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Abstract 

Eye-tracking in virtual reality reveals what is behind an individual’s subconscious reaction and 

behavior when interacting with objects and environments while leveraging the complete 

control and flexibility of the virtual world. Virtual reality allows users to create any simulated 

environment where visual stimuli and scenarios can be easily switched or repeated. At the 

same time, eye-tracking data analysis gives valuable insight to what point in the experience 

the participant's visual attention is focused on and what visual elements trigger their stimuli 

responses. This research aims to find possible ways to determine visual attention in an 

immersive cardiac anatomy education using an eye-tracking VR head-mounted display from 

off-the-shelve software. Also investigated is the measurement and forecasting of user 

performance from the eye-tracking data. This research focuses on finding ways to analyze the 

Gaze replays of participants to determine how they look at focus areas and for how long. It 

also explores ways to visualize the gaze activity of the participants to identify where the 

participants focus their visual attention. It also focuses on detecting areas of Interest to 

determine how a population focused on one point or element versus another. Participant's 

Time to the first fixation, Dwell time, and number of Revisits per AOI, were recorded. A 

randomized controlled study was cconducted with 20 biomedical engineering master’s 

students. They used the Varjo VR-2 head-mounted display with integrated eye-tracking 

capabilities to study the heart architecture. Each participants took a pre-and post-intervention 

test to assess their performance, anatomical knowledge, and educational experience. The 

outcome revealed a considerable increase in performance among the participants. Further 

examination of the eye-tracking data found a link between visual attention and educational 

outcomes in medical training with a positive and strong correlation of (r = 0.68). 

KEYWORDS: Eye tracking, Virtual reality, Data analysis, cardiac anatomy, Varjo VR-2, 

Head-mounted display, Fixation, Gaze, AOI, 
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1 MOTIVATION 

Eye-tracking and its uses to assess visual attention in head-mounted devices (HMD) opens 

many possibilities for virtual reality experiences. Eye-tracking in virtual reality for education 

has been researched in various fields over the past years, and it has been used in 

humanitarian and medical research for a long time. Eye-tracking has become a valuable tool 

in numerous research areas such as cognitive psychology, usability marketing, information 

visualization research, on-road driving applications, eye control accessibility, and assistive 

technology [1]. Eye-tracking analysis has helped researchers determine what an individual 

sees, providing clues to what a person could be cognitively engaged in and supplying an 

informative window into a person’s thoughts and intentions. 

Eye-tracking is the measurement of eye movement and gaze activity [2]. The eye is one of the 

most acute and critical senses in humans. Nearly 80% of all sensory impressions is delivered 

to the brain via the visual channel. Vision also provides information at the highest speed and 

the visual cortex, in turn, accounts for about 60% of the whole cerebral cortex, considering all 

areas responsible for visual stimuli [3]. This means most of the information man gathers from 

the surrounding world is received using vision. Furthermore, cognitive behavior involves first 

measuring visual, verbal, and motoric operations [3]. 

The effectiveness of eye-tracking technology in various fields, its application in healthcare 

medical education, and the possibility of using it to examine healthy people make eye-tracking 

technologies suitable as a forecasting tool when investigating an individual's decision-making 

process or cognitive behavior in a virtual environment [3], [4]. Medical education is associated 

with several problems which lead to a limited spatial experience obtained from lectures and 

anatomic dissection. However, Virtual Reality has proved to be a valuable tool for training in 

all aspects of health sciences, particularly in cardiac anatomy medical education, as this 

appears to be particularly important for graduate students enrolled in courses like biomedical 

engineering.  

Most students are deficient in anatomy knowledge and would benefit from a better 

understanding of human anatomy, particularly the heart, which is the body region used as a 

case study in this research. With head-mounted displays, virtual immersion is achieved, and 

the user can manipulate and interact with virtual objects, move about in the virtual world, 

interact with other users. And with the eye-tracking capabilities of these devices, one can 

categorically tell what each student is paying attention to during the VR session. 

Therefore, this thesis aims to find possible ways to determine the visual attention of students 

in an immersive cardiac anatomy education using an eye-tracking VR head-mounted display 

from off the shelve software. Also to be evaluated is the possibility of analyzing the gaze 



2 
 

replays of participants to determine in what order they looked at focus areas and for how long, 

also to find possible ways to determine areas of interest and the possibility to forecast the 

performance of the user, will be noted as the primary outcome of this research and users 

experience in using VR and eye-tracking to study the heart will be pointed out as the secondary 

outcome of this research. 

1.1 Significance of Thesis: 

This thesis introduces an opportunity for researchers to explore different ways of eye-tracking 

data analysis explore topics of eye-tracking possibilities and their applications in various fields. 

This thesis will help biomedical Engineers who work towards bridging the gap between 

medicine and engineering to know precisely the digital processes involved in carrying out their 

best practices, enhance learning processes for clinical research and guarantee a better user 

experience and efficiency of products. 

1.2 Structure of Thesis: 

The rest of this thesis is structured as follows: chapter two (2) focuses on definitions and 

provides an overview of the human visual system, virtual reality technologies and VR systems. 

It discusses eye-tracking technologies, eye tracking systems, and their applications. It 

provides an overview of the application of Virtual Reality in medical education as well as 

anatomy in medical education. Chapter three (3) talks in-depth about related research in 

Virtual Reality and eye tracking. The state-of-the-art case studies of eye-tracking in VR and 

education is discussed here. Chapter four (4) presents the approach and methodology applied 

in achieving the expected result. Chapter five (5) presents the result and discussion of the 

experiment and the outcome of the results. Chapter six (6) provides the conclusion and future 

work related to this thesis. 
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2 LITERATURE REVIEW 

This chapter discusses the human visual system, Virtual Reality, Virtual Reality systems, and 

their various components. It also presents tracking modalities in Virtual Reality and its various 

applications in education, medical education, and cardiac anatomy. VR as discussed in this 

chapter reveals the effectiveness of its application in different fields such as medicine and 

generally in education. It provides insight into how various virtual technologies can give more 

insights into human cognitive behaviors and the possibility of enhancing knowledge and 

functions of various parts of the body and how they can be analyzed. Eye-tracking 

technologies, their applications, methods, related works, and the approach used in analyzing 

the recorded eye-tracking data are also being discussed in this chapter.  

2.1  Human Visual System 

Vision is one of the most critical senses humans rely on. This proposes the necessity to 

understand users’ visual perception to be able to analyze the reactions that are to be expected 

from viewers observing specific visual stimuli [5]. The image below represents a general view 

of the human eye. 

 

Figure 2.1: Schematic view of the human eye [6]. 
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The Optics of The Eye 

The optics of the eye controls the amount of incident light and adjusts the focal distance of the 

eye to a clear projection of observed objects. This comes from the light of a scene entering 

our eyes to the corresponding visual perception. The parts of our human visual system can 

be roughly divided into four components: 

The Retina turns the projected visible light into electrical signals, which are passed on to the 

optic nerve. It covers most of the posterior part of the inner surface of the eye, onto which the 

image of the scene is projected. It performs phototransduction, i.e., it converts visible light into 

electrical signals. The retina starts at the optic nerve on the posterior side of the eye and gets 

thinner while it extends forward almost to the ciliary body. Depending on prevalent lighting 

conditions, different components and processes are engaged within the retina [5]. Hereby, 

vision in bright light (daytime) is called photopic vision while it is called scotopic vision for low 

light (night-time). Interestingly, visible light passes through the retina almost completely before 

being collected in the penultimate retinal layer to be processed from back to front.  

Visual Pathways: Nerve fibers starting at the optic nerve, transmit foveal, peripheral, left, and 

right-eye signals to corresponding areas of the brain. 

The Visual Cortex is the (primary) region within the brain that is dedicated to actual image-

forming visual processing. 

Other muscles that control the orientation of the eye include: 

The Cornea: The cornea is the first component of the eye that is relevant to the path of incident 

light. It is a small part of transparent tissue that covers the front side (anterior) of the eye’s 

surface. It is the most powerful optical focusing component within the eye due to its strong 

convex curvature and refractive index like water. After passing the cornea, light enters the 

space called the anterior chamber, which is filled with an aqueous liquid, a water-like fluid. 

The Iris: The Iris controls the amount of light that enters the internal area of the eye. It is the 

part of the eye that creates our characteristic eye colours which result from individual 

differences in its pigment distribution. By contraction of the iris, the circular opening in its 

center (aperture), known as the pupil, can be increased, or decreased in size (∼1–8 mm) to 

adapt to bright (daylight) and dark (night-time) situations. 

Vestibulo-Ocular Reflex: This is a gaze stabilizing reflex that ensures gaze stability during 

locomotion and passively induced head/body movements The Vestibulo-Ocular Reflex has 

three main components: the peripheral sensory apparatus (a set of motion sensors: the semi-

circular canals, SCCs, and the otolith organs), a central processing mechanism, and the motor 

output (the eye muscles). The semi-circular canals sense angular acceleration to detect head 
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rotation; the otolith organs sense linear acceleration to detect both head translation and the 

position of the head relative to gravity. The semi-circular canals are arranged in a push-pull 

configuration with two coplanar canals on each side (like the left and right horizontal canals) 

working together. During angular head movements, if one part is excited the other is inhibited 

and vice versa. While the head is at rest, the primary vestibular afferents have a tonic 

discharge which is exactly balanced between corresponding canals. During rotation, the head 

velocity corresponds to the difference in the firing rate between semi-circular canal pairs. 

Knowledge of the geometrical arrangement of the semi-circular canal within the head and of 

the functional properties of the otolith organs allows one to localize and interpret certain 

patterns of ocular misalignment. This is based on the experimental observation that stimulation 

of a single semi-circular canal leads to the vestibular-ocular reflex to slow phase eye 

movements that rotate the globe in a plane parallel to that of the stimulated canal. 

Other important terms relevant for this research include: 

Foveal Vision: This refers to vision within the central visual field, roughly corresponding to 

the fovea centralis on the retina. It provides the best visual acuity, i.e., high spatial resolution 

and rich colour perception due to the high density of retinal cone cells. The foveal vision most 

of the time coincides with the current object of interest (OOI), which renders someone’s point 

of interest a good estimate of attention [7]. From the foveal region outwards, visual acuity 

decreases with increasing eccentricity. While there is no well-defined boundary, there is 

usually a smooth transition between high versus low-detailed perception in our visual field, the 

respective regions are still distinguished into foveal and peripheral vision. Dynamic foveated 

rendering is one most promising new technology in eye tracking. It creates a more realistic 

method to observe the virtual reality scene, while simultaneously reducing the load on 

hardware. Dynamic foveated rendering sharpens the image based on where the user is 

looking and reduces the image quality in the peripheral, i.e., the area on the field of view that 

the user is not fixated on. It can do this based on gaze data. 

Peripheral Vision: This is the opposite of foveal vision, i.e., perception for outer regions of 

the visual field with large eccentricities from the fovea. This roughly corresponds to regions 

outside the macula lutea at the retina. Peripheral vision generally provides lower visual acuity, 

this means – Lower spatial resolution primarily due to the lower density of cone cells and the 

larger number of aggregating connections to their subsequent retinal (mostly ganglion) cells, 

Reduced color perception due to the high amount of color-insensitive rod cells (as compared 

to the number of color-sensitive cones) in the peripheral retinal regions, and higher temporal 

resolution for medium eccentricities of the visual field (decreases for far peripheral regions). 
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Attention: Attention summarizes all biological, cognitive, and behavioural factors that 

influence our selection mechanisms for concentrating on or filtering out some information or a 

discrete aspect of some information. Attention is often separated into overt and covert 

attention. Overt attention refers to the process of directing foveal vision towards a stimulus, 

i.e., directly looking at the current location. Covert attention, on the other hand, describes 

mentally focusing on one out of multiple available stimuli without actively focusing on it. it is 

possible to directly look at an object without paying attention to it [7]. The gaze path with which 

we explore our environment may thus be different for overt and covert attention. While there 

is no known mechanism to measure covert attention, overt attention can be recorded precisely 

and at high temporal resolution using eye-tracking. Besides directing our focus, overt attention 

also enhances the perception of attended objects as compared to unattended areas i.e., 

attention increases the neuronal sensitivity which results in enhanced apparent visual 

contrast. 

2.2 Virtual Reality  

Virtual Reality uses computer technology to create a simulated environment to give a user an 

immersive experience. Virtual Reality allows users to explore and interact within a three-

dimensional, computer-generated environment. Recent technological trends utilize virtual 

reality headsets or multi-projected environments in real-time, in combination with other 

materials in the physical environments, to generate highly realistic images, sounds, and other 

sensations as in the real world. This chapter gives an overview of virtual technologies with 

basic definitions of some important and relevant terminologies such as Virtual Reality (VR), 

Augmented Reality (AR), Mixed Reality (MR), interaction possibilities in VR amongst others. 

Virtual reality cannot be discussed without mentioning Milgram’s diagram which explicitly 

explains the concept of virtual reality and how it relates to human interactions. 

 

Figure 2.2: Milgram’s Reality-Virtuality Diagram[8]. 
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Milgram’s reality-virtuality diagram, as shown in Figure 2.2, is a continuous scale that connects 

the completely real environment to completely virtual ones ranging between the complete 

virtual, “virtuality”, and the completely real, “reality”. Therefore, it refers to all scenarios in which 

the display of an otherwise real world is augmented with virtual (computer graphic) elements 

and embraces all potential variations and compositions of actual and virtual objects. As a 

result, Augmented Virtuality is the inverse case on the virtuality continuum (AV) which gives 

rise to Mixed reality [8]. This concept was first introduced by Paul Milgram et al. 

Augmented/ Mixed Reality: Augmented reality is the technology that expands our perception 

of the physical world, adding layers of digital information, deploying virtual images over real-

world objects. Augmented Reality allows objects to also appear in direct view of an existing 

environment, with sounds, films, and pictures added. A total sense of the physical (real-world) 

environment with superimposed computer-generated images, thus changing the perception of 

reality, is AR [9]. Mixed Reality offers a setting where both physical and virtual elements 

coexist, allowing for effortless interaction. MR combines physical objects in at least one 

physical environment and virtual objects in at least one virtual environment and runs 

interactively (often called real-time) and then spatially maps physical and virtual objects to 

each other [10]. The concept of a "virtuality continuum" relates to the mixture of classes of 

objects presented in any display situation, as illustrated in Figure 2.2, where real environments 

are displayed on one end of the continuum, while virtual environments are shown on the other 

[11]. 

2.2.1 Elements of VR Systems 

A virtual reality system is a computer capable of creating a three-dimensional environment in 

which the user takes an active role and interacts with the artificial world through a variety of 

multisensory interfaces [12]. The main features of a virtual world are as follows: 

Interaction in real-time: The experience of a direct effect of a virtual environment with the 

change of location in a virtual environment and the experience reacts to what you do in the 

virtual world e.g., moving around, manipulating objects.  

Immersion: This is the extent to which a system provides a plausible illusion. E.g., 

suppression of outside-world, how many sensory organs of the user are involved, is the user 

included in the virtual environment, and the information quality. 

Presence/Imagination: This gives a user an experience of being there and they get the 

feeling that they are there in the real place.; as they can see, listen to, and touch. (accept what 

you see as the truth). 
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Navigation:  Users can be either mobile observers or static in the virtual environment. If there 

are moving, it could be in the form of walking, speaking, using a vehicle, touching an object, 

within the environment, pointing in any direction. 

Scale: The scale of the virtual environments can be altered, changing the relative size of users 

in respect of the virtual world, and allowing users to become the same size as the smallest or 

the biggest objects. 

Viewpoint:  This is where users can change their perspective at any time and will.  Users 

could, for example, transfer their viewpoint to a specific artificial world object or process, or 

even to the viewpoint of another participant, while moving at any speed in any direction. A VR 

system is usually composed of  

• Graphic rendering systems 

• Input tools (trackers, gloves, or user interface) 

• Output tools (visual, aural, and haptic) 

• Database construction and virtual object modeling software 

2.2.1.1 Graphic Rendering Systems 

Display technology has advanced very rapidly, pulled along by the television, presentation-

projection, and LCD-device markets, rather than just the still-small VR market. As VR was 

developing, it spilled over to the relative merits of various formats of displays such as head-

mounted displays (HMDs), CAVE-like (Cave Automatic Virtual Environment), panoramic 

projectors, workbench projectors, and desk-top display [13]. The visual display portion of a VR 

display generally has the most influence on the overall design of the VR system. This influence 

is due to the visual system being the predominant means of communication for most people. 

It could be stationary, head-based, or hand-based, and each has its advantages and 

disadvantages. 

Head Mounted Display (HMD): The most noticeable advances in HMDs have occurred in 

resolution, although color saturation, brightness, and ergonomics have also improved 

considerably. According to Frederick P. Brooks, in 1994, one had a choice of costly and 

cumbersome CRT HMDs, which had excellent resolution and color, or economical LCDs, 

which had coarse resolution and poor saturation. Today economical LCDs have an acceptable 

resolution (640 ×480 tricolor pixels) and good color saturation [13]. HMDs are image display 

units that consist of a helmet and small CRTs or liquid-crystal displays (LCDs) in a pair of 

goggles. The field vision on the display screens is expanded by the optical system producing 

an imaginary screen that appears to be positioned several meters in front of the viewer. Some 
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types are mounted on the face in the form of glasses. Development and improvement of the 

technical aspects of these systems have been recently carried out. HMDs have the following 

features: large wide-range screens are possible for vision, weight reduction is possible for 

usability, and it is possible to superimpose the image on an external scene employing a see-

through function [14], [15]. Below are some of the popular head-mounted displays used in 

Virtual Reality. 

 

Figure 2.3: Popular models of head-mounted displays for VR [16] 

Stationary Displays: Some VR headsets are fully immersive, meaning they create a three-

dimensional (3D) environment that appears to surround the user. These screens are 

frequently paired with sensors to create a more immersive experience. Many of the headset's 

sensors are used to track position and orientation. The following are some instances of these 

displays: 

• Cave automatic virtual environment (CAVE): A cave is a virtual reality and scientific 

visualization system. A walk-in room for complete immersion in the VR environment. It 

projects stereoscopic images on the room walls (users must wear LCD shutter 

glasses). This approach assures superior quality and resolution of viewed pictures and 

a wider field of view than the HMD based system [17]. Below is an example. 



10 
 

 

Figure 2.4: Cave [17] 

 

• Powerwall: With many projectors or a single projector, one can create a VR wall for 

transition-free pictures. It's a big, ultra-high-resolution display made up of a matrix of 

smaller screens, which could be monitors or projectors. Powerwall must be 

distinguished from displays that are just huge, such as the single projector display used 

in many lecture halls. These monitors rarely exceed 1920x1080 pixels in resolution; 

thus, they display the same amount of information as a typical desktop display. Users 

using Powerwall displays can see the display from a distance to get a broad overview 

of the data (context) or approach closer to examine data in fine detail. This process of 

moving around the display is called physical navigation and can help users to better 

understand their data [18]. 

• Domes: Dome is a virtual reality solution for creating distortion-free 3D visuals of 

nearly any size [18], [19]. VR domes are created using small screens capable of 

projecting high-resolution visuals that look like the actual surrounding. They take the 

shape of a dome and frequently provide a lot of space and precision in visuals, as well 

as space for several users, and a major benefit is that the user can walk about freely 

without being restricted. It is frequently used in presentations. Other application areas 

include projecting the virtual appearance of the universe, flight and driving simulation, 

entertainment industry, art galleries, and screening other content according to the 

preference of the target audience. 

Panoramic Displays: In a panoramic layout, one or more screens are alternately positioned. 

This works well for groups. Inter-disciplinary design reviews frequently employ this format.  

2.2.1.2 Input / Output Devices 

The input devices are the tools that the user uses to engage with the virtual environment. They 

convey signals to the system about the user's actions so that suitable responses can be 
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provided to the user in real-time through the output devices. They can be classified into 

tracking devices, point input devices, bio-controllers, and voice devices. Tracking devices 

sometimes referred to as position sensors, are used in tracking the position of the user and 

they include, electromagnetic, ultrasonic, optical, mechanical, and gyroscopic sensors, data 

gloves, neural and bio or muscular controllers [20]. 

Trackers: Positional tracking is a technique for calculating a device's position to its 

surroundings. To determine its absolute position, it employs a combination of hardware and 

software. Positional tracking is a critical component of virtual reality (VR), allowing for the 

tracking of movement with six degrees of freedom (DOF)[20], [21]. DOF is a particular way in 

which a body may move in space. This may be a rotation about some axis or sliding along a 

straight line (the latter is referred to as a translation). Position tracking tells the VR system 

where the users are located within a VR space [22]. However, a position often called a point, 

on the other hand, is a single location in two-dimensional (x, y) or three-dimensional (x, y, z) 

space that may or may not be occupied by a physical object. Positions exist before we 

measure or describe them in any way, but to conduct computations, we need to supply 

coordinates for positions [23], [24]. Optical, inertial, electromagnetic, mechanical, ultrasonic, 

and neural trackers are among the tracking methods used in modern VR systems, each with 

its own set of benefits and drawbacks [25]. Regardless of the technology used, all 3D trackers 

have a few critical performance metrics in common, including accuracy, jitter, drift, and latency. 

Audio Input: Speech recognition systems are becoming more and more practical, and they 

offer a great way to communicate naturally with computers. This is especially true for virtual 

reality applications, where the goal is to give the most natural interface possible. The ultimate 

voice recognition system would be able to recognize context and use it to interpret speech, as 

well as handle a continuous stream of speech from any speaker. When a speech recognition 

system is "trained" by the speaker who will be directing the program, and when each word is 

interpreted as a discrete utterance rather than continuous speech, it functions best. Presently, 

most speech recognition algorithms link audio sounds to word strings. These strings are then 

matched with a set of pre-programmed possible responses. Overall, voice recognition 

technologies have the potential to make virtual reality more immersive and intuitive to use. 

However, until computers are capable of perfect continuous voice recognition, the system 

chosen must be adapted to the specific purpose. Furthermore, no matter how advanced voice 

recognition systems evolve, there will remain interface tasks for which speech input is 

inappropriate [26]. 

Controllers: Controllers allow you to interact with the virtual world. It helps the user register 

its hands and finger movement in a virtual environment. In a virtual world, controllers enable 

you to register your hand and finger movements. They convert your physical, mechanical hand 
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(and/or body) actions into digital movements within your chosen virtual world. Although all VR 

controllers appear to be similar, they differ in several ways, and even tiny variances become 

noticeable once you've used them for a while. They differ in terms of tracking precision, their 

build quality, ergonomics, battery life, degree of movement. Most VR controllers come with a 

set of buttons, triggers, and typically a thumb stick that allow you to grab, push, throw, and 

move around virtual objects [27]. The simplest type of control device is one that has a small 

number of discrete positions or states. A basic button is such a device with two positions: 

depressed or released. Others can have two or more positions to which they can be set. 

Multiple buttons are often mounted on handheld props, allowing a user to trigger an event 

based on where they are pointing the prop or on other criteria [26]. Below are examples. 

 

Figure 2.5: Examples of Controllers [27]. 

Output Devices 

The output devices receive feedback from the VR engine and transmit it to the consumers via 

the appropriate output devices, stimulating their senses. Graphics (visual), audio (aural), 

haptic (touch or force), smell, and taste are some of the various classifications of output 

devices based on the senses. The first three are commonly used in virtual reality systems, 

whereas smell and taste are still uncommon. The stereo display monitor and the HMD, which 

provides a higher level of immersion, are two prominent graphics solutions. The brain 

interprets the two independent views produced by the HMD to provide a 3D view of the virtual 

world [28].The importance of audio or sound in VR is only surpassed by that of video. The 

user's perception of the world is an important aspect of a virtual reality experience. Their 

physical impression of the virtual world is entirely dependent on what the computer shows 

them. We use the term "display" to refer to any technique of displaying data to the senses. At 

least five senses provide information to the brain in the human perceptual system. In a VR 
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encounter, synthetic stimuli are frequently provided to three of these senses: visual, auditory, 

and haptic. VR systems deceive the senses by delivering computer-generated sensations to 

one or more of these senses rather than natural stimuli. We won't rank the importance of 

specific senses to the quality of a VR experience; however, we will argue that including extra 

senses improves the overall quality of the experience. 

2.2.1.3 Virtual Object Modeling Software  

Virtual reality is a complicated and integrative technology that borrows from a variety of other 

fields, including real-time 3D computer graphics, tracking technology, and sound processing. 

As a result of the flexibility and real-time nature of software development, among other things, 

Interaction is essential. Starting with the fundamental codes in C/C++, Java, and Python, one 

can build a VR system. Rendering systems such as OpenGL, for example, necessitates a 

significant amount of labor because it provides us with a large set of functions that can be 

used to manipulate graphics and images. VR development tools are utilized. Because of the 

differences in the flexibility provided by different software packages in terms of model input 

available, interface compatibility, file format, animation ease, collision detection, supported I/O 

devices, and support community available to users, careful consideration is required when 

choosing VR development tools [28]. 

To design, produce, and allow interaction with the VR hardware, software systems that 

transfer the description of the virtual environment to the VR hardware frequently use a range 

of application libraries and toolkits. These systems can be divided into four categories: world 

creation, hardware interface, software interface, tools for rendering, and application 

development. A graphics library is a set of software functions that are used to create visuals 

that allow a user to perform somewhat complicated actions with relatively basic commands 

whiles Toolkit are an expandable library of object-oriented functions that allows you to call 

subroutines and functions developed to meet VR requirements World Toolkit, Java 3D, and 

General Haptics Open are a few examples. Toolkit for software Minimal Reality, GHOST, 

OpenGL, Silicon Graphics' (Open) Performer library Virtual Reality Toolkit, CAVE Library, 

Toolkit (VRTK) [22]. Although good computer programming abilities are still required for some 

VR experiences, there are software packages meant to make building VR applications easier. 

 For sectors like scientific visualization, several commercial companies offer predesigned VR 

applications. Now, design teams spend almost no time on these concepts and can devote 

nearly all their attention to the following issues: Storyboarding; Representational mapping and 

aesthetics (what to render rather than how to render); Building the virtual world; Landmarks 

and other wayfinding aids; Interactivity between the user and the virtual world; Effective and 

entertaining presentation methods; and Problem solving and creativity (meeting the needs of 
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the user). Similarly, teams can now be built around scientists, artists, doctors, instructors, and 

students. However, there are several pre-designed medical VR apps on a variety of platforms 

including Android, Daydream View, Samsung Gear VR, iOS, HTC Vive, PlayStation VR, and 

Oculus Rift that require no computer programming skills to use. For this thesis, a pre-designed 

off-the-shelve medical application from steam was used.  

2.3 Tracking Modalities 

Various tracking modalities exist for interactive Virtual Reality as well as augmented reality 

systems. They allow for real-time interaction with digital environments via natural body 

movements which strongly contributes to the experienced degree of immersion and determine 

the range of possible applications using interaction possibilities of the user. Effectively, all VR 

and AR reality systems provide at least orientation tracking (pitch, yaw, roll), also referred to 

as 3 degrees of freedom (D.o.F) tracking, to allow for the typical VR experience. In addition, 

most devices also provide tracking capabilities for additional translation movements 

(horizontal, vertical, forward, backward), yielding 6 D.o.F in total [5], [29]. Among the various 

ways presented in recent decades, there is a great deal of variation. Mechanical tracking, 

which used a physical connection to a fixed external point in conjunction with sensors to detect 

telescopic rod extension and joint bending angle, was the first of such technologies. According 

to Brian Bucknor et al (2019), another technology that has been used is magnetic tracking, 

mostly composed of two independent sub-systems to determine orientation and position. 

Magnetometers are utilized to measure the device’s orientation relative to the earth’s static 

magnetic field. For positional tracking, multiple orthogonal electromagnetic coils are used to 

calculate the relative offset to an active electromagnetic source [30]. 

Currently, the most widespread technology is optical tracking, which relies on cameras 

operating in the infrared or visible light spectrum. Numerous different approaches to optical 

tracking have been proposed in related research during the last decades. Marker-based 

tracking is a basic approach that relies on ordinary cameras to track artificial markers of known 

shape and size with a predefined well-recognizable pattern. These markers are attached to 

the user or other dynamic objects whose motion should be captured. While such markers can 

be detected very reliably, marker-based tracking is not always applicable due to lighting 

conditions or limitations for attaching the markers on object surfaces. Simultaneous 

localization and mapping (SLAM) algorithms denote another category of optical tracking 

approaches for which the camera is attached to the user or the moving object. These 

approaches are also known as inside-out tracking. 
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Figure 2.6: Diagram showing inside out and outside in tracking [29], [31]. 

While SLAM-based tracking can provide high accuracy and does not pose specific 

requirements on the surroundings, it does not typically reach necessary refresh rates, Depth-

based systems using infrared light identify another group of approaches. They operate on 

depth maps that are usually constructed using time-of-flight or active stereo principles in the 

infrared light spectrum [29], [32]. While optical systems have shown great performance at a 

reasonable cost, all of them come with a common restriction: they require an unhindered line 

of sight, regardless of whether from external cameras onto the user or from the user onto the 

surroundings. Moreover, computer vision algorithms are computationally expensive 

operations, so such systems do not reach high refresh rates. Therefore, many HMD devices 

employ combinations of different technologies, e.g., magnetic inertial components for fast 

motion recognition, together with slow but stable optical tracking to prevent long-term drift [29], 

[33]. 

Head tracking, nevertheless, is one of the most important tasks of any immersive reality 

device. While in general tracking, requirements heavily depend on the application, fast and 

precise tracking of position and orientation of the user’s head is required to dynamically align 

the virtual viewing perspective to the viewer’s physical motion in real-time. As already pointed 

out in the previous paragraphs, this is needed to achieve a high level of immersion in VR 

devices. Therefore, head tracking represents the very basic form of motion tracking, that is 

provided by essentially any immersive system. 

Eye Tracking describes another specialized field of motion tracking method that aims to track 

the gaze of a user’s eyes relative to the head. In combination with either a fixed, known head 

position or an accompanying head tracking system, this enables estimating the actual 3D 

viewing direction. In the case of binocular eye tracking, even the focus distance can be 

determined based on the intersection point of the two eyes’ gaze direction vectors [29]. 
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The application of Eye-tracking provides reliable quantitative data especially in biomedical 

engineering as it helps to give insight into cognitive/natural behaviour, provides a high level of 

details for the design, development, and testing of devices for clinical research, that can help 

in education, monitoring, management, support, and replacement of vital body parts or 

devices. As in our case, the heart. 

2.4 Applications Of VR 

Military Training:  

Training simulation in the military field fosters the combat skills of small-scale units or single 

soldiers by simulating actual vehicles, soldiers, and combat environment. With a VR headset 

and controllers, trainees are completely immersed in virtual environments. For example, a 

flight simulator can be combined with a virtual world to represent a genuine war. Traditional 

military drills are costly and time-consuming. Using augmented and virtual reality technologies, 

both elements can be considerably minimized [34]. 

Surgical Simulation Training: 

Surgical simulators are being developed to train surgeons in new procedures such as 

minimally invasive surgical techniques which allows many operations to be performed on 

patients through incisions resulting in minimizing possible damages to the surrounding tissues 

and muscles of the body. Systems like microsurgical robots have been manufactured for use 

in such types of surgery. The objective of these systems is to enhance the accuracy and 

dexterity of a surgeon by enhancing and augmenting visual images, filtering hand tremors, 

and performing safety checks.  

 Entertainment: 

The trend in computer gaming is towards more realism with techniques to render the world 

from the perspective of the player. This has led to an amazing improvement in the price and 

performance of computer graphics hardware. Recently, the cost of hardware for physically 

immersive displays has become low enough for many game enthusiasts to purchase them 

from home. The added feeling of being immersive when comparing the desktop version of a 

game to an adaptation to the CAVE VR display indicates that the computer game community 

embraces Virtual Reality. Virtual reality has also been applied to other areas of use such as 

medical, educational, artistic, and anatomical uses 

Education 

It's no longer simply about employing virtual technologies in the classroom; technology 

advancements now allow for a variety of options with varying levels of participation and 
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immersion. Virtual Worlds (VWs) are one of these options, as they may be utilized or altered 

to teach students about any subject, such as construction safety or medicine and health 

education. Virtual Worlds can be customized to provide a flexible virtual learning environment, 

and features such as sharing any user's computer desktop, showing presentations, 

participating in videoconferences, drawing on whiteboards, sharing files, and more are 

available. These VW facilities are accessible via computer desktop VR, but when HMDs 

become more affordable, of which they are becoming more and more available and affordable 

by the day, a more immersive learning experience will be possible. This makes it possible to 

incorporate 3D VR into virtual learning environments as it has already been used in medical 

education or cinemas. VR helps in education as a data gathering and feedback tool. It gathers 

information on human or user performance which is one of the main objectives of this thesis 

work.  

In recent years, research in the field of human-computer interaction has concentrated on 

navigation and interaction metaphors. Bowman and Hodges (1999), as well as Hand 

(1997)[35], analyze the most recent interaction approaches established for manipulating 

objects, navigation, and application control in 3D virtual environments, and suggest 

methodologies for empirical evaluation of these techniques. Metaphors are extremely valuable 

tools for improving learning: if we want to discover something new, we first must be able to 

imagine this. Metaphors also have a heuristic value, as they are a means for our imagination 

to build clear ideas rather than vague concepts. Analogies and metaphors have the power to 

alter our conceptual systems and change the form in which students see the world [36] 

Nonetheless, Virtual Reality is motivating, and students also have a positive attitude towards 

using VR in their learning process. 

Medical Education 

Virtual reality offers educational potentials in most of the following areas: data gathering and 

visualization, project planning and design, the design of interactive training systems, virtual 

field trips, and the design of experiential learning environments. Virtual reality also offers many 

possibilities as a tool for non-traditional learners, including the physically disabled and those 

undergoing rehabilitation who must learn (or relearn) communication and psychomotor skills 

[37]. However, in medicine, it offers tremendous potential, both as a tool for medical practice 

and for training medical students, especially those training to become surgeons. In terms of 

medical education, numerous businesses have introduced virtual reality surgical simulators 

that provide both visual and tactile feedback. The first healthcare applications of VR started in 

the early ’90s with the need of medical staff to visualize complex medical data, particularly 

during surgery and clinical planning. The growing interest in medical applications of VR is also 

highlighted by the increasing number of scientific articles published every year on the topic of 
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virtual reality in medicine [38]. VR has been used as a communication interface: presence and 

avatar to provide the remote patient with a feeling of embodiment that has the potential to 

facilitate the clinical communication process and positively influence group cohesiveness in 

group-based therapies. Further studies on VR analyzed multiple simultaneous users, in 

particular the patient and the therapist, who can communicate with each other through their 

avatars. VR has also been used to examine and investigate the ability to recognize emotions 

and to improve social interaction, teaching students how to express their emotions and 

understand those of others. All these studies collectively yielded encouraging results in 

identifying emotions and in the improvement of social performance. Virtual worlds are a 

fascinating field that can be used for clinical instruction and therapies.   Clinicians and students 

can better comprehend essential physiological concepts and basic anatomy by using 3D 

visualization of enormous amounts of data and databases. In this way, virtual reality may be 

used as both a didactic and experiential educational tool, allowing for more in-depth learning 

of the inter-relationship of anatomical structures that cannot be achieved by any other means, 

including cadaveric dissection. Apart from anatomical training, VR has been used for teaching 

the skill of performing different tasks like a 12-lead ECG, and in all these cases, VR simulators 

allowed the acquisition of the necessary technical skills required for the procedure [36], [38]. 

Cardiac Anatomy 

Anatomy is very widely recognized as one of the most important aspects of medical education. 

Virtual anatomy is seen during this thesis as a tool that allows users to visualize and learn 

anatomy in a very interactive way. Cardiac anatomy can be challenging to understand 

because of its complex three-dimensional nature and remains one of the most challenging 

topics to teach. Considering some exciting technological advances in the field of virtual reality 

(VR) [39]. Cardiac surgery also is facing a rapid development of new operative techniques and 

technologies. The growing complexity of the subject requires continuous training and 

education based on up-to-date information. Computer-assisted learning and teaching play an 

increasing role in surgical and medical education. Physically interacting with a three-

dimensional model (3D) in medical education, it is vital to understand its physical construct 

and to gain a sense of confidence and familiarity [40]. This is especially important for medical 

learners in the field of anatomy. Unlike a page in a textbook, a student can interact with a 

cadaver or patients using VR. Students in our study were exposed to VR and they 

demonstrated significant improvement in their understanding of cardiac anatomy and a great 

level of user satisfaction which should not be ignored when checking user performance and 

attention level which is the aim of this thesis. And because low-cost VR gear and software for 

health professions education are becoming more widely available, VR can now be easily 

integrated into clinical instruction. The immersive and interactive elements of this technology 
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allow the development of both cognitive and psychomotor skills, leading to significantly better 

results in global medical competence development among novice learners. VR enhanced 

anatomy can help overcome the gap from theoretical anatomical knowledge to the clinical 

application of these concepts, which are necessary for the practice. These practical concepts 

include partial relationships of anatomical structures and a better understanding of 

visualization plains[41]. Students could appreciate the sizes and proximity of various cardiac 

structures in VR, as a large percentage of students usually strongly agree that “Cardiac VR 

assisted them in viewing the size differences of various structures.” This is especially true for 

small internal anatomic structures. As seen in the figure below from our study in this thesis, 

the anatomy of the heart [39]. 

 

Figure 2.7: Virtually dissected heart in (VR) along the anterior-posterior clipping plane from 

Sharecare VR  [39][42]. 

2.5 Eye Tracking 

Eye-tracking is simply understanding the state and activity of the eye. This includes the point 

of gaze, the duration of the gaze, the movement of the pupil, and how it reacts to different 

visual stimuli. It is also about where one is not looking, what they ignore, and what gets them 

distracted. Eye movements are human behavior that occurs averagely three times per second. 

It is an indicator of the data which is being received at the actual moment by the subject. It 

allows one to observe and analyze the way a person looks at an object which makes it possible 

to see in detail what is at the central direction of gaze as well as follow the visual attention 

path of the user [43], [44]. By tracking and analysing these eye movements, one can gain 

valuable insights into human behaviour, physiology, psychology, perception, and visual 

attention. 

2.5.1 Eye Tracking - Technologies and Metrics 

Modern eye tracking involves an array of infrared or near-infrared light sources and cameras 

that track the gaze behavior of one (monocular) or both (binocular) eyes [45]. In most modern 

systems, an array of non-visible light sources illuminates the eye and produce a corneal 
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reflection (the first Purkinje image); the eye tracker monitors the relationship between this 

reflection and the center of the pupil to compute vectors that relate eye position to locations in 

the perceived world [46]. As the eyes move, the computed point of regard in space also moves. 

Different visualization techniques and/or variations of one technique provide the basis for a 

visual stimulus[47]. Due to the complexity of the spatiotemporal gaze data, we usually must 

derive other, more simplified dependent variables from the raw gaze data to perform eye data 

analysis. The raw gaze data is usually pre-processed by an appropriate filter algorithm to 

detect fixations and saccades. The processed data can then undergo statistical analysis. 

Typically, the data must be further aggregated to allow for the application of statistical 

methods. An important class of analysis approaches is based on eye-tracking metrics derived 

from the processed eye-tracking data. Objects or specific regions on a stimulus can be of 

special interest for easy analysis. By defining boundary shapes around these areas of interest 

(AOI), fixation data can be mapped to these areas [47]. Common eye-tracking matrices 

involved in eye-tracking studies and relevant to this study are as follows: 

Fixation: Fixation occurs when the eye stops collecting visual data. They are regarded as eye 

movements that stabilize the retina over a stationary object of interest. they are non-static but 

entail minuscule tremors, drifts, and micro-saccades that occur due to physiological 

peculiarities of the human visual system. A fixation count metric is defined by the number of 

fixations per AOI, which indicates the relevance of the AOI for the users. The sum of fixation 

durations may be used to compare the distribution of attention between AOIs [47], [48].   

Gaze Point:  The basic units of measuring the eye movements are gaze points, one gaze 

point is one row captured by the eye tracking device. 

Saccades: These are rapid eye movements that reposition the fovea to a new location in the 

virtual environment. They are also fast jumps made by the eye between fixations in a static 

environment. the eye moves from one point of interest to another to acquire new visual data 

in high resolution. Due to the speed of saccades, vision is suppressed. Thus, they are not as 

significant in gaze tracking as fixations are. Yet they do reveal information about the course of 

fixation and visual attention. The characteristics of the saccades indicate the quality of visual 

cues in the stimulus or the extent of visual searching. For example, large saccade amplitude 

can indicate meaningful cues that draw attention from a distance, or a high frequency of 

saccades could come from much visual searching. 

Smooth pursuits: These are movements characterized by smooth transitions of the eyes. 

e.g., the movement of the eye following a passing car. As visual intake is possible during 

smooth pursuit, the movement is relevant for eye tracking. 
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Area of interest: This is a specific area in a stimulus that a researcher is particularly interested 

in gathering data about. AOI, are regions of a stimulus displayed on a screen defined by the 

user. AOIs are evaluated with the performance of two or more specific areas in the same 

picture, website, or any program interface by separating them for easy identification and 

analysis 

Fixation Sequence: Fixation sequences can be generated based on fixation position and 

fixation time. It depends on where a respondent looks and for how long. We can build an order 

of attention where the respondent looked first, second, and so on. This parameter is used in 

research as it reflects salient elements in the display or an environment that catch much 

attention. AOI’s that respondents look at first are visually more salient and hence are of more 

interest.  

Respondent count: This metric allows to extract more information about the number of 

respondents who had gaze direction towards a specific AOI.  A higher respondent count 

indicates that fixations and gaze points are driven by some external aspects in the stimulus.  

Time Spent: Time spent specifies the amount of time that respondents have spent on a 

specific AOI.  It often indicates motivation and conscious attention because long prevalence 

at a region points to a high-level interest.  

Dwell time: This is also known as gaze duration and can be defined as one visit (from entry 

to exit) in an AOI and is the sum of all fixations and saccades in a particular area of interest 

(AOI) [49]. Dwells can be calculated only if the AOIs were set for the stimulus. This differs from 

fixations which can be calculated even if there are no AOIs for the stimuli [44], [49]. 

Dwell time is used to check the participant's interest in an object or to check its level of 

information acquisition. A higher dwell time could be an indicator of uncertainty and poorer 

awareness of scenarios or difficulty in extracting information from the scene of the display. 

Dwell time is also a key parameter in gaze-based interactions with computers. The sum of all 

dwell times in a particular AOI over a trial is called the total dwell time [49]. 

2.5.2 Eye-Tracking Methods 

Electro-Oculography: In this method, sensors are attached to the skin around the eyes to 

measure an electric field that exists when the eyes rotate. By recording small differences in 

the skin potential around the eye, the position of the eye can be estimated. By carefully placing 

electrodes, it is possible to separately record horizontal and vertical movements. However, 

the signal can change when there is no eye movement. This technique is not well-suited for 

everyday use since it requires the close contact of electrodes to the user but is still frequently 

used by clinicians. However, it is a cheap, easy, and invasive method of recording large eye 
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movements. The big advantage of this method is its ability to detect eye movements even 

when the eye is closed, e.g., during sleep [50], [51]. 

Scleral Search Coils: This is when a coil of wire moves in a magnetic field, the field induces 

a voltage in the coil. If the coil is attached to the eye, then a signal of eye position will be 

produced. To measure human eye movements, small coils of wire are embedded in a modified 

contact lens. This is inserted into the eye after local anaesthetics have been introduced. An 

integrated mirror in the contact lens allows measuring reflected light. Alternatively, an 

integrated coil in the contact lens allows detecting the coil’s orientation in a magnetic field. The 

advantage of such a method is the high accuracy and the nearly unlimited resolution in time. 

Its disadvantage is that it is an invasive method, requiring something to be placed into the 

eyes [51]. 

Infrared Oculography: The infrared oculography measures intensity of reflected infrared 

light. In this eye-tracking method, the eye is illuminated by infrared light which is reflected by 

the sclera. The difference between the amounts of IR light reflected from the eye surface 

carries the information about the eye position changes. The light source and sensors can be 

placed on spherical glasses. Hence it is an invasive method. The infrared oculography has 

less noise than electro-oculography but is more sensitive to changes in external light tension. 

The main disadvantage of this method is that it can measure eye movement only for about 

±35 degrees along the horizontal axis and ±20 degrees along the vertical axis [50], [51]. 

Video Oculography: Video-based eye tracking is the most widely used method in commercial 

eye trackers. Until recently, eye gaze tracking was a very complex and expensive task limited 

to only laboratory research. However, rapid technological advancements (increased processor 

speed, advanced digital video processing) have lowered the cost and dramatically increased 

the efficiency of the eye-gaze tracking equipment. Video oculography makes use of single or 

multiple cameras to determine the movement of the eye using the information obtained from 

the images captured. Video-based eye tracking systems may be invasive or non-invasive. 

Each category again splits into two other categories depending on the kind of light used: visible 

light or infrared light [51]. 

2.5.3 Eye-Tracking Systems 

Eye trackers are available in several hardware configurations, including systems with a chin 

rest for head stabilization, remote systems that can accommodate a limited extent of head 

movements, and newer mobile wearable systems. Each of these factors has relative 

advantages and disadvantages for spatial accuracy (i.e., tracking precision), tracking speed, 

mobility, portability, and cost. Eye trackers provide several measures of visual behavior that 

are relevant for understanding the interpretive process; these are categorically referred to as 
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movement measures, position measures, numerosity measures, and latency measures. 

Today, most eye-tracking systems are video-based, with infrared illumination and eye video 

cameras depending on the type of study to be carried out, the environment, and the 

experiment. Eye-tracking systems can be categorized as head-worn (mobile) or screen-based 

(remote) based on how they interface with the user environment [52]. 

HEAD-MOUNTED DISPLAYS: Mobile eye-tracking, also referred to as head-mounted or 

wearable devices, usually has an additional camera that records the scene or field of view 

[53]. Mobile eye-tracking devices are mainly binocular, making them ideal for real-world 

experiments. Head-mounted devices are less invasive than other eye-tracking technologies 

such as infrared oculography, electrooculography, and Scleral Search Coils. Head-mounted 

displays are more comfortable, and they can be worn with other technologies such as 

electroencephalography (EEG) [53], [54] There are also head-mounted displays with 

integrated eye-trackers, like virtual and augmented reality devices where the user can interact 

with contents via eye movements and controllers. Below are some examples. 

 

Figure 2.8: Mobile Eye-tracking device [55]. 

 

Figure 2.9: Integrated system [55]. 

SCREEN-BASED EYE TRACKING SYSTEMS: Remote eye-tracking systems, commonly 

called screen-based eye trackers, do not touch the user in any way, measure the eye from a 

distance, and are mainly used for screened-based interactions. The advantage of remote eye 

tracking systems is that the participant can naturally use a computer while the eye-tracking 

system records data. However, the limitations of remote eye-tracking devices are that they 
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can only be used in fixed working areas, resulting in data inaccuracy and artifacts when the 

participant excessively moves their head. They are also intolerant to infrared (IR) sources such 

as sunlight, mainly if the sun is reflected in the participant’s eyes. We also have head-stabilized 

eye-tracking that utilizes some method of restricting the participant's head movements, usually 

via a chinrest. These are typically high-fidelity research systems used in neurophysiology or 

vision experiments where participant comfort is secondary to accuracy and 

precision. Sometimes head stabilization is done in conjunction with another technology that 

already immobilizes the head. 

 

Figure 2.10: Head-Stabilized Eye Tracking [55]. 

Below is a table to show the differences between eye-tracking systems, their use cases, and 

some of their limitations. 
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Table 2.1: Showing differences between eye-tracking systems 

Eye-Tracking 

Systems 
Typical Use Limitations 

Head-Mounted 

Displays 

Used in real-world human behavior 

experiments 

Used in rehabilitation, sports training, 

kinesiology, and ergonomics. 

Medical analysis and high-fidelity 

simulator vehicles experiments. 

Augmented and virtual reality 

Statistical data require more 

subjective analysis 

Highly specialized to a 

particular use case. 

With AR/VR experiments, 

participants must tolerate the 

weight of the device. 

Screen-Based 

Systems 

Used for high fidelity experiments in 

neuroscience. 

Used in experiments with EEG and 

where sample rates and accuracy are 

important. 

Used in assistive communication 

experiments, market research for TV 

commercials, websites, 

advertisements, Gaming, etc. 

Used for screen-based vision 

experiments. 

Participants must stay within 

the range of the camera 

Not portable and uncomfortable 

over a long period 

Excessive head movements 

can cause inaccuracy 

 

2.6 Application of Eye Tracking 

Aviation: Video-based eye-tracking technologies have been extensively used in various 

industrial applications. According to Daniel Martinez-Marquez. et al, it was discovered that 

there are 13 main applications of eye-tracking technologies for the aviation, maritime, and 

construction industries, of which visual attention is the most studied aspect in eye-tracking 

research in these industries. And based on this finding, according to this finding the aviation 

business accounts for 56 percent of eye-tracking studies on visual attention and gaze pattern, 

with the remaining 44 percent split almost evenly between the maritime (20%) and 

construction (24%) industries. Human mistake, which may be linked back to decreased mental 

performance and attention failure, causes most accidents in the aviation, maritime, and 
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construction industries [56]. A range of external and internal elements, such as emotional 

state, risk perception, training, and human-machine interactions, can influence human mental 

performance (HMIs)[53]. Visual processing takes up over half of the brain's neuronal 

networks., making the vision a key element in cognitive performance [56]. As a result, visual 

information processing analysis is a valuable tool for identifying the aspects that influence 

human performance. Most psychology and neuroscience studies have concluded that eye 

movement can help understand the visual, cognitive, and attentional aspects of human 

performance. An eye-tracking device is a valuable tool for determining eye movement and 

position information. This unique device records eye movement data, which may be used to 

analyze a person's mental state, better comprehend cognitive processes and behavior, and 

interpret people's responses to various visual stimuli. 

Behavioral science: Eye-tracking has been extensively used and studied over the last 

decade in behavioural and cognitive science. Many studies that have been carried out present 

eye-trackers as a suitable technology for recording changes in cognitive behavior. Research 

has shown that results from certain experimental studies correlate with measures of social 

impairment and with autism symptom severity [57]. Face processing, as well as language 

skills, are also significantly associated with standards of social attention. A strong association 

between face processing skills and attention to faces has been reported for children; more 

studies suggested that attention to a speaker’s mouth and eyes could be a predictive measure 

of how fast the words are recognized among children with autism. These results indicate that 

eye-tracking methods are promising for studying social attention in cognitive science and can 

be successfully used in analyzing children with mental disabilities. 

Design: There has been a variety of research reporting a wide use of eye-tracking technology 

in various fields of design. The technology has been implemented in graphic design as well 

as other computer-based visual evaluation methods to measure the distribution of visual 

attention over the past decades [1]. Eye-tracking has been used in various research to assess 

computer-based visual tools, which helps in decision-making processes.  

Usability testing: This area is of crucial importance in the commercial industry, where eye 

tracking is being used to study internet sites and applications of various companies. Not only 

for marketing purposes but also in learning interactions of the process with the applications to 

check what objects are scanned, being looked at and what products a customer is interested 

in. Eye-tracking has its use in modern commerce, where current methods have not provided 

satisfactory results. It concerns both macro-and micro-level navigation. Macro-level navigation 

refers to the layout of product categories in the entire area of a shop or one shelf. It relates to 

the communication of categories and sales sections. Eye-tracking studies aim at suggesting 

an appropriate layout of products for clients to freely move around the shop and at the same 
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time to have all the informative elements within reach of their sight. Micro-level navigation 

consists in building planograms, i.e., the optimum layout of products on a shelf. This aims at 

adapting sale space for it to be as efficient as possible. Aside from sales in its value and 

quantitative approach, clients’ needs should also be considered. e.g., placing the product on 

Eye tracking is used during qualitative studies and supplements the process of studying 

shelves.  In this part of the study, various shelf arrangements, advertising materials, price 

labels, wobblers, etc., are tested. The behaviours of respondents are examined with the use 

of an eye tracker in conditions that are as natural as possible. 

Medicine: Eye-tracking has been extensively used in medical research. This has been 

reported and reviewed in many papers over the past decade. Eye-trackers have been used 

alongside machine learning to improve diagnostics and predict diagnostics errors before they 

can even occur. These techniques provide automatic feedback to learners during image 

examination. The wide use of this technology has become available due to eye-trackers 

becoming more portable, easier to use, cheaper, and more available to consumers. With 

regards to diagnostics, automatic feedback has become possible by parsing medical images 

into diagnostically relevant and nonrelevant regions by using expert annotation or automated 

machine vision techniques [1], [58]. 

Virtual Reality: Virtual reality is a powerful tool that changes the way we work and act, it can 

also transform learning techniques. New applications of VR are invented every day, as such, 

it is safe to say that virtual reality is already present in our daily life. The extent of virtual reality 

research (VR) is large and recently many virtual reality systems with eye-tracking have 

emerged. A vast part of VR research is aimed at improving user experience and reducing 

usability issues, and it is believed that eye-tracking technology can be of assistance in this. 

Essentially, eye-tracking gives the ability to identify what the user’s gaze is focusing on in the 

virtual reality environment. Moreover, VR can be used to change the focus of attention if it will 

increase the positive outcome of the task. There are techniques to draw attention to certain 

things in the virtual environment, which can be used if needed. The success of these 

techniques can be constantly checked since the gaze of the user is being tracked in real-time. 

The use of eye-tracking in virtual reality can be a helpful tool, improving the work of various 

applications and identifying the disadvantages of some virtual reality environments. In VR, full-

body motion tracking can be used so that the environment can react to the user’s movement, 

action, and gaze. One particularly interesting use of eye-tracking in VR is foveated 

rendering. The human visual system is only capable of high acuity at the fovea (at the point of 

gaze). Peripheral vision has comparatively lower acuity and does not see detail. With 

graphical rendering in VR, foveated rendering is one way of saving processing power. The 

system will render higher-quality graphics at the gaze point and lower quality at the 



28 
 

periphery. Foveated rendering requires embedded eye tracking with a fast enough sample 

rate and real-time data transmission to react to rapid eye movements. This is what is relevant 

and applicable in this research work. Compared to real-world eye-tracking, VR has the 

advantage of the more straightforward definition of the regions that the user had looked. These 

regions of interest can also be identified in time and reconstructed. The experimental setup 

with eye-tracking in virtual reality is much more flexible and promising for many fields of 

science since it can be thoroughly controlled. One can control the data collection 

environmental settings, and make the stimuli more natural for the user, therefore enhancing 

research possibilities. It is instrumental in research that focuses on human cognition and 

behavior [1]. Various implementations of VR and eye-tracking have been reportedly 

researched in computer science. Some research includes very detailed technical reports of 

VR and eye-tracking implementations. Gaze can also be used as nonverbal communication, 

instrumental in collaborative VR environments. The integration of eye movement in avatar 

interactions is actively researched with the use of eye-tracking. VR technology has been 

studied and integrated into the educational process. Training in a virtual hospital and medical 

professional training [1]. VR technology has been reported and researched in dental medicine, 

such as simulated removal exercises for dental students in VR or a surgical education system 

where finger tracking is used to show the students the location of the fingers and the exact 

movements of the expert’s fingers during surgery. In recent years, VR with eye-tracking has 

been seen to be emerging in the medical field. It has proven itself especially useful in medical 

education and will be described in the following chapters. 

 

SUMMARY 

This chapter introduces Virtual Reality, its technologies, and its applications. It also presents 

eye-tracking, insights into the body's visual system related to eye-tracking, and an overview 

of eye-tracking systems. As discussed in this chapter, eye-tracking has several advantages, 

and its application is widespread. Though it presents some challenges, the opportunities and 

avenues provided by eye-tracking make researchers, scientists, developers, companies, and 

world market leaders continue to revolutionize the technology to cater to its growing demand 

to be more accessible and affordable of the utmost quality. Based on the proposed knowledge, 

this thesis will continue to use the mentioned terminologies, methods, and tools in the following 

chapters. 
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3 RELATED WORK 

Eye-tracking is a widely used methodology that has been applied in various fields of study, 

particularly in medical education, to enable the recording of eye positions and eye movements 

of a human subject for further interpretation and applications, and analysis. Most recently, eye 

tracking has been integrated into the virtual reality field to allow a deeper insight into human 

attention and reveal their emotional states. Research in eye-tracking in 3D virtual reality is an 

untamed area with unaddressed challenges. This thesis explores the possible interpretative 

values provided by eye-tracking combined with VR technology. To further describe the 

potential of this combination of methods, insight into their respective technologies follows. 

3.1 State of Art: Eye Tracking in VR (Past, Current, and Future Trends) 

Researchers are generally fond of valid, reliable measurement methods and tools that allow 

the capture of variables containing rich information and high interpretative value. Because eye 

tracking captures eye movements and their related patterns, eye-tracking can be considered 

a beneficial tool for analyzing a wide range of spatial and visual compositions.  

While research into eye-tracking has a history of around a hundred years, it has only gained 

traction over the last few decades because the technology has matured into relatively simple 

to use and easily interpretable tools.  The first eye-tracking solutions were crude, painful 

extrinsic measures [59]. Buswell, in 1995, released a comprehensive eye-tracking study 

based on hand transcription of film-captured eye movements. In the 1970s and 1980s, indirect 

eye-tracking based on tracking light reflections in the eye, also known as Purkinje images, 

was first developed [60]. This technology uses the infrared light spectrum to obtain pupil center 

corneal reflections (PCCR) and is the most used eye-tracking method today. Mobile eye-

trackers have a history as well. Because of the technological requirements for processing 

corneal reflection video feeds and video encoding in such a small mobile device, the 

technology had to be miniaturized and improved in terms of power and performance before it 

could be used [61], [62]. Mobile eye-tracking technology has also been implemented in VR 

headsets. The first viable headsets appeared between 2013-2016 [62], [63]. (Oculus Rift DK1 

and DK2, and the first HTC Vive), and the first VR eye-trackers followed in 2016 (SMI VR ET).   

Currently, several vendors offer inbuilt eye-trackers in VR headsets of their production or eye-

tracking add-ons intended as extensions to existing VR headsets [59]. An example is the Varjo 

VR head-mounted display used in this study. 

A recent evaluation on eye tracking in interactive virtual environments evaluated and 

discussed the processes and challenges of eye-tracking in spatially complex or interactive VR 

environments with high degrees of user freedom. The paper explored and applied these 

challenges at a theoretical level to define the desired level of interpretation in eye-tracking for 
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the design and production of virtual environments that adhere to this level, to clarify the data 

processing requirements and partially automate data processing and explore methods for 

applying corrective actions to the acquired data (facilitated by their proposed algorithms) [59]. 

Peter König et al of the University of Osnabrück, Germany, in their paper introduced the 

application of eye-tracking in virtual reality. They explored the methods and tools that can be 

implemented when carrying out an eye-tracking study in VR and further displayed the 

effectiveness of eye-tracking as an enormous potential for future research [64]. 

Tad T. Brunyé et al in their review provided an overview of eye-tracking technology, the 

perceptual and cognitive processes involved in medical interpretation, how eye tracking has 

been employed to understand medical interpretation and promote medical education and 

training, and some of the promises and challenges for future applications of this technology 

[65]. 

A study reviewed the visual analytics methodology for eye movement. In this research, an 

extensive empirical evaluation of a broad range of visual analytics methods was used in the 

analysis of geographic activity, and this method was tested for its applicability to eye-tracking 

data and the capability of extracting valuable knowledge about users viewing behavior [66]. 

Another study focused on eye tracking in human-computer interactions and usability where 

the application of eye movements to user interfaces was evaluated. Also discussed were 

usability measurement and analysis to gain more insight into human performance. They also 

analyzed the challenges of eye tracking in human-computer interactions which is a promising 

research area but has not yet been widely explored in practice or the market [67]. 

A recent study on the Visualization of user’s attention on objects in a 3D environment using 

eye-tracking glasses: This paper demonstrated user’s 3Dgaze fixation on a digital model of a 

scene. The eye-tracking glasses recorded the scene footage as well as the user's 2D gaze 

data on it which was then utilized to reconstruct the 3D environmental model using image-

based 3D reconstruction. They were able to determine the 3D gaze fixations on the 

reconstructed model of the scene by drawing the intersection line, which is a user's line of 

sight, by estimating the pose of camera centers and gaze data. Furthermore, they employed 

the image registration method to detect all users' 3D gaze fixations on the same model of the 

scene to analyze gaze disparities between them. The preliminary findings of the experiments 

suggest that the user's 3D gaze fixation on the reconstructed model can be displayed in the 

proper locations and that the gaze difference between different users can be detected more 

simply by exhibiting the gaze difference between different users [68]. 

Wei Liu et al [69]. In this paper, they presented a measure of the eye movement data of a 

group of 40 students in an online multiple-choice test where they divided the screen are into 
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five (5) areas of interest (AOI). One for the question and the remaining four for the participant's 

answer options. The fixation duration and the gaze sequence on each of these AOIs were 

recorded and studied. They formulated a new metric VAS (visual – attention- assisted) metric 

which was used to assess the student's performance and overall, this metric showed 

specifically, the difference in gaze movement of each participant and could be helpful for 

researchers and teachers to get in-depth the level of the student’s performance. [69], [70]. 

3.2 State of Art: Case Studies of Eye Tracking in VR Medical Education 

Maresky et al. presented a comparative study with 42 undergraduate first-year medical 

students. Here they focused on cardiac anatomy based on its complex three-dimensional 

nature. They had two randomized groups: the experimental group using immersive cardiac 

VR and the control group using cadaveric dissection to learn the heart. In contrast to the study 

by K. Stepan et al [71], the purpose of this study was to evaluate the effectiveness, satisfaction, 

and motivation associated with immersive VR simulation in teaching medical students’ 

neuroanatomy, a significant difference between the VR group and the cadaveric group could 

be found. Overall, this study's objective and subjective results demonstrated that VR is a fun 

and effective tool for teaching normal cardiac anatomy, yielding a performance increase of 

24.6% (p < 0.0001) in the experimental group over the control group. A Subsequent study by 

Odame. A, demonstrated that VR was as effective as the traditional PowerPoint presentation 

in teaching cardiac anatomy in terms of students’ quiz scores, yielding a performance increase 

of 5% in the experimental group over the control group. It also demonstrated a positive VR 

learner experience and enhanced student motivation. This was evident in several subjective 

measurements: engagement, enjoyment, usefulness, and learner motivation [72]. This study 

was carried out with a Varjo VR-2 head-mounted display and data collected from this study is 

the most relevant part of this thesis work. 

Kolla S. Elgawly M, Gaughan J et al reported VR as a helpful tool for learning the names and 

locations of anatomical structures and 3D anatomical relationships. There was a high 

preference for VR, rather than lecture and cadaveric dissection for learning 3D anatomical 

relationships. In this study, most of the subjects rated cadaveric dissection as "slightly better" 

rather than "far better," implying that they valued it for learning 3D anatomical relationships. 

They speculated about the advantages of using VR to replace lecture and possibly cadaveric 

dissection, this advancement eliminates many critical skills and psychosocial components that 

are currently only available through cadaveric dissection. Before VR technologies can be 

widely used in anatomy programs, they need to be further developed and thoroughly studied 

[73]. 
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Lucie Lévêque et al presented a state of the art review on eye tracking in medical imaging: in 

this paper, they evaluated the methodologies, motivations, and significant findings of different 

researchers in the field of medical imaging and conducted a survey where they presented a 

new eye-tracking study where a large-scale database of mammograms was assessed by two 

expert radiologists, and based on the resulting eye-tracking data, they investigated the 

plausibility of predicting human visual attention by use of computational models. In summary, 

they emphasized the importance of integrating aspects of human visual attention to imaging 

systems so that advanced tools can be beneficial to readers to aid in the easy interpretation 

of medical imaging.[74]. 

The Use of Virtual Reality in Echocardiography[75]: In this paper, the aim was to assess the 

usefulness of a VR echocardiographic approach in teaching echocardiography to pediatric 

trainees compared to live demonstration. The study was conducted using a Garmin VIRB® 

360 and a head-mount display to record live echocardiography exams in a pediatric 

population. An Oculus Go™ was used to view the 360° immersive/VR videos. After the study, 

the participants used responded to a written questionnaire of which 87% rated VR 

echocardiography as a useful tool. And when asked to compare VR to live demonstration, 

67% rated VR as the same or better than live demonstrations. Conclusively, VR should be 

added to teaching tools to enrich the learning experience for students. 

3.3 Eye Tracking Software and Programming tools 

Eye-tracking offers remarkable opportunities for research and applications regarding 

pervasive health monitoring, mental state inference, and human-computer interaction in 

dynamic scenarios. Although there is a lot of software for collecting eye-tracking data, they 

often exhibit critical issues. In the last decades, research in eye tracking has grown 

enormously [49], [76].  

Arie E. Kaufman et al.[70]: Introduces, a 2D and 3D eye movement user interface interaction 

that is based on electro-oculography (EOG) was introduced. They built hardware and software 

to demonstrate its viability. This method of measuring eye movement is less expensive as 

compared to other eye-tracking software. they further concluded that EOG is a practical 

method for human-computer interaction. 

Thiago Santini et al [76]: Introduces, an eye-tracking software tool was introduced as open-

source software for pervasive head-mounted eye-tracking that offers state-of-the-art pupil 

detection and gaze estimation methods that can be easily replaced by user implemented 

algorithms. It also offers calibration without any supervision and supports multiple head-

mounted eye-tracking hardware which stores tracking information which can also be available 

as a real-time stream. 
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During this thesis work, several eye-tracking software companies were explored for analyzing 

the raw eye-tracking data gotten from the hardware that was being used (Varjo VR-2). Several 

software companies like Tobii Pro eye which is known for developing eye trackers that work 

for basically any user without requiring any manual adjustments. They have excellent precision 

and accuracy with an extremely high tolerance for large head movements in different 

environments. They have complementary hardware and can be used also with other eye-

tracking hardware. It wasn’t compatible with the Varjo VR-2 head-mounted display and as 

such the software couldn’t be used for further data analysis of this research. 

Another software explored during this thesis research was Cognitive 3D. this software aims to 

change the way human behavior is measured and analyzed. Using immersive technologies, 

cognitive 3D collects spatial intelligence data leveraging virtual, augmented, and mixed reality 

devices as means for data collection. This software provided deeper analytical insights, 

flexibility, and support for a wider range of use cases. This is compatible with the Varjo VR-2 

head-mounted display and could be a reliable option for eye-tracking visualization and data 

analysis.it offers a wide range of tracking capabilities like eye tracking, EEG tracking, heart 

rate, user actions, GSR tracking, user position, etc. Asides from the Varjo HMD, it is 

compatible with other hardware devices like HTC Vive, Oculus, Verizon, etc. it also supports 

Unity and Unreal engines [78]. 

Mangold Vision: This is a reliable software that can be used for eye tracking data analysis. it is 

an out-of-the-box eye-tracking system, including software and eye-tracking hardware. It is 

designed to be the solution for Structured Eye Tracking Tests with Multiple Participants. 

Mangold Vision allows the presentation of various stimuli (Images, Videos, Websites, EPrime, 

and SuperLab Projects) [79]. It can also capture the entire Computer Screen, the user's Facial 

Expressions and Thinking Aloud Protocols, and computer-related activities, such as mouse 

actions and keyboard entries during a test session. 

Most eye-tracking software is programmed using the Unity engine or Unreal engine but for 

this thesis, we explored some of the already programmed software mentioned above and I 

also used a semantic approach which was conclusively a better approach for the data analysis 

to properly observe and detect the visual attention of each of the participants in this study.  

 

SUMMARY 

This chapter discusses relevant related work, an overview of the previous state-of-the-art in 

eye-tracking in VR and medical education, and Virtual Reality applications and their 

effectiveness in enhancing medical education and improvements in other areas that require 

precision and attention. The eye-tracking and programming software tools used in this 
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research are discussed here and the approach used in carrying out this data analysis. Different 

aspects of data visualization and reconciling 3D and 2D gaze data need to be researched. 

Also, according to the literature review, various analytical tools for eye tracking data analysis 

need to be explored and developed by researchers, and more of these tools, made available 

for future work 
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4 APPROACH 

Eye-tracking is a valuable tool in the field of education, particularly for medical education and 

with the recent advancement in virtual technologies, medical practitioners, researchers, and 

students in various medical fields, especially biomedical engineers, will depend more on these 

technologies to be able to bridge the gap between medicine and engineering as biomedical 

engineer’s design and develop medical devices for improving human health. This thesis is 

focused more on finding possible ways to determine the visual attention of participants in an 

immersive cardiac anatomy education using a VR head-mounted display (Varjo VR-2) that 

has integrated eye-tracking capabilities and an off-the-shelve steam VR software. The Varjo 

VR-2 eye tracking device was chosen for this study among every other eye tracking device 

because it has certain features that are significantly relevant for this study, like its bionic 

display, which makes it unique among others. Moreso, it has a resolution as clear as that of 

the human eye, an equivalent of 20/20 vision. Varjo VR-2 makes it possible for professionals 

to work with VR in areas where extreme precision and visual accuracy are required.  

Measuring performance can be done through written assessments, quizzes, examinations, 

but all these methods mentioned above, have their drawbacks and as such, the possibility of 

having precision and accuracy when measuring user performance can be a major challenge. 

But through eye-tracking and analysis of the eye-tracking data, a great percentage of accuracy 

can be attained depending on the eye tracker. 20 students from the Biomedical Engineering 

graduate program of Hochschule Anhalt University were selected for this study to learn the 

functionalities of the heart using an eye-tracking VR head-mounted display. Their eye gaze 

was collected in a CSV (comma separated value) file alongside a corresponding video of the 

session. Biomedical engineers were specifically selected for this study because they design 

and develop medical devices and as such, in-depth knowledge of the different parts of the 

body is required to properly design devices for specific functions. It was discovered during the 

study that most biomedical engineers have zero knowledge of the biological aspects of the 

different parts of the body, and as such, the heart, which is one of the most complex organs 

of the body, was chosen for the study to give them in-depth detail on how the heart functions 

and the importance and functionality of every part. The students had a task to study the heart 

with VR and to prove comparable results, they did a pre-and post-intervention test before and 

after reviewing the heart, and the test scores from the VR study learning outcome were then 

compared with the fixation data. The analysis involved a semantic observation, which entails 

critical observation of the participant's behavior. The interest here is to check if it is possible 

to determine user attention, forecast their performance, and correlate it to their test scores. To 

achieve this, the following research questions served as a compass to achieve the aim of this 

study. 
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RQ 1. Is it possible to record eye-tracking data from off-the-shelve software and correlate it 

to user performance? 

RQ 2. Is it possible to see gaze replays and determine the participants' fixation from the eye-

tracking data? 

RQ 3. From the analysis of eye-tracking data, is it possible to forecast the user's 

performance?  

4.1 Overview. 

This experiment entails two studies. The first involved investigating VR as a practical learning 

tool over the conventional PowerPoint approach. The second is an eye-tracking study to 

determine the visual attention of students and a correlation between their fixation data and 

their VR learning outcome. Therefore, to better understand the approaches and steps taken 

to analyze the eye-tracking data, a report on the previous study is presented here for clarity, 

as data from the study is also being used in this thesis work. The experimental setup, materials 

and methods, and part of the procedures used in this study are the same as that from the 

previous study. The demographic survey used in this experiment can be found in Appendix 1. 

4.2 Previous Study 

The previous study focused on determining the effectiveness of using VR as a teaching tool 

in medical education [72]. In this study, two learning methods were used. Forty student 

students were recruited for this study. Twenty in the control group were being taught cardiac 

anatomy with the traditional PowerPoint presentation, and 20 students in the experimental 

group were taught cardiac anatomy with VR. The content of the learning materials for both 

groups was an overview of the human heart, heart exterior, and interior, especially the heart 

chambers and valves, heart blood circulation, heart conduction system, and a few abnormal 

heart anatomies such as coronary artery disease, heart failure, aortic stenosis [72]. The results 

of this study showed a significant increase in knowledge within both groups, but overall, there 

was no significant difference in the effectiveness of the learning methods. The study also 

demonstrated that VR was as effective as the traditional PowerPoint presentation in teaching 

cardiac anatomy in terms of students ‘performance in the quiz scores, which yielded a 

performance increase of 5% in the experimental group over the control group. It also 

demonstrated a positive VR learner experience and enhanced student motivation, and this 

was analyzed based on the data collected during the demographic survey, the subjective 

questionnaire, and knowledge assessment of their pre, and post-intervention quiz scores.  

Based on the knowledge assessment, the number of correct answers of the pre-and post-

learning session, expressed as a percentage of the total number of questions, was calculated. 
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On the pre-intervention quiz, the students scored on average 51.5% (SD = 17.85) in PPT 

group and 47 % (SD = 20.55) in VR group content. On the post-intervention quiz, the students 

scored on average 76.75 % (SD = 11.73) on PowerPoint content and 81.75% (SD = 9.64). 

Both groups demonstrated an overall significant increase in post-intervention quiz scores. The 

control group demonstrated a (25.25 %, p < 0.001), while the experimental group participants 

demonstrated a (34.75%, p < 0.001.) On the post-intervention quiz between the experimental 

and control group, the students exposed to VR scored 5% (p = 0.12) higher than those 

exposed to the conventional content [72] It is based on these values, a correlation analysis 

between fixation data and learning outcome can be made in this present study. 

4.2.1 Present Study 

This study focuses on the analysis of eye tracking data in VR where possible ways of 

determining visual attention and forecasting the performance of participants is being explored 

and a correlation of the learning outcome from the previous study and the fixation data from 

this study is presented. The procedures used in this study, incorporated the same procedures 

and experimental methods from the previous study as mentioned earlier.  

However, during the study, the participants were introduced to the study by briefly explaining 

the hardware devices and the software used for studying the heart. They studied the heart 

using Sharecare You VR software, an off-the-shelve VR software from Steam VR.  It is a real-

time simulation software that allows anyone to freely navigate and explore anatomical 

structures,3D models of the human body, organs, and their natural functions [42]. This 

software was used because it provides an accurate, unique, and transparent cardiac virtual 

environment with 3D contents and videos including physiology, conditions, and treatments, 

informative labels with detailed information, interactive tools, and functionalities to dissect to 

see the internal structures and functions in 360 degrees. It also has an audio interpretation for 

easy assimilation and is practically compatible with all major VR headsets. The content of the 

learning materials was an overview of the human cardiac anatomy, and these contents were 

verified for anatomic correctness and relevance by an expert surgeon with several years of 

medical experience after seeking feedback before they were used for this study [72]. Below is 

an overview of the Share Care You Software setup.  
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Figure 4.1: An Overview of the Sharecare YOU Software [57]. 

The distinguishing factor in this study, is the eye calibration procedure which is important for 

each participant to ensure accurate tracking of the eye gaze and obtaining accurate data.  

4.2.2 Eye-Calibration 

Calibration is essential for mapping the eye position to the actual gaze direction. Gaze 

measurement error can be influenced by several factors and the participant's eye 

characteristics such as size, shape, light refraction, drooping eyelids, and covering eyelashes. 

In most eye-gaze trackers, a personal calibration is therefore required to ensure accurate and 

reliable gaze point estimation. The accuracy of eye-tracking data is best after calibration, 

which is why many eye-gaze trackers have built-in support for on-demand recalibration or drift 

correction. Each product is provided with specific calibration procedures. Such procedures 

usually include automated calibration methods based on the fixation of a set of points at 

specific distances as is the case with the Varjo VR-2 device [80]. This is so because every 

user has different physiological properties, and as such, calibration is indispensable. 

Calibration procedures can be tedious especially when re-calibration must be done each time 

the head-mounted display is removed. This is necessary for the precision and accuracy of 

eye-tracking data. 

Furthermore, to answer the above research questions and further improve the research 

knowledge of eye tracking from previous research, various statistical approaches were 

implemented using some libraries in Python, where gaze replays of participants were viewed 

and observed for their specific fixation, after which the gaze movements were analyzed, 

monitored, and recorded to determine participants average fixation time, dwell-time, and 

number of times each participant visited a particular AOI. All observations were done critically, 

and analysis of the eye-tracking data revealed that fixation data correlates with the previous 

learning outcome of the previous study. Although precision in results of the eye tracking data 

is limited due to unavailability of accurate spatial AOI measurement. 
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4.3 Materials and Methods 

In this thesis, 20 students from the Biomedical Engineering master’s program at Anhalt 

university of applied sciences were recruited for this study. They belonged to the experimental 

group of the previous study. (See section 4.2). The data recorded 3 (15%) between the ages 

of 21-25, 17(85%) between the ages of 26-30 (SD= 9.8). Before the study, the participants 

were given a demographic survey to determine their neurological, mental, and visual states. 

Different information on if they had prior cardiac knowledge VR experience were collected.  

Also, the students had to undergo a pre-intervention test consisting of twenty multiple-choice 

questions: 11 non-visual spatial and nine visual-spatial cardiac anatomy questions. All the 

participants were volunteers and received no compensation for their participation. Although 

this procedure has been reported in the previous study, it will be summarized here again for 

completeness of this research study.  

4.4 Experimental Setup 

4.4.1 VARJO VR-2 

The Varjo VR-2 eye tracking HMD [81], base stations, and the HTC Vive controllers were used 

to present the virtual environments to participants. The content was displayed through a 

desktop computer with an Intel Core i7-8700 CPU, 64GB RAM, an NVIDIA GeForce RTX 2080 

GPU, and a 64-bit Windows 10 operating system. Below is a diagram showing the Varjo VR-

2 head-mounted display device. 

 

Figure 4.2 : Varjo VR-2 Head Mounted Display (HMD) [81]. 

The VarjoVR-2 has advanced 20/20 Eye Tracker™ technology, giving users an experience 

equivalent to human eye vision. Its bionic display offers users a clear view of every pixel in the 

virtual space. It has a refresh rate of 90 Hz, dual 1920 x 1080 resolution micro-OLEDs, dual 
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1440 x 1600 resolution AMOLEDs, IPD Range of 61-73 mm software adjustable, and an 

87°horizontal field of view. Below is a table that summarizes the Varjo device and its 

specifications. 

Table 4.1: Showing Varjo VR-2 Features and specifications 

Features Specifications 

Display type 2 x AMOLED Peripheral displays. Focal area: uOLED displays 

Resolution 440x1600 per eye Peripheral displays. Focal displays: 1920x1080 

Refresh rate 90 Hz Peripheral displays. Focal displays: 60 Hz 

Field of view 87° horizontal 

87° vertical 

IPD Range 61-73 mm software adjustable 

Weight 605 g with a head strap 

 

After setting up the hardware and software devices relevant to the experiment, the Varjo base 

software is launched and the Steam VR software (Sharecare YOU). Calibration is done in 

Varjo base. This was not a necessary procedure for the previous study but is a very important 

step for this present study. Participants must calibrate the eyes for precision, as shown in 

figure 4.3. The participant focuses their eyes at the center point, following instructions as 

shown in the HMD and following the movement of the calibration point until it says the 

calibration process has been completed.  

 

Figure 4.3 Varjo Calibration. 
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Figure 4.4: A user with complete Eye tracking / VR Setup. 

4.4.2 Comparison of Eye Tracking Devices 

In the market research and user experience industries, eye tracking has recently gained 

popularity and is becoming increasingly popular [82]. It is not easy to categorize the products 

of different producers of eye-tracking devices qualitatively. As a result, it's critical to put as 

many various systems through their paces as possible to determine which eye tracker best 

fulfills the needs [83]. Below is a table to show a comparison between Varjo VR-2 and other 

eye-tracking devices. This table shows the differences in the tracking, display, sampling 

frequencies, and other specifications. 

 

 

 

 

 

 



42 
 

Table 4.2: Showing comparison between VR-Integrated Eye-Tracking devices 

Info 

Manufacturer Varjo VR-2 HTC Vive Pro Eye HP Reverb G2  

Device type PC- Powered VR PC-Powered VR PC- Powered VR 

Platform Steam VR 
Steam VR, Vive 

port 

Steam VR, 

Windows Mixed 

Reality 

Release date October 15,2019 June 6,2019 May 1, 2021 

 

Optics 
IPD range 

61-73mm software 

adjustable 

61-72mm 

hardware (manual) 

Dual 

60-68mm 

hardware 

adjustable 

Display 

Display type 2x AMOLED  
2x AMOLED 

binocular 
2x LCD 

Resolution 

1440x1600 per eye. 

Peripheral displays. 

Focal displays: 

1920x1080 

1440x1600 per eye 
2160x2160 per 

eye 

Refresh Rate 

90HZ 

Peripheral displays. 

Focal displays: 60Hz 

90Hz 90Hz 

Visible FOV 

87° horizontal 

87° vertical 

 

98° horizontal 

98° vertical 

 

98° horizontal, 90° 

vertical, 107° 

diagonal 

Sampling 

frequency 
100Hz 120Hz 100Hz 

Accuracy 

within FOV 
0.2° 0.5°∼ 1.1° 4° 

Tracking 

Eye Tracking 
6 D.o.F Inside-out 

Tracking 

6 D.o.F marker-

based Tracking 

6 D.o.F inside-out 

via4 integrated 

cameras 

Face tracking _ _ Joystick 

Haptics 

feedback 
_ 

Partial thumb and 

index feedback 
_ 

Sound 

Speakers _ 
Integrated stereo 

headphones 

Off ear stereo 

speakers 

35mm Audio 

Jack 
Audio Jack Present _ _ 

Connectivity Wired Video DisplayPort, USB-C HMDI, USB-C 3.0 
Display Port 1.3, 

USB 3.0 
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4.5 Procedure 

The procedure for this study is in collaboration with a previous study where VR was used to 

test students learning capabilities and to check the effectiveness of using Virtual Reality as a 

learning tool for cardiac anatomy education [72] (see section 4.2). During this study, students 

learned the anatomy of the heart using two different learning methods—the traditional 

PowerPoint presentation method and using Virtual Reality to study the heart. The Participants 

were given a demographic survey to complete, after which they took a pre-intervention quiz to 

test their baseline knowledge of the heart. After the participants completed a demographic 

survey and the pre-intervention quiz, they were given a five-minute tutorial on the devices and 

software to be used, a brief introduction to how they can do eye calibration, view, and interact 

with the VR platform, and how to use the controllers to manipulate the virtual environment in 

3D. This included explanations of how to toggle between different views and menus for them 

to easily interact with the 3D heart model from the Sharecare You VR application. The operator 

intervened only if a participant requested clarification or assistance. They then commence a 

20–30-minute learning session exposed to an immersive environment to study the heart. The 

study starts with eye calibration, and most importantly, any time the HMD is removed, 

calibration must be done over again to avoid missing details in eye-tracking data. 

This study was done using the Varjo VR-2 head-mounted display, which has an integrated 

eye tracker from which eye data of participants were collected in a CSV file (see section 4.6 

below), with a corresponding video recording for the analysis of visual attention.  During the 

study, specific areas of interest (AOI) were mapped out for the participants to focus on in the 

2D environment. This was necessary because given the eye tracking data , areas of interest 

cannot be determined in the 3D space and since the points in the 3D space where the users 

looked at cannot be determined due to head movement, a larger area within the point of 

interest was marked within the 2D space to determine the areas of interest as well as match 

the 2D coordinates provided by the eye tracker for easy analysis of the data. Below is a 

diagram to demonstrate the points of interest. This table shows the differences in the point of 

interest affected by the movement of the user’s head and how they were marked in 2D 

regardless of the angular rotation of the head. 
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Figure 4.5: Showing AOI in 3D and 2D space. 

 

Based on the diagram above, AOI in the 3D space of the Sharecare You software could not 

be precisely determined in the 3D space and as such, they had to be marked largely and 

separately on the 2D screen in order to ensure that the 2D AOI’s does not overlap on the 3D 

AOI’s and to ensure that they match the corresponding 2D coordinate data provided by the 

eye tracking device. This was possible because the users were placed at a specific position 

(2m) away from the 2D screen and could practically view the same 3D object. Also, because 

the head can freely rotate but the AOI in the 3D scene remains static. Therefore, AOI’s were 

mapped within large areas in the 2D screen to ensure that the gaze was tracked within the 

specified AOI regardless of the head rotation of the users. These were the benchmarks to 

measuring visual attention. There were specifically three (3) areas of interest termed AOI-1, 

AOI-2, and AOI-3. The excerpts of these areas of interest are found in the Appendix.4.  

All participants viewed the same AOI to avoid ambiguity of data. Recording the eye-tracking 

data was possible because the eye tracking device used is already calibrated to track the gaze 

points of each participant in the VR scene which gives the freedom to determine these areas 

of interest during the analysis of the eye-tracking data. 

An image extraction procedure from the recorded video was done using some libraries in 

Python and a video overlay of each data point was created on each of those frames to match 

the data points. Two different software, Virtual Dub, and Irfan view were used to convert these 

overlays back into a video for better observation. 
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Figure 4.6: Screenshot of the heart and specific AOI 

After the study session, the eye-tracking data is automatically saved in a CSV file together 

with a corresponding video of the VR session. This data is further analyzed to determine 

various eye movement metrics as well as user acuity and attention which is what will be 

discussed in the following chapters. 

A subjective questionnaire was distributed to the participants after the learning session to first, 

gain more insight into their experience and degree of satisfaction with using VR to study the 

heart. It was also done to obtain and assess the participant's thoughts on VR implementation 

in the study of the heart and assist in further analysis of the eye-tracking data gotten from the 

study. This helped to analyze and evaluate students perceived learning and attention 
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capabilities and if it had any influence on their performance. The questionnaire used is found 

in Appendix 1. 

4.6 Data Analysis 

The data collected from this study is analysed based on how much time participants spent on 

a particular AOI. This is achieved by analyzing the gaze points, fixation time, time to first 

fixation (TTFF), dwell time as well as Revisits of each participant. Eye-tracking data can be 

very overwhelming, as such needs to be properly understood before carrying out any analysis. 

The Varjo data contains a lot of recorded matrices but based on relevance, specific recordings 

were picked from the set of data that were necessary for our analysis like the timestamps, 

(time relative to the first view), the x and y data for both eyes, (gaze projected to left/ right view 

x, and y), the focus distance, as well as stability and status of the headset during calibration 

and the entire eye tracking session were considered. The main interest was in the gaze 

projected view (left and right as well as x, and y) [80]. This formed the basis of our analysis as 

it contains the gaze data of the participants. An excerpt of the data is presented in the figure 

below. 

 

Figure 4.7: A portion of the eye-tracking data from Varjo 

The first step taken to analyze this data was converting the real-time resolution of the recorded 

data to the resolution of the computer used for the study. This was done to match the monitor's 

resolution so that the resolution from the video, corresponds to that of the recorded data for 

the x and y coordinates. Since the CSV file only holds accumulated data of the x and y 

coordinates for both eyes and to identify what scene is shown in the video, manipulating the 

values to match the origin of the scene (0,0) which is at the centre is the first step. The script 

is as follows: 
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xResLeft = 0 

xResRight = 1391 

yResTop = 0 

yResBottom = 1600 

 

xNormLeft = -1 

xNormRight = 1 

yNormTop = 1 

yNormBottom = -1 

 

imgNumber = 0 

def convertFromNormToRes(xVal, yVal): 

    width = xNormRight + (0 - xNormLeft) 

    height= yNormTop + (0 - yNormBottom) 

 

    xPixel = width / (xResRight + (0-xResLeft)) 

    yPixel = height / (yResBottom + (0-yResTop)) 

 

    xResult = ((xVal + (0 - xNormLeft)) / xPixel)  

    yResult = yResBottom / (yNormTop - yNormBottom) - (yVal / yPixel)  

    print ("%f , %f" % (xResult, yResult)) 

    return [xResult - 10, yResult - 10, xResult+ 10, yResult+10] 

 
 

Listing 4.1: Resolution Conversion code. 

After converting the resolution, frames were extracted from the recorded video to match the 

raw data points. This frame extraction was done by extracting the first hundredth frames 

because, the first line sets of the data recorded gave zero (0) values. Therefore, picking the 

first hundredth frames was ideal to avoid missing data. This was done using libraries in 

Python programming such as open cv, pandas, Matplotlib, and NumPy. These libraries are 

used for data analysis and visualization respectively. Python was chosen for this analysis 

over other data analysis tools like MATLAB, excel, or R programming because it comes with 

many completely free and open-source libraries. It presented as a more flexible and suitable 

method to acquire faster results; this was done based on previous academic knowledge on 

the use of some libraries in Python. The script for the image extraction is as follows:  

from src.video import Video 

 

filename = "./videos/Participant_8_2021-06-01_13-10-42-741.avi" 

 

participant_8 = Video(filename) 

 

participant_8.to_image("./resources", "Participant 8") 

 

Listing 4.2: Image extraction scripts 
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Each frame was merged with its corresponding data point and then converted back into a 

video to show the data points overlaid on the video. This process was done to make 

visualization, observation, and understanding of the data more accessible. An ellipse 

represented each data point. The re-conversion process of the frames and data points into a 

video was done using virtual dub, video capture, and video processing software designed to 

process linear video streams, including filtering and compression of videos. The script written 

for this is as shown below: The complete program script for the analysis is found in Appendix 

3. A representation of the gaze point before and after the overlay (marked by a red ellipse) is 

also displayed in Fig 3.7 below. 

def drawInImage(filename, xVal, yVal): 

    try:  

         img  = Image.open('filepath'+filename)  

         draw = ImageDraw.Draw(img) 

         res = convertFromNormToRes(xVal, yVal) 

         draw.ellipse(res, outline = 128, width = 2) 

         img.save('filepath'+filename) 

Listing 4.3: Data point overlay on the extracted image. 

 

Figure 4.8: Showing raw data before and after gaze overlay 

Furthermore, a semantic approach to analyzing the gaze data was used to determine where 

the participants looked based on the specified areas of interest (AOIs). Participants' eye 

movements were observed and recorded. Various matrices such as their time to the first 

fixation on each area of interest, their actual fixation time, dwell time, revisits, and dwell-time 

were also recorded. Areas of interest were defined during the session by instructing the 

participants to focus on three different specific regions during the study. This was done 

verbally as participants were asked to focus their attention on specific areas because the 

software used (ShareCare You) was an already programmed software from steam VR. As 

such, the defined regions of interest could not be marked out in the 3D space but can only be 
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identified during the analysis and based on those areas of interest, were observations carried 

out and specific questions from the quiz were picked for comparison of their post-intervention 

scores and their fixation data.  

A comparison was done from the demographic survey, which gave data of the participant's 

prior cardiac knowledge and specific questions in the test which appeared to be significant, 

was carried out. i.e., (Questions 2, 5,7, and 9) represented as Q2, Q5, Q7, and Q9, were 

selected respectively. Q5 was the most challenging question, Q7 was the most straightforward 

question, and Q2 and Q9 were used for random comparison. These set of questions were 

used to access the students’ performance in the previous study as seen in Appendix 2. This 

comparison showed that prior cardiac anatomy knowledge did not influence the test scores or 

participants' performance. This data was then compared to the fixation data of each participant 

to check for significant differences in their performance. Then statistical analysis was carried 

out on the results from the observation. Evaluation of differences in mean average scores of 

the AOI’s viewed and the statistical significance of the differences in the mean scores of the 

test before and after the learning session for the different participants was analyzed using the 

paired-sample student t-test. P and Z values were also analyzed to check the statistical 

significance between their test scores and their average fixation time. This was analyzed using 

the Wilcoxon signed-rank test. The Pearson Correlation coefficient (r) was also calculated. All 

analysis in this study were done with Python, SPSS Statistics 28.0 software, and Microsoft 

Excel. 

SUMMARY 

This chapter presents the methods used to analyze the eye-tracking data gotten from the Varjo 

VR-2 head-mounted display. It shows the experimental setup, procedures, and steps to 

achieve the study outcome. It presents how the data was analyzed using different analytical 

and data processing software. It also shows the different matrices from the data and a source 

code used to convert and extract the data frame, points, and videos. It also presents the 

hypothesis of this research, which served as a guideline to achieving the aim of this study.   
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5 RESULTS AND DISCUSSION 

5.1 Results 

According to the observation made from the eye-tracking data, the order in which the 

participants visited each AOI was recorded. There were 3 AOI, and on each was recorded 

fixation count for each participant mapped out during the study.  

Below is a table representing the order in which these AOI’S and matrices were recorded for 

analysis for each participant. Where AOI-1 is the Left Atrium, AOI-2, the Left Ventricle, and 

AOI-3, the Aortic Valve, TTFF (Time to first fixation), DT (Dwell Time), RV(Revisits), RV(DT) 

stands for a revisit- dwell time. 

Table 5.1: Showing Recorded fixation Data from AOI’S of One Participant 

Metrics AOI-1 (ms) AOI-2 (ms) AO1-3 (ms) 

TTFF 88200 150000 243600 

DT 102000 49000 36000 

RV _ 2000 4000 

RV(DT) _ 4000 8000 

 

An analysis from the demographic survey was carried out for the performance and knowledge 

assessment to check if prior cardiac knowledge influenced the participant's test scores. 

Twelve students (60%) reported having low cardiac knowledge, seven students (35%) had 

medium cardiac knowledge, and one student (5%) had high cardiac anatomy knowledge. This 

data, which is gotten from the previous study, is then used to forecast the performance of the 

students by comparing their performance in specific questions of the test with their prior 

cardiac knowledge to see if this had any significant influence on their performance. Below is 

a summary of the demographic survey. 
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Table 5.2: Demographics Survey 

Demographic Characteristics Parameters No. of Participants (%) 

Gender 

Male 11 (55%) 

Female 9 (45%) 

P(Value) 0.655 

Age 

21 – 25 3(15%) 

26 – 30 17(85%) 

31 – 35 0 

Prior Cardiac Knowledge 

Low 12(60%) 

Medium 7(35%) 

High 1(5%) 

Prior VR Experience 

None 11(55%) 

Yes- Daily 0 

Yes - Weekly 1(5%) 

Yes - Rarely 8(40%) 

Total no. of Participants 20 
 

Based on the analysis carried out on the different specified questions Q2, Q5, Q7, and Q9, 

where participants' performance was measured first by comparing their test scores in specific 

questions to their prior cardiac knowledge. By analysis, those who passed the questions are 

represented as (1), and those who failed the questions are represented as (0). Also, those 

with high, medium, and low cardiac anatomy knowledge are represented as (3,2 and 1) 

respectively. (3) being high, (2) being medium, and (1) being low. As seen in the chart below 

of question no.5 (Q5), being the most challenging question, it was observed that 2 students, 

precisely participants 14 and 15, from the low prior cardiac knowledge category passed the 

question.  

 

Figure 5.1 : Comparison between Q5 Scores and prior cardiac knowledge  
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This could also be observed from the raw score table containing the pre- and post-intervention 

quiz test, and from analysis with the Wilcoxon Signed Ranked test, a positive value was 

recorded, indicating a statistically significant result.    

Table 5.3: Showing participant Pre & Post-intervention Test scores 

 

Significantly, a second comparison was made with the easiest question, and it was observed 

that about 85% of the participants regardless of their prior cardiac knowledge, passed the 

question. Another indication that participants focused and paid more attention during the 

session. Although this question was regarded as the easiest of all the questions in the quiz, 

some students still did not get the answer despite their prior cardiac knowledge as seen with 

participants 1,2, 5, and 9.     

 

Figure 5.2: Comparison between student performance and prior cardiac knowledge for Q7 
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Another comparison was done from one of the random visual-spatial questions Q2, and it was 

also observed that regardless of prior cardiac knowledge, students still performed well in the 

test depending on how they focused. 

 

Figure 5.3: Comparison between student performance and prior cardiac knowledge for Q2 

The same applies for Q.9 in fig 4.5 below with specific interest on participants 14, and 15 

 

Figure 5.4: Comparison between student performance and prior cardiac knowledge for Q9 

Accessing the visual attention and performance of the participants in correlation to their pre- 

and post-intervention quiz scores, a comparison of the fixation data and the differences in 

increased knowledge gained was analyzed and is represented in the charts below. 
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Figure 5.5: Chart showing percentage increase in knowledge after VR session 

There was a significant increase in the percentage of the knowledge gained by the 

participants. Additionally, the recorded eye tracking data shows an increase in overall target 

fixation duration, as depicted in Figure 5.6 below. On average, participants spent 

significantly more time at the target region, resulting in a significant increase in their post-

intervention quiz scores and a statistically significant p-value. 

 

Figure 5.6: Chart showing a comparison between average fixation and % increase in 

knowledge.  

 

The analysis in figure 5.6 above shows the participant's average fixation time and post-

intervention test performance. It also shows how much time a person spent averagely on the 

AOI’s, and it demonstrates that regardless of how much time was spent, there is a significant 

result in the students’ performance which indicates that visual attention could aid positive 

performance and give more insight into what is being viewed or observed. 
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Additionally, from the analysis done in the previous study, based on test scores and 

performance of the participants in figure 5.6 above, the average pre-intervention score was 

47 %, with an average score increment of 34.75 % to reach an average of 81.75% at the post-

intervention scores (Z = 3.927, p < 0.001). This finding indicates a statistically significant 

difference in quiz scores after the post-test. In terms of the Pearson correlation coefficient, the 

relationship (r = 0.38, p = 0.098) between the pre-intervention and post-intervention quiz 

scores shows a weak and positive correlation. However, this positive correlation is statistically 

not significant. Also, the relationship (r = 0.686, p < 0.05) between the students ‘responded 

post intervention scores and their fixation duration shows a moderately or relatively strong 

positive correlation. 

 

Figure 5.7: Chart showing Pre and Post Intervention Quiz scores 

5.2 Discussion 

Based on the analysis of the demographic survey and the performance assessment on the 

different questions used in comparison to participants prior cardiac anatomy knowledge, The 

results show that prior cardiac anatomy knowledge had no influence in participant’s 

performance. However, by observation from their pre-intervention test and the general 

statistics of these students, it can be clearly seen that these students gave more attention 

during the learning session and their performance in the test did not occur by random chance; 

indicating that the students grasped a good knowledge background on the question hence, 
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the success in the post-intervention test. This can be seen in the comparisons between the 

different questions as shown in figure 4.2- 4.5 respectively. 

From analyzing the eye-tracking data in comparison to participants test scores, it was 

discovered that participants' performance can be traced to their visual attention and from 

observation of the 2D fixation data, it was seen that participants' performance in the test did 

not occur by random chance but by their critical attention in what was been taught. As seen in 

Fig 5.6 above, each participants' fixation is a determinant in evaluating their visual attention 

and focus; to be able to forecast their performance.  

 

In general, the fixation data were recorded from the 2D scene and as such, AOI gaze replays 

may slightly differ from that of the 3D scene, because AOI’s from the 3D scene could not be 

marked or detected due to the limitation in source code of the Share Care You software and 

the rotation of the users head, as such, it cannot be proven at what 3D object the participants 

looked exactly. Therefore, large AOI on the 2D scene were marked and recorded to ensure 

that AOI’s from the 2D scene were not overlapping the 3D objects’ AOI and this gave the 

resulting fixation data used for this analysis. The precision in this data may be limited and such 

further analysis of this data can prove the authenticity of the fixation data by determining AOI’s 

both in the 2D and 3D object scenes, and further predict gaze replays of participants and 

forecast students’ performance accurately. 

 

However, fixation data showed a significant influence in the students post intervention test 

performance and in terms of the Pearson’s correlation test (r=0.68, P= <0.05) it is easier to 

say fixation duration is relative to participants' performance from the chart in figure 5.6 above. 

And from literature, more fixation time means more attention [59] but based on the relationship 

between AOI fixations and correct answers; one can infer that some students, despite their 

long fixation time, might not understand the point of the question and, as such, might answer 

the question using some skill of guessing.  

 

Another scenario could be that students might be confused or hesitant about the options and 

might choose the right one based on luck. Some may have relied on their prior cardiac 

knowledge and did not pay much attention to what was being taught; some could have been 

fatigued from the session and, as such, couldn’t spend much time answering the question 

correctly. Since the participants' behavior while answering the test questions was not tracked, 

we cannot predict their behavior in answering each question, so the eye fixation data becomes 

the only determinant to access them. Following this logic, a Pearson's correlation test was 

carried out on the pre-and post-intervention scores from the previous study, which gave a 
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result of (r =0.38) which is a positive but weak correlation. Furthermore, a Pearson’s 

correlation test was done on the fixation data and the post-intervention test, which returned a 

relatively strong positive correlation of (r =0.68). According to this, the forecast of students' 

performance can be done based on the correctness of their answers in co-relation to their 

cognitive performance and based on their fixation duration respectively. 

 

The subjective questionnaire performed on the participants to ascertain the degree of 

performance and satisfaction was positive. This was done to evaluate the students perceived 

learning of using VR to study the heart. 95 – 100% of the students agreed or strongly agreed 

to 8 out of the 10 statements. This can be found in Appendix 1.  

According to the demographic survey carried out, no significant differences were observed 

regarding the outcome of this survey in terms of age, gender, responded prior cardiac 

knowledge, and prior VR experience. A summary of the demographic survey is found in the 

table below in figure 5.2 above. 

This research raises an important point in eye-tracking studies, i.e., the analysis and 

interpretation of eye tracking data and many other questions. What is presented here is to see 

if visual attention could be recorded and determined from an off the shelve software and see 

how it can be correlated to students’ performance in a medical test. Other approaches will 

have to be tested and, more importantly, compared on the same set of data. 

 

SUMMARY 

This chapter summarizes the results from the eye-tracking data analysis. It also presents the 

discussions and deductions from the research that eye-tracking data can be analyzed using 

various methods to forecast student performance and determine what objects participants are 

focused on at a particular time. From this study, students' attention was recorded from an off 

the shelve software, analyzed, and correlated to their performance in a quiz test. A critical 

observation was done to obtain results from this data set. 

The 2D AOI mapping was a suitable approach to getting the fixation data for this study. 

Regardless of the head movement of the participants, they all viewed the heart from a defined 

position (2m) and viewed the same areas of interest. Therefore, it was ascertained that AOI’s 

on the 2D screen were not overlapped on the 3D image. 

 

From this analysis, gaze coordinates of participants were obtained from the x, y data 

coordinates and matched with the corresponding coordinates on the video recording of the 

VR session. This gave a smooth representation of the data for easy observation, visualization, 

and analysis.  
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Students' gaze data proved their attention on the specific AOI’S marked out; their performance 

in the test did not occur by random chance and visual attention did play a role in their 

performance as there was a significant increase in knowledge and performance of the 

participants due to their fixation on the specified AOI’s. The results also demonstrated that 

regardless of the participant's fixation duration, there was still a positive significance in the 

student’s performance due to their visual attention. 

There was also a strong positive correlation between their post-intervention test scores and 

fixation data as deduced from the Pearson’s correlation test r = (0.68). The outcome of this 

result can be used for further research on how to forecast user performance and visual 

attention in an immersive virtual environment. Also, researchers can explore other versions of 

the Varjo devices and analytical software to get better user experiences and methods of 

analyzing the data. 
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6 CONCLUSIONS 

Analyzing eye-tracking data can be achieved in different ways. Previous research has shown 

that data gotten from an eye-tracking device can give detailed insight to a user’s perception 

and visual thoughts using several analytical methods. This research work explored an 

approach to the analysis of eye-tracking data using an integrated eye-tracking head-mounted 

display and an off the shelve software; to determine users’ focus and forecast their 

performance by correlation to medical educational results. This was done by incorporating a 

VR cardiac anatomy study session to facilitate the forecasting of user performance and 

attention from the recorded eye gaze data. In this study, we proposed a method of analyzing 

eye-tracking gaze data from an off the shelve software. Since it was an already programmed 

software, the process of converting the resolution of the 3D gaze points to match that of the 

desktop was used for the study. Gaze replays of the participant and determining where they 

focused their attention, and concurrently determining their specific areas of interest were 

observed only in the 2D scene. The conclusion of this study established and answered some 

of the proposed research questions that eye-tracking data can be recorded using off-the-

shelve software. Gaze fixation was recorded through mapping of AOI’s in the 2D image. The 

hypothesis of gaze replays being determined from analyzing the eye-tracking data cannot be 

completely proven from the nature of the 2D data, as head movement has an influence in 

determining at what object exactly did participants look in the 3D environment; and as such, 

this aspect of the study is open for more research, and lastly, user performance can be 

forecasted from gaze data, and this was proven by the Pearson’s correlations test. 

Implementation of eye-tracking in VR provides interesting new approaches for studying the 

attention and motivation of students, possibly accelerating, and making education more 

efficient and a tool for assessment and measuring performance. The ability to use VR with 

different environments, model, and control every aspect of the process, makes it an 

indispensable educational tool.  

It is worth noting that the development of new methods for using eye-tracking in VR for 

education is especially relevant in the current situation, with many countries worldwide 

switching to distant teaching due to the Covid 19 Pandemic and the educational system trying 

to adapt to the changes.  The methods of eye-tracking in VR implementation regarding 

hardware and software have been continuously reported, as such, this technology can soon 

become available in daily living. 
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6.1 Future Trends 

The provided example approach in this thesis leaves room for significant improvements to 

alleviate some of the issues of analyzing eye-tracking in virtual space. With the availability of 

cheap eye-tracking hardware and its ease of use, there are no longer any technological 

obstacles for using eye-tracking in user-based evaluation. Mainly in controlled laboratory 

studies, we can essentially record gaze data for free along with any traditional study procedure 

that aims to test task performance. Therefore, the big overall challenge is to make sense of 

the eye-tracking data and relate this data to something we want to learn about the visualization 

tested and the cognitive processes involved.  

In consideration of all that has been researched and the contribution of this thesis work. More 

research can be done in the analysis of eye-tracking data in different fields of study, not just 

the medical field; to give more insight into human attention capabilities and gaze direction. 

Also, more research should be done on possible ways with which eye-tracking data can be 

analyzed easily and these software solutions made available to users to enhance research in 

these areas.  Future tools could support additional browsers and implement methods to accept 

multiple dataset formats. The tools could either provide a transformation tool to convert other 

formats to the required format or directly accept different formats. With this, more 

understanding of the cognitive abilities and performance of individuals will be an easy task to 

undergo. However, there is every possibility of the real value of eye-tracking going beyond 

what is possible now. Conclusively, research in eye tracking in VR can be compared with the 

2D eye-tracking studies to test for the ecological validity of the virtual method, visualization, 

and precision of the data.  

6.2 Limitations 

There were several limitations to this study research, some of which can be prevented in future 

research. The limitations encountered during this study are as follows: 

The duration of the study which lasted for just 20 minutes, could have been a drawback to 

getting more eye-tracking data for each participant. A more comprehensive analysis could 

improve observation and visualization of participants’ behavior for a more accurate result. 

 Due to the Covid-19 Pandemic, there was a reduced number of participants for the research 

study. Also, access to analytical software was limited due to the pandemic and high cost of 

purchase for some. This caused a limitation in the representation of the eye-tracking data 

results. 

The participants' behavior while answering the Quiz questions was not tracked during the 

session. This would have given more insight into how focused they were in attempting the 
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right question or if they were distracted and found it challenging to pick the right choice. This 

can be incorporated into future research on this topic.  

AOI’s could not be determined directly from the 3D scene, and this was a draw back in 

having an accurate eye gaze data. Regardless of the 2D data produced, one cannot tell 

what 3D object is being looked at in the 3D space. So, for further analysis, programming the 

3D space where AOI’s can be marked out directly for precision would be ideal for proper 

analysis and forecasting of student’s visual attention in an immersive environment. 

Also, analytical software and browsers should implement methods to accept multiple dataset 

formats to aid researchers in simply importing their data sets into this software for easy 

analysis and visualization. 
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Appendix 1: Subjectve Questionnaire 
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Appendix 2: Pre and Post Intervention Test Questions. 
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 Appendix 3: Coding Scripts for Eye-Tracking Data Analysis 

A. Resolution Conversion script 

from PIL import Image, ImageDraw 

import os as os 

import pandas as pd 

 

filename = ("Participant_17_data 22-06-21.csv") 

eye_data = pd.read_csv(filename) 

 

# Selecting specific columns needed for analysis 

eye_data_imp_col = eye_data[['gaze_projected_to_left_view_x', 

'gaze_projected_to_left_view_y']] 

eye_data_imp_col.insert(0, 'No.', range(0, 0 + len(eye_data_imp_col))) 

 

eye_data_imp_col['No.'] = eye_data_imp_col.loc[:, "No."].astype(str) 

 

# selecting the 100th datapoint for drawing in image 

eyeTrackingData = 

eye_data_imp_col.loc[eye_data_imp_col['No.'].str.contains("\d00+$"), 

('gaze_projected_to_left_view_x', 

'gaze_projected_to_left_view_y')].values.tolist() 

 

xResLeft = 0 

xResRight = 1391 

yResTop = 0 

yResBottom = 1600 

 

xNormLeft = -1 

xNormRight = 1 

yNormTop = 1 

yNormBottom = -1 

 

imgNumber = 0 

 

def convertFromNormToRes(xVal, yVal): 

    # what is one pixel in normalized space? 

    width = xNormRight + (0 - xNormLeft) 

    height= yNormTop + (0 - yNormBottom) 

 

    xPixel = width / (xResRight + (0-xResLeft)) 

    yPixel = height / (yResBottom + (0-yResTop)) 

     

    xResult = ((xVal + (0 - xNormLeft)) / xPixel)  

    yResult = yResBottom / (yNormTop - yNormBottom) - (yVal / yPixel)  

    print("%f , %f" % (xResult, yResult)) 
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    return [xResult - 10, yResult - 10, xResult+ 10, yResult+10] 

 

def drawInImage(filename, xVal, yVal): 

    #global imgNumber 

    try:  

         img  = Image.open('filepath'+filename)  

         draw = ImageDraw.Draw(img) 

         res = convertFromNormToRes(xVal, yVal) 

         draw.ellipse(res, outline = 128, width = 2) 

          

         img.save('filepath'+filename) 

    except IOError: 

         print('IO Error') 

         pass 

 

def navigateThroughFiles(): 

    s = os.listdir('filepath/images') 

    counter = 0 

    for f in s: # go through each entry 

        print(f) 

        drawInImage(f, eyeTrackingData[counter][0], 

eyeTrackingData[counter][1]) 

        counter += 1 

 

navigateThroughFiles() 
 

B. Extracting Data points. 

C. import pandas as pd 

D. eye_data = pd.read_csv("Participant_17_data 22-06-21.csv") 

E.  

F. # Selecting specific columns needed for analysis 

G. eye_data_imp_col = eye_data[['gaze_projected_to_left_view_x', 

'gaze_projected_to_left_view_y']] 

H. eye_data_imp_col.insert(0, 'No.', range(0, 0 + len(eye_data_imp_col))) 

I.  

J. eye_data_imp_col['No.'] = eye_data_imp_col.loc[:, "No."].astype(str) 

K.  

L. # mg_eye_data["Pupil Diameter Left (mm)"] = mg_eye_data.loc[:, "Pupil 

Diameter Left (mm)"]*10 

M. eyeTrackingData = 

eye_data_imp_col.loc[eye_data_imp_col['No.'].str.contains("\d00+$"), 

('gaze_projected_to_left_view_x', 

'gaze_projected_to_left_view_y')].values.tolist() 
 

C. Script for Image/Video overlay 
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import os 

import cv2 

import math 

 

class Video: 

   def __init__(self, filename: str): 

        self.filename = filename 

 

    def __str__(self): 

        return "Video: %s" % self.filename 

 

    def __repr__(self): 

        return "Video(filename='%s')" % self.filename 

 

    def to_image(self, resources_folder: str, tag: str, verbose=True): 

        count = 0 

        storage_folder = resources_folder + "/" + tag 

 

        if verbose: 

            print("Ensuring the resources folder exists") 

            if not os.path.exists(storage_folder): 

                os.mkdir(storage_folder) 

 

        capture = cv2.VideoCapture(self.filename) 

        frame_rate = capture.get(5) 

 

        if verbose: 

            print("Processing videos to images") 

 

        while capture.isOpened(): 

            frame_id = capture.get(1) 

            ret, frame = capture.read() 

            if ret != True: 

                break 

            if frame_id % math.floor(frame_rate) == 0: 

                filename = storage_folder + "/" + f"frame_{count}.jpg" 

                count += 1 

                cv2.imwrite(filename, frame) 

        capture.release() 

        print("The images are now available in the resources folder") 
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Appendix 4: Excerpts of Extracted Images 

A. Raw Data before Data point overlay 
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B. After Data Point Overlay. 

            

           




