill 

retention when it comes to surgical planning for intricate craniofacial reconstructions.(58) 

3. Workflow Integration 

AR adopts perfectly with current radiology workflows as it augments rather than replaces 

in-person interactions. With AR-enabled smart glasses radiologists do not need to leave the 

procedure room or go to a different workstation to view imaging data.(84,85) What makes 

AR easier to adopt is its user friendly interface and compatibility with existing imaging data 

(e.g., ultrasound, CT, and MRI) without significant interruption. On the opposite side, 

specialized hardware (such as headsets like the Oculus Rift or HTC Vive) and sophisticated 

processing power are required for VR in order to render 3D images in real time.(1,39,84) VR 

demands serious infrastructure improvements, such as powerful GPUs, specialized areas, and 

strong software integration, might be required to implement VR workstations. Workflow 

disruption is easier in VR as users’ needs transition between virtual and real-world tasks, 

which lowers capacity in hectic clinical settings.(39,84,85) 

4. Cost-Benefit Analysis 

Although AR gadgets like smart glasses and head-mounted displays are reasonably priced, 

integrating them with imaging modalities might necessitate further funding. However, by 

increasing productivity and lowering complications, AR's improved precision and shortened 
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procedure times can more than make up for these upfront expenses. The high costs of VR 

hardware and infrastructure are a significant barrier to widespread adoption. (17,36,73,86,87) 

Additionally, VR requires ongoing expenditures for maintenance, user education, and 

software upgrades. Smaller radiology departments may find their budgets strained by these 

costs. AR provides observable clinical advantages, like better patient outcomes and lower 

procedural risks, which over time may offset its upfront expenses.(68,88,89) AR, for 

instance, can reduce radiation exposure and shorten procedure times, which can result in 

long-term savings. The main long-term advantage of VR is its potential to transform 

radiology research and education. Virtual reality (VR) has the potential to greatly improve 

medical professionals' skill sets by offering immersive and interactive training experiences, 

which will ultimately yield better patient care.(72) 

Table 2: Applications of AR and VR in Different Radiological Modalities 

Radiological 

Modality 
AR Applications VR Applications 

CT Scan 
3D visualization for surgical 

planning 

Virtual simulations for 

training 

MRI Real-time image enhancement 
Full 3D MRI-based 

training 

Ultrasound 
Live AR overlays for better 

guidance 

VR training for 

sonographers 

X-ray AR-assisted diagnosis 
Interactive learning 

modules 

 

Challenges and Limitations 

1. Technical Challenges 

Both AR and VR technologies rely significantly on specialized hardware, which still has a 

number of usability and reliability issues despite being extremely sophisticated. Smart 

glasses, head-mounted displays (HMDs), and other wearable technology must consistently 

connect to imaging systems and real-time data inputs in order to function in augmented 

reality. Problems like poor resolution, battery life restrictions, or device malfunctions can 

affect how well overlays work or how well you can interact with virtual data. Furthermore, 



 

1996 
 

the weight, size, or complexity of the operation of these devices may make them impractical, 

especially in hectic clinical settings. The efficacy of AR glasses decreases if they are used for 

prolonged time, as they may cause discomfort during lengthy procedures. Using VR can 

cause various problems that can hinder immersive experiences include motion sickness due to 

lack of synchronization between head movements and virtual environments or 

discontinuation in 3D images display. Furthermore, the prerequisites of VR systems like high 

class setup and calibration before use particularly in clinical settings make it difficult to 

operate. 

One of the main challenges of augmented reality is making sure that virtual information 

accurately aligns with the real world. While fundamentals of AR is the real-time fusion of 

physical and anatomical data obtained from the different imaging sources (such as CT, MRI, 

and ultrasound), minor misalignments can occur due to inaccurate overlays or differences 

between the two, which could cause mistakes in procedure instructions or diagnosis. So the 

accuracy of AR overlays becomes even more crucial in high-stakes settings like 

interventional radiology, where misalignment could lead to complications. In VR the quality 

of the input imaging data has an immediate impact on how accurately 3D reconstructions in 

VR work. The virtual model can produce inaccurate depictions of the patient's anatomy by 

exaggerating any flaws or artifacts in the original scans. For example, errors in a 3D model of 

a brain tumor could make it more difficult to plan surgery or use it for teaching. Making sure 

that virtual reality models faithfully capture anatomical details in the real world is therefore a 

crucial challenge. 

2. Clinical Implementation Barriers 

Extensive training of radiologists and support staff is crucial, which is one of the major 

obstacles to integrating AR and VR technologies into clinical practice. Learning AR and VR 

requires a lot of time and effort because of its complicated software and hardware. The 

radiologists have to work simultaneously with virtual overlay and physical instruments, so 

disruption can occur in workflow if they are not aware of AR usage. Users of virtual reality 

(VR) have to by train them not only to interact with virtual environment but also learn to 

interpret 3D data, which is different from conventional 2D imaging. So, additional time, 

money, and devoted teachers are needed to implement VR training into current settings. 
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Furthermore these settings need frequent updates according to updating hardware and 

software features which can also make incorporation of these setting even more challenging. 

Acceptance of AR and VR technologies could be an obstacle because of reluctance of 

conventional radiology, particularly by the healthcare workers with established practices as 

they have to adopt the new technologies, especially if their benefits are not immediately 

apparent or measurable. Users can show more hesitation to adopt AR and VR in 

environments where conventional methods (2D imaging) have history of success. 

Furthermore, if AR and VR are integrated in already existing clinical settings it would disturb 

the workflow and can create doubtfulness among radiologist and technicians. Also, 

integration of AR and VR demands extra time and efforts for setup, training, and operation. 

This could be a barrier particularly in busy hospital environment or imaging centers where 

immediate clinical benefits are required. 

3. Ethical and Legal Concerns 

While using AR in radiology the main ethical issue that rises is patient privacy. As real-time 

imaging data is superimposed onto the patient bodies, AR has to handle patient’s private 

information like scan, tests and surgical plans. If AR is unable to surely encrypt and protect 

the data, data breaches can occur. For instance, unauthorized people can access confidential 

patient data if AR system is composed poorly. Additionally, while using AR in interventional 

radiology personal data is shared across may need to be shared across numerous devices (e.g., 

AR glasses, patient monitoring systems, and imaging machines). In order to reduce these 

ethical and legal concerns adherence to patient privacy laws is needed, such as the General 

Data Protection Regulation (GDPR) in Europe or the Health Insurance Portability and 

Accountability Act (HIPAA) in the United States. 

Ethical and legal issues have more importance in terms of data security and VR stimulations, 

particularly with data being used for training and education. In order to create 3D models for 

surgical planning or diagnostic training VR use real patient data this imposes risk to data 

atomization and protection and if this data is not managed appropriately it may result in legal 

and regulatory infraction. Moreover, in VR accuracy to stimulated scenarios in clinical 

settings can be a concerning question. Inadequate data security measures may expose the 

integrity of the training data, which could affect the realism and effectiveness of VR-based 

educational tools. For example, a VR surgical simulation's 3D data could mislead medical 
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trainees and have an impact on their learning outcomes and subsequent clinical judgments if 

it is tampered with or compromised. 

Future Directions 

1. Innovations in AR and VR Technologies 

For further shaping the future of augmented reality and virtual reality in radiology the rapid 

advancements in hardware and software will play a prime role. With new tools like 

lightweight, more ergonomic glasses and headsets AR and VR systems are becoming easier 

to use and more accessible in clinical settings. For example, in order to enable AR for more 

precise and efficient real-time guidance during interventions like surgeries, biopsies, and 

catheter placements the creation of AR glasses with enhanced field of view (FoV) and 

augmented vision capabilities is required. In order to enhance captivating experience of 

radiologists with VR, developments in haptic feedback devices and multi-sensory simulations 

in the virtual reality space are anticipated, to make it easier for radiologists to interact with 

3D anatomical models. High-resolution imaging VR platforms can enable better visualization 

of somatic structures which could eventually lead to more accurate diagnosis. There is 

probability that the new generation of AR/VR will allow the integration of images from other 

modalities like functional MRI or PET scans. That will provide more detailed pictures to for 

diagnostics eventually leading to better treatment planning and diagnostics accuracy. 

One powerful tool that can advance AR and VR applications in radiology is artificial 

Intelligence (AI), which can increase diagnostic precision leads to automate data analysis, 

and enhance the viewing experience of medical images by incorporating AI-driven 

algorithms, such as deep learning models. In virtual reality simulations, for medical training 

and planning, AI may be used, in order to segment anatomical structures in 3D models, which 

could allow accurate and customized virtual environment leading to improve radiologists' 

training results. Moreover, in AR artificial intelligence AI can assist system in improving 

image alignment, tracking, and object recognition in real time. These AI algorithms in AR 

glasses and headsets could help in automatically adjusting virtual overlays with patient’s 

anatomy based on continuous tracking and updates from imaging systems. This integration of 

AI has the potential to improve procedure precision, decrease human error, and boost 

workflow efficiency in radiology departments. 

2. Expanding Clinical Applications 
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With development of technologies AR and VR influence in radiology is continuously 

increasing, such as telemedicine and remote diagnostics. With growth in telemedicine, 

radiologists can use augmented reality AR to remotely give instruction for procedures in real-

time from a distance. AR system can help local doctor or technicians in making decision by 

projecting real-time anatomical illustrations onto the patient body typically during an 

ultrasound or biopsy. Also remote assessment of a medical team by a senior radiologist is 

also possible due to this technology. On the other hand, VR also have ability of remote 

assessment with the representing data in 3D immersive environment enabling radiologists to 

analysis data and diagnose without being available on site. VR have potential for quicker 

diagnosis, by enabling remote modification and examination of data from CT scans or MRI 

particularly in places where imaging specialists are not available. VR also have potential for 

clinical trials with centralized VR system to connect professionals from remote areas for 

communal diagnostic discussions and analyze imaging data from a range of sources. 

3. Enhancing Accessibility 

The high cost of the necessary hardware and software is one of the main obstacles to the 

broad use of AR and VR in radiology, especially in environments with limited resources. But 

as AR and VR technologies advance, there is an increasing chance to cut costs with software-

as-a-service (SaaS) models, cloud-based VR platforms, and more reasonably priced hardware 

possibilities. This could make it easier for institutions in low- and middle-income countries 

(LMICs) to enter the market. To improve the accessibility and cost issue, the designing of 

mobile-based augmented reality applications able to run on both smartphones and tablets, this 

alternative would be beneficial for radiologists, teachers, and other medical personnel in areas 

with limited resources. Another important strategy to bring AR and VR in the areas where 

access to high-end imaging equipment is confined is to incite cooperation between 

government agencies, tech firms, and public health groups in order to sponsor the adoption of 

these technologies. Furthermore, if efforts of integrating AR and VR into telemedicine gets 

recognition it will help radiologists to use advance tool without requiring expensive 

infrastructure. This initiative could expand the scope and influence of radiology services in 

underprivileged areas that could guarantee fair access to medical care and enhance patient 

outcomes. 

4. Research Gaps and Opportunities 
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There are much more areas is available for research in radiology AR and VR, like research on 

combining these tools with new technologies like molecular imaging or AI-powered image 

identification which can create more advance instrumentation and diagnostic technique. 

There is limited research on application of AR/VR in radiology and their impact on 

efficiency, quality of care, and patient. More research including what AR and VR can 

achieve, routine radiology workflows particularly in busy hospital environments, remains an 

area to be explored. Another avenue of AR and VR that is possible in radiology — but not 

talked about enough — is the address of mental health needs stemming from medical 

imaging use, such as when radiology professionals are under stress during busy shifts 

performing high-stakes procedures, or patients are experiencing anxiety during imaging 

sessions. Virtual reality can provide patients with peaceful, immersive environments while 

undergoing diagnostic imaging, which may help ease the psychological burden of imaging 

procedures. 

Limited large-scale clinical studies have been performed to compare the efficacy of AR and 

VR in real radiology laboratories, one of the primary literature gaps. Most of the current 

evidence is limited to controlled trials, simulations, or small samples that may not capture the 

complexities of everyday clinical care. Well powered comparative studies that assess AR and 

VR effects on workflow efficiency, patient outcome, and diagnostic accuracy in a variety of 

clinical settings are needed. Longitudinal studies are also needed to evaluate longer-term 

impacts of AR and VR on innovative radiology teaching (such as skill retention and decision-

making capabilities). Digging deeper into the potential cost savings associated with AR and 

VR technologies could provide more measurable data to bolster decision-making at 

healthcare organizations. This form of research would facilitate extensive adoption of AR/VR 

technologies to radiology clinics and departments all over the world. 

Conclusion 

As AR and VR technologies continue to develop, they will shape the future of radiography. 

Given the advances of hardware, the integration of AI, and the push for novel clinical 

applications, AR and VR have the potential to render radiography a more accurate, 

accessible, and efficient field. However, the prevention of high costs, technical hurdles, 

clinical barriers, and research gaps can make it a widely used process. This approach 

explored the potential role of both Augmented Reality (AR) and Virtual Reality (VR) in the 
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field of radiology. These technologies have shown potential applicability in many 

therapeutic scenarios, such as diagnostic imaging and interventional therapies. Augmented 

Reality (AR) has been demonstrated to be useful in interventional radiology, either by 

providing the ability to see imaging data overlaid onto the area of interest in real-time 

guidance of treatments, such as during biopsies, catheter insertion, and tumor ablation, 

demonstrating its potential in surgical planning, providing 3D visualizations of patient-

specific anatomy, as in education aiming to enhance medical professionals learning 

experiences via interactive and immersive anatomical and procedural simulations. Virtual 

Reality (VR), conversely, is a specialized tool for provided three-dimensional immersive 

renderings of complex anatomy that allow the radiologists to explore diagnostic images from 

different perspectives. VR also finds applications in radiology workstations for advanced 

image analysis and interpretation and in medical education by simulating real-world clinical 

situations for training purposes. Although these clinical and instructional advantages are 

significant, they also face challenges due to technology limitations, capital costs, and clinical 

deployment. A comparison developing on AR and VR confirms that both have unique roles 

within the clinical setting. While VR is an immersive environment and good for diagnostic 

interpretation and training, AR's real-time linkage to the real world make it more appropriate 

for surgical guidance and interventional procedures. However, it is important to take into 

account the need for further refinement of these current technologies to fully leverage their 

potential advantages to clinical workflows and patient care. 

The incorporation of AR and VR in radiology is vital to enhance patient outcomes and 

diagnostic precision. These technologies can significantly change how radiologists diagnose 

or treat. These tools provide visualization of anatomical features and disease disorders that 

are often difficult to visualize using traditional imaging techniques, which can enhance 

diagnostic accuracy. AR minimizes the risk of surgical complications by providing real-time 

anatomical overlays and through this they can also provide better patient outcomes which are 

important for needle insertion, tumor ablation, and other such operations. While VR, provides 

immersive learning environment to assist radiologists and surgeons in performing difficult 

procedures more efficiently, resulting in better patient care which can also help patients, to 

better comprehend their condition, reduce anxiety, and increase adherence to treatment 

programs. The use of AR and VR in clinical practice simplifies radiology operations by 
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enhancing cooperation among healthcare teams and speeding up decision-making processes. 

The capacity to access imaging data while collaborating remotely and navigating difficult 

cases with greater ease adds to a more efficient healthcare system in general. 

Although AR and VR technologies are promising Technologies in radiography but future 

research or clinical adoption efforts should target various domains such as large scale clinical 

studies, to evaluate long-term effects of AR and VR on diagnosis accuracy, treatment 

outcomes and patient safety. Such research on its cost-effectiveness and accessibility is also 

needed to convince stakeholders that integrating these innovations into clinical practice 

would be economically beneficial. User-carried design and workflow integration, to build 

systems that don’t disrupt medical function but enhance them. There is also research 

required on training and education — for instance, to sharpen diagnostic and procedural 

skills. Laws and regulations, especially concerning patient privacy, data security, and 

regulatory compliance, should be targeted. Vendors must work closely with CIOs to ensure 

that these technologies serve the needs of radiologists and healthcare providers. 

Integrating Augmented Reality (AR) and Virtual Reality (VR) technologies into radiology 

can revolutionize the practice through enhanced diagnostic abilities, procedure performance, 

and medical training. With the adoption of these advanced technologies, the role of 

radiologists could be to deliver accurate and timely care through positive patient outcomes. 

But affordability, hardware integration, and clinical acceptance will be a key to their 

widespread adoption. Future research should be geared toward developing these technologies, 

with large-scale trials that show their therapeutic value and promotion of these technologies 

to health care workers worldwide. As they continue to get better, AR and VR are likely to be 

an integral part of the future of radiology. 
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