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ABSTRACT Neurology is considered as one of the most challenging fields of medical science due to the
complexity of the nervous system in human body. The treatment processes of the patients suffering from
neurological disorders are greatly influenced by the advancements in technology. In this regard, the infusion
of augmented reality (AR) has immensely improved patients’ and healthcare workers’ experiences in the
field of neurology. Several efforts are being made by the community to introduce various applications of
AR for patients as well as for healthcare workers in neurology. This study systematically examines the
applications of AR in neurology and synthesizes their uses and impacts in the treatment and assistance
of the patients suffering from neurological disorders as well as in the assistance of healthcare workers. The
results reveal that most of the AR applications are used for motor disorders while lesser systems are designed
for patients with degenerative diseases, most of them being task assistance systems. Moreover, the use of
AR applications leaves both long-term and short-term impacts in improving the quality of patient’s life.
Furthermore, there is a need of introducing more interactive AR systems for patients with degenerative
diseases as well as exploring the possibility of using such systems for mental rehabilitation. It has also been
identified that there is a potential to develop AR applications for healthcare workers, to train and assist them
through simulations. In addition to reviewing the AR applications, this work proposes a taxonomy of AR
applications in neurology posing different dimensions including scope of AR, type of neurological disorder,
and impact of AR assistance on patient’s life. Furthermore, this article also highlights challenges of using AR
applications in neurology. Based on the identified challenges, guidelines to design AR systems are suggested
for application designers and developers to help them design and develop more useful AR systems. Lastly,
this work proposes an architectural model to design the AR systems for patients suffering specifically from
degenerative or movement neuro-disorders in order to guide the future research of AR usage in neuroscience.

22 INDEX TERMS Augmented reality, application, neurological disorder, neurology.

I. INTRODUCTION23

Neurology is a term used in medical science to describe24

the functionality of the central nervous system (CNS) and25

brain [92]. Neurological disorders are caused by physical26

impairment of the brain, nerve, or spinal cord [93]. Other27

causes to have these disorders could be because of changes28

in certain biochemical aspects. Even though the cause may29

The associate editor coordinating the review of this manuscript and

approving it for publication was Michele Nappi .

be unidentified but the effects or symptoms on CNS can be 30

perceived [38]. Neurological disorders may cause symptoms 31

that are related to brain activity such as thinking and ana- 32

lytics. These disorders may also cause problems in muscle 33

functionality and balance. Certain chronic conditions such 34

as hormonal imbalance may also result due to these dis- 35

orders. However, temporary conditions induced due to the 36

environment or certain events may cause hurdles in brain 37

functionality but are not classified as neurological disorders. 38

These are psychiatric illnesses that are reversible, such as 39
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stress, anxiety, or temporary memory loss [89]. The patients40

of neurological disorders could globally be in any part of the41

world; however, the areas where the growing population is42

over 65 years of age tend to have more patients suffering from43

these disorders [93].44

Traditionally, the neurological disorders are treated with45

medication [90]. In some cases of symptoms where patient46

may have loss of movement, balance, or loss of sensation in47

any part of their body, physical rehab may be provided in48

order to maintain the functionality of patients’ limbs [88].49

Training activities may also be given to patients in order to50

maintain their thinking and analytical abilities [91]. These51

treatmentmethods can be challenging for doctors and patients52

as they are often time consuming, tedious, and may differ53

from real life scenarios. Patients could also lose interest54

in these activities and may find them very different from55

what they may experience in real life. Doctors experience56

difficulties in treating patients with neurological disorders as57

brain and CNS is a very complex system to handle with such58

forms of treatments. Normal medical reporting tools often59

rely information in form of 2D images (x-rays, CT scans,60

MRIs) which are not very visualize-able [94]. In addition,61

there is very less training simulators available for healthcare62

workers to train for difficult medical procedures such as brain63

surgeries [91].64

Recently with the advancements in technology, augmented65

reality (AR) has made its way into medical science. AR is66

a technique that modifies a real-life environment by aug-67

menting through sound, visual elements, or other sensory68

stimuli [5].69

The AR involves different technologies for enabling the70

real-time environment of computer-generated content by dis-71

playing live videos. AR is based on VR, which interacts with72

a virtual world and simultaneously has some interdependence73

with the real world [95]. The augmented reality is considered74

meaningless in its own but it starts making sense by consid-75

ering the humans and how they conceive the real work [5].76

The treatment process for patients suffering from neu-77

rological disorders as well as training of doctors, nurses,78

surgeons, and hospital staff for dealing with patients’ aliment79

has significantly improved with the use of AR technology80

[42], [70]. The instructiveness of AR technology allows the81

treatment process for patients to be a lot more user-friendly82

by providing them with experience with real-life scenarios in83

an augmented world. It not only provides enhanced learning84

experiences to doctors but also gives them special provisions85

in terms of 3D visualization of the human body, digitizing86

patient records, and augmented treatment practices such as87

surgery simulations [8], [16].88

The conventional approaches to treat neurological dis-89

orders are in place; however, AR technology is infused90

to enhance and support existing techniques for treating91

neurological disorders. The traditional approaches have their92

significance and roles in treatment but AR is used to treat93

patients suffering from neurological disorders with the intent94

to provide better user experience of AR applications and95

more natural input and output interaction methods. Despite 96

the demonstrated effectiveness and the significance of using 97

AR applications in neurology [16], [18], [21], rare work is 98

observed, which synthesizes the use of AR applications in 99

terms of the scope, the neurological disorders these appli- 100

cations treat, and the impact of using these applications on 101

patients’ journey. 102

The existing systematic literature reviews (SLRs) and sur- 103

veys in the specified field of study are either holistic [95], 104

[96], which generally investigates the applications of AR in 105

various fields or too narrow, which examine the use of AR 106

applications for particular neurological disorders [99] or to 107

support particular stakeholder in order to perform specific 108

tasks [97], [98], [100]. This triggers the need to conduct a 109

study that comprehensively evaluates the use of AR appli- 110

cations in the field of neurology to perform various tasks 111

related to different stakeholders including doctors, healthcare 112

workers, and patients. 113

The main goal of this research is to examine various appli- 114

cations of AR in neurology and find the types of neurological 115

disorders being treated using AR. To the best of our knowl- 116

edge, no study in past posed a review of AR applications’ 117

usage in neurology. Based on the findings of this review, 118

this study suggests guidelines for designing AR systems to 119

enhance the user experience. Moreover, a taxonomy for the 120

use of AR technology in the field of neurology has also been 121

presented in this article. Furthermore, this work proposes a 122

dedicatedAR apps structure to overcome the challenges faced 123

by patients with recognized neurological disorders. A user- 124

friendly design model and layered architecture for neurolog- 125

ical disorder apps based on the identified gaps has also been 126

presented in this study. 127

The rest of this article has been organized into the fol- 128

lowing sections. Section II describes the AR systems that 129

are being used in the field of neurology. Section III defines 130

the research methodology along with data analysis exhibit- 131

ing the responses to the research questions. Section IV 132

describes the discussion and implications, which poses the 133

taxonomy, and gaps and challenges. The sub-system division 134

of physical therapy apps and an AR system architecture 135

for neurological disorders are also proposed in this section. 136

Lastly, the Section V provides the conclusion by highlighting 137

the major findings of this work. 138

II. AR SYSTEMS IN NEUROLOGY 139

This section presents the work done in neurology using AR 140

applications specifically related to the patient’s treatment and 141

assistance journey. AR applications may also be used for 142

healthcare worker’s training or facilitations who are treating 143

patients with neurological disorders. The use of AR, as rec- 144

ommended in [83] and [84] is a technique to improve motion 145

recovery through action observation. The majority of the AR 146

systems proposed in the literature for rehabilitation activities 147

require a person to wear external devices or sensors. 148

Rehabilitation for stroke patients involves regaining 149

motion in the afflicted body parts, primarily the limbs, 150
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through intense, skilled training exercises. Muscular tasks151

such as grasping, stretching, and holding objects of every-152

day usage (such as coffee making, cellphones, TV remotes,153

etc.) are used in various rehabilitation procedures [9].154

Task-specific rehabilitation, like treadmill exercise with frac-155

tional body weight support and hip and knee extension156

workouts, is all part of lower limb rehabilitation [24]. The157

parts of the brain damaged by stroke are activated through158

repetitive exercise under the direction of a therapist.159

Exergaming (exercise plus gaming), also referred to as160

serious gaming, has gained favor in the past few years as a161

low-cost rehabilitation strategy that makes repetitive training162

enjoyable and exciting [80], [82]. Serious games for reha-163

bilitation are created with the following criteria in view:164

(a) They must be entertaining to play; (b) the output should165

be clear, and they should be accompanied by virtual reality166

(VR) awareness [79].167

Although at-home physical training for stroke rehabilita-168

tion using AR and VR techniques is becoming increasingly169

widespread, most current options concentrate on a single170

aspect of recovery.171

Hondoriet al. developed an AR method for teaching uni-172

lateral upper-extremity actions like dripping water [86].173

However, clinical medicine believes that full benefits from174

stroke rehabilitation require the collaboration of all damaged175

brain regions, as a stroke can destroy brain cells in several176

areas [87].177

AR Games by Leon et al. are simple AR systems for home178

rehabilitation after a stroke. Such a system uses AR technol-179

ogy to provide an interactive and motivational environment,180

based on exergames, to perform reaching tasks and provide181

a performance score that can be useful for the motivational182

purpose [37]. However, these systems are designed for home-183

based rehabilitation and don’t involve the supervision of a184

therapist which is necessary in most cases. Moreover, these185

systems are only being used for shoulder rehabilitation.186

ARIS (Augmented Reality-based Illusion System) [41],187

[43] is a system to develop a rehabilitation game exercise188

with visual and audio feedback, computer vision technology189

to create an illusory environment, and signal processing to190

monitor the performance of trained muscles via EMG signal191

(electromyography signal). AR System by Colomer et al.192

[74] is a portable and low-cost mixed reality tabletop system193

for upper limb rehabilitation. However, these systems are194

only designed for clinical rehabilitation and target only one195

specific area.196

MirrARbilitation and SleeveAR [42], [44], [69], [70] are197

AR rehabilitation systems with gesture recognition based on198

marker-less body tracking technology. These systems guide199

and motivate the user during the execution of a reaching200

task, allowing the physiotherapist to set the target object201

angle. In addition, these systems provide score points and202

give instructions to avoid the incorrect execution of move-203

ments. These are specifically designed to fit in a home envi-204

ronment [45]. The authors of the MirrARbilitation system205

showed that their application is more efficient than traditional206

rehabilitation methods because it improves user engagement 207

and exercises performance outcomes. But the target popula- 208

tion of these systems is only the patients after stroke and mas- 209

tectomy for their arm movement exercises. However, due to 210

the complexity and high cost of the AR Sleeve system, it can 211

be used in rehabilitation gyms with multiple and concurrent 212

therapeutic sessions. 213

Dementia is an incurable neurological illness that causes 214

memory loss, anxiety, agitation, depression, and other neu- 215

ropsychiatric symptoms, as well as a detrimental influence on 216

the cognitive, emotional, and physical capacities of those who 217

suffer from it [85]. Daily activities are tough for caregivers 218

and people with Alzheimer’s disease. AR approaches have 219

been used to generate important studies. Quintana and Favela 220

[25] used AR markers to insert reminders for completing a 221

task [30]. Using HoloLens, an AR system was created to 222

evaluate the beginning of Alzheimer’s disease at an early 223

stage. The symptoms that appear to be linked to earlymemory 224

loss, particularly spatial memory, are themost critical features 225

of early AD diagnoses. A game environment incorporates the 226

capacity to store and recover the memory of a specific event 227

involving an association between things such as the location 228

and the object attributes [32]. However, such apps challenge 229

the spatial intelligence of the patients with already impaired 230

brains. Moreover, as such patients have compromised mem- 231

ory, theymay not recall the steps and process to move forward 232

in the application. 233

According to the researchers, a variety of physical activ- 234

ity therapy, such as aerobic exercise, resistance training, 235

yoga, and dancing, may help patients with Parkinson’s dis- 236

ease (PD). Dance’s pleasurable aspect also elicits positive 237

emotional responses, gives a means of communication and 238

expression, and encourages frequent attendance at dance 239

courses. MTG (Moving Through Glass) is a Google Glass 240

application that acts as a portable, continuous extension of 241

the device. It projects MTG films of various activities into the 242

wearer’s natural environment [19]. People with Parkinson’s 243

illness may benefit from AR-based therapies like MTG 244

because they make dancing more accessible and adherent. 245

Although these researchers digitalized the MTG and tested 246

it, but the patient’s sample size is comparatively small and no 247

significant improvement has been observed as compared to 248

the traditional therapy. 249

This research has been conducted to provide the synthe- 250

sis of AR applications in the field of neurology. It poses 251

a solution to the challenges faced by the patients suffering 252

from neurological disorders. The novelty of this study is 253

that it provides a guideline to design and develop appli- 254

cations used in neurology based on the challenges and 255

gaps identified from the previous work. A taxonomy has 256

also been proposed to present the classification of various 257

aspects of AR applications in neurology. Moreover, this work 258

presents a sub-system division of the physical therapy based 259

applications and provides a layered architecture especially 260

designed for neurological disorders considering the identified 261

challenges. 262

102806 VOLUME 10, 2022



M. S. Farooq et al.: Applications of Augmented Reality in Neurology: Architectural Model and Guidelines

FIGURE 1. SLR process model.

TABLE 1. RQ and major motivations.

III. RESEARCH METHODOLOGY263

Medical Science has extensively enhanced over the past span264

with major contributions coming from the introduction of265

technology as part of the diagnosis and treatment process.266

Newer fields in information technology such as AR have sig-267

nificantly improved quality of life (QoL). One aspect of med-268

ical science that requires a lot of visualization is neurology,269

a branch of medicine dealing with disorders of the nervous270

system. AR systems have made a stride in both diagnosis,271

prognosis, and treatment of diseases related to CNS and brain.272

The research methodology chosen for this study is SLR.273

Its main goal is to evaluate how AR has influenced the274

rehabilitation and treatment of neurological disorders. The275

researchmethodology used for this study is shown in figure 1,276

which is the combination of the research methodologies in277

previous works [2], [3].278

After defining the research objectives and formulating the279

research questions, search string is defined and run in popular280

databases to collect relevant researches. Data collected has 281

been refined by applying the devised inclusion/exclusion 282

criteria. 283

A. RESEARCH OBJECTIVES (RO) 284

The main objective of this research is to examine the use of 285

ARas either diagnostic or treatment/therapy or assistance tool 286

for neurological disorders. The objective of conducting this 287

work is divided into sub-objectives listed below: 288

RO1: Identify the contributions of AR technology in 289

the journey of patients suffering from neurological 290

disorders. 291

RO2: Identify the classifications of neurological disor- 292

der where AR systems have been used in the patient 293

journey. 294

RO3: Identify the effectiveness of AR systems in a 295

patient’s lifespan. 296

B. RESEARCH QUESTIONS (RQ) 297

In order to meet the defined research objectives, the research 298

questions were formulated, which are listed in table 1 along 299

with the respective motivation behind formulating each 300

question. 301

C. SEARCH SCHEME 302

The fundamental part of an SLR is the formulation of a search 303

plan to effectively determine and gather relevant articles in the 304

selected field. This process involves the narrative of a search 305

string, all the literature resources that are used to apply the 306

search, and the segregation (inclusion/exclusion) plan to get 307

the most related papers out of the identified records. 308

1) SEARCH STRING 309

To collect relevant research, and work it is important to search 310

the right way. To find related work, the searching methodol- 311

ogy has been divided into three parts: disorder search, string 312

search with disorder keyword, and general string search with- 313

out the specific disorder. The first part includes finding the 314

most common neurological disorders with either a diagnosis 315

or treatment plans. This includes searching for the recognized 316

medical disorder that is common in all parts of the world. This 317

search has been done on search engines and online medical 318

databases and websites like WebMD. This provided a list of 319

neurological disorders that are used in the second part using 320

a citation search engine to find previous literature ranging 321

from January 2009 (initial phases of AR/VR technology) to 322

April 2022. 323

The journals have been picked from IEEE Xplore, Google 324

Scholar, Science Direct, ACM, PubMed, Springer, and sim- 325

ilar. The search string was built in a similar format that 326

works on a typical search bar where a neurological disorder 327

was placed with Augmented Reality in the double quotation. 328

For some search strings with a disorder that has no cure 329

therapy keywords such as ‘‘Activity’’, ‘‘rehabilitation’’, and 330

‘‘therapy’’ were also searched. In the third part, a standalone 331
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FIGURE 2. Search string keywords.

search has been done in the same place with general words332

such as ‘‘neurological disorder AND augmented reality’’.333

Multiple combinations of primary, secondary, and addi-334

tional keywords shown in figure 2 were created using logical335

‘‘AND’’, ‘‘OR’’ and ‘‘NOT’’ boolean operators. The primary336

keywords were used as identifiers to limit the search results to337

those that were relevant to this investigation. Secondary and338

additional keywords were effective in summarizing the search339

results to find publications that were more closely related to340

this research.341

Keywords with their abbreviations used to formulate the342

search string are the following:343

Augmented Reality (AR), Neurological Disorder344

(ND), Cerebral Palsy (CP), Parkinson’s Disease345

(PD), Stroke (S), Multiple Sclerosis (MS), Dementia346

(D), Alzheimer’s Disease (AD)347

The following equation describes the composition of348

search string.349

R = ∀[(AR) ∧ (ND ∨ CP ∨ D ∨ MS ∨ PD ∨ AD ∨ S)]350

(1)351

In the equation 1:352

R = Results obtain from the search string353

∀ = for all354

∨ = OR operator355

∧ = AND operator356

The generic form of the search string using the above-357

mentioned keywords is:358

TABLE 2. Search string.

((‘‘Augmented Reality’’) AND (‘‘Neurological Disorder’’ 359

OR ‘‘Cerebral Palsy’’ OR ‘‘Dementia’’ OR ‘‘Multiple 360

Sclerosis’’ OR ‘‘Parkinson’s Disease’’ OR ‘‘Alzheimer’s 361

Disease’’ OR ‘‘Stroke’’)) 362
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FIGURE 3. Selection procedure.

2) LITERATURE RESOURCES363

The research articles collected for this study have been col-364

lected from the credible databases described below:365

1. ACM Digital Library366

2. Springer367

3. PubMed368

4. Science Direct369

5. Google Scholar370

6. IEEE Xplore371

7. Scopus372

Table 2 displays the search strings used to extract the relevant373

publications from the above-mentioned databases and the374

applied filters. The papers extracted from these databases375

were used to conduct the study after filtering throughmultiple376

techniques.377

3) INCLUSION AND EXCLUSION CRITERIA378

The criteria set to shortlist the papers are following379

a: INCLUSION CRITERIA380

IC 1) Paper focusing on the use of AR in main capacity.381

IC 2) Paper mentioning recognized neurological disorders.382

IC 3) Paper focusing either on diagnosis, treatment,383

or assistance of the neurological disorder.384

b: EXCLUSION CRITERIA385

EC 1) Paper in which AR is not being used in the main386

capacity or the work doesn’t demonstrate AR as a tool for387

the treatment of the neurological disorder.388

EC 2) Paper in which augmented reality and recognized389

neurological disorder are not mentioned explicitly.390

EC 3) Paper that is not written in English. 391

EC 4) Paper that is re-published. 392

4) SELECTION OF RELEVANT PAPERS 393

This SLR has been conducted based on the papers published 394

between January 2009 and April 2022. Numerous articles 395

were gathered during the primary search but some of them 396

were related to the study and some were not. The papers were 397

then filtered following the process shown in figure 3 [58]. 398

Initially, the papers were filtered out based on the titles 399

and abstracts. The abstracts have been analyzed carefully to 400

determine relevance to the research questions and the main 401

objective of this research. 402

The literature screening was a two-step process. In the first 403

step, all the literature has been scanned to see if keywords 404

such as neurological disorder and AR are present in the title. 405

The journal/conference in which papers were published to 406

ensure the literature title matches context-wise. Out of around 407

135 selected papers, the first step of screening resulted in 408

around 47 papers. After the initial round, the abstract of the 409

paper has been carefully read and detailed the paper using the 410

technique defined by Keshav [4]. 411

In figure 4, the PRISMA technique used for literature 412

searching and selection is presented, together with the num- 413

ber of articles found at each stage. The screening has been 414

done twice, in the first cycle, 82 related papers were gath- 415

ered that were shortlisted to 21 papers after passing through 416

the inclusion and exclusion criteria. In the second round, 417

29 papers were shortlisted from a total of 108 articles. So, this 418

study provides the review of 47 papers in total. As the search 419

results were based on keywords that may have alternate 420

meanings in different scenarios; hence, a careful screening 421

of papers was carried to shortlist the finalized set of papers 422

for review. 423

5) QUALITY ASSESSMENT CRITERIA 424

To establish a ranking system, we look at the different goals 425

each paper presented. For that purpose, point system has been 426

used, which is a known metric for ranking literature. Three 427

basic ideas have been developed and if the ideas have been 428

accomplished in the said literature, then a (+1) point was 429

awarded to the paper. Moreover, if the paper was published 430

in a CORE A or greater conference journal with a significant 431

impact factor then it would be awarded an additional (+1). 432

Here are the general ideas 433

a: INTERNAL CRITERIA 434

1) Does the study claim to present a novel idea of using AR 435

for treating or diagnosing neurological disorders? If so, 436

the paper is given a +1 Rank. 437

2) Does the paper pose significant results in achieving the 438

goals set at the start of the research? If so, the paper is 439

given a +1 rank. 440

3) Does the paper offer a comparison to traditional 441

techniques present empirical evidence for success in 442
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FIGURE 4. PRISMA flow diagram.

assessment criteria (b)? The paper is given a +1 rank443

for achieving this444

b: EXTERNAL CRITERIA445

1) To measure the external quality based on the publication446

sources JCR and CORE447

Based on the abstract section of literature collected, the448

papers have been carefully scanned to find relevant data if449

available for the given research question. If the paper men-450

tioned a research question or provided information that paper451

was accepted even if it partially provided the resource. The452

paper provided the 3 phases of reading (a technique described453

in [4]. The analysis, evaluation, and result sections were454

scanned formore information and if that informationmatched455

the research question either partially or fully the literature was456

evaluated using assessment criteria.457

This section piles up the consequences and presents a458

clear valuation of all screened papers. The main focus of this459

part is to discuss the quest concerns gathered via a defined460

seek string. Table 3 contains the description of the scores461

used to evaluate the selected articles and the comprehensive462

discussions to reply to all the research questions are in the last463

section.464

D. DATA ANALYSIS465

The papers were then assessed based on the defined criteria466

of assessment. All the articles were carefully investigated467

to figure out the research questions’ answers. The selected468

articles have been first classified and then a classification469

table i.e. table 4 is created, based on the following factors:470

publication channel and year, research type, empirical type,471

major focus, assessment criteria, scope of AR, neurological 472

disorders categories, and impact of AR assistance 473

The articles were assessed and scored using the previously 474

stated scoring criteria (internal and external). Figure 5 shows 475

a visual depiction of the rankings of the articles based on 476

internal and external scores. 477

Each question to assess the internal criteria has been 478

assigned 1 score. And question for the external criteria has 479

been assigned 2 score, so the score has been calculated out of 480

the 5. Papers having a total score of more than 2.5 have been 481

ranked as high level, less than 2.5 have been ranked as low 482

level, and 2.5 score is considered average ranking. 483

Only 14.8 % are scored as low, and 12.7% as average, 484

according to the results of the whole review. The remaining 485

72.3% are rated higher than average. 486

Figure 6 depicts the number of articles published in either 487

a journal or a conference each year. With the collected statis- 488

tics, it can be clearly stated that AR technology took a boost 489

since 2018, and most of the work has done in 2018 and 2019. 490

51% papers have been published in journals and 49% have 491

been published in conferences. 492

1) RQ1) WHAT IS THE SCOPE OF AR IN TERMS OF ITS USES 493

FOR HEALTHCARE WORKERS AND THE PATIENTS SUFFERING 494

FROM RECOGNIZED NEUROLOGICAL DISORDERS? 495

AR technology has introduced a newer and interactive dimen- 496

sion to the treatment and therapy process by introducing 497

senses that are often difficult to simulate. This allows the 498

simulation of the brain and nervous system, which may not be 499

possible with medication or traditional physical therapy. This 500

also allows users to experience situations virtually, which 501
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TABLE 3. Criteria to assess the quality.

may be dangerous or inconceivable. This infusion of AR502

let the healthcare workers/doctors to treat patients through503

allopathic medicine and improve their progress through sen-504

sory training using AR. [8] is research that uses AR to505

simulate special disorders and measure the impact using506

cardio-vascular vitals such as heart rate. Similarly, more and507

more research is observed for physical health therapy where508

exergames have been developed for rehabilitation of patients509

and results are collected based on physical movements done510

during the serious game. An approach in [15] focused on the511

gait and posture of participants. Research such as [15] also512

shows that gait rehabilitation using a mounted AR headset513

with a new algorithmic approach called HoloLens can be ben-514

eficial for patients especially kids with cerebral palsy (CP).515

Similarly, gait biomechanics and position control are being516

measured and their effect is being calculated usingARheaded517

FIGURE 5. Score based articles ranking.

FIGURE 6. Annual frequency of publication.

mounted device for movements such as walking in research 518

done in [24]. This allowed the researcher to identify different 519

gait positions than expected, which may result in degradation 520

of gait movement treatment overall for users. In some cases 521

of MS patients, physical therapy might also be needed to 522

slow down the effect of the disease. The application has been 523

designed to treat balance and rehabilitate MS patients who 524

experience balance issues using a home-basedVR/AR system 525

and infused daily tasks such as multi-tasking and obstacle 526

negotiation [22]. 527

Mental health therapy such as Neurofeedback Therapy 528

for the patients suffering from ADHD has shown a sig- 529

nificant improvement in the treatment’s efficacy. This dis- 530

ease usually effects the younger individuals and cause them 531

to make impulsive decisions or decrease their success rate 532

in all the aspects of life. The usual treatment process of 533

this disease is deadly that causes patients to lose motiva- 534

tion but with the help of AR technology, the whole process 535

has been made interesting by designing interactive graphical 536
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TABLE 4. Classification and quality assessment.
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TABLE 4. (Continued.) Classification and quality assessment.
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TABLE 4. (Continued.) Classification and quality assessment.
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TABLE 4. (Continued.) Classification and quality assessment.
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FIGURE 7. MSease, an AR application to aid patients diagnosed with
multiple sclerosis.

interfaces or games and providing the feedback of patient’s537

brainwave activity, that is taken via [51]. This kind of538

therapy has helped them a lot to improve their cognitive539

ability.540

ARhas also been helpful in the training of the doctors espe-541

cially when it comes to the sensitive and complex surgeries542

like neurosurgery or transsphenoid surgery. An AR system543

has been developed for the practice of the healthcare workers544

to perform neurosurgery. With the help of this system, the545

doctors are trained to perform the surgery on the augmented546

robot and in result of this practice, lower malpractice ratio has547

been observed [26].548

AR systems help patients to perform their everyday tasks549

to improve their living [65]. In case of diseases like dementia,550

where patient’s memory is worsen day-by-day, AR applica-551

tions assist them to perform an activity/task like making tea552

[25], or to recognize objects, for example, AR systems have553

been observed where intellectually impaired individuals get554

an alert signal to stay away from hot objects [22].555

Not only does the system provide rehab for degenerative556

diseases such as MS and PD, but for healthcare workers as557

well. Figure 7 presents an MSease application to aid the558

patients diagnosed with MS [65]. These applications show559

a guided injection delivery using AR that let MS patients560

or their nurses visualize injection sites by an overlaid AR561

grid.562

The researchers developed an application [16] where AR563

was used to transform medical records into 3D organs, which564

gave an in-depth idea of medical history to patients allowing565

them to visualize their organs.566

Figure 8 presents the stats of the infusion of AR in patients’567

or healthcare workers’ life. From the statistics obtained after568

evaluating the selected papers, it is revealed that mostly AR569

technology has been used in physical health therapy and for570

the guidance of patients in day-to-day tasks.571

2) RQ2. WHAT TYPES OF DIFFERENT NEUROLOGICAL572

DISORDERS ARE BEING TREATED USING573

AR APPLICATIONS?574

Over 10 years different types of research has been col-575

lected and analyzed where two recurring patterns have been576

FIGURE 8. Scope of AR.

observed in which the AR applications have been provided 577

as a treatment alternative to traditional medicine processes. 578

AR applications are either mostly used for treating move- 579

ment disorders where patients are struggling with limbic 580

movement, balance, or coordination of hand-eye movements. 581

Another pattern is observed where AR application is being 582

used to maintain the capabilities of the brain to think and 583

memorize, especially in parts of the cerebrum. Disorder 584

or degenerative diseases where a person loses capability 585

and gets slower while using interactive games/activities 586

using AR. 587

AR has been used for the treatment of motor diseases such 588

as CP using AR applications that help do motion coupled 589

with a physical device such as a treadmill [15]. Level 3 590

patients of GMFCS (Gross Motor Function Classification 591

System) have been rehabbed with AR-mounted headsets for 592

movement disorders [24]. Research in [17] developed an 593

AR application for hand movements such as finger tapping 594

gestures with healthy people as a control group and patients 595

with PD and cerebrovascular accident (CVA). MS and PD 596

already treated with AR applications has been observed such 597

as in [29]. Similarly, in [18] AR being used to treat patients 598

who have suffered paralysis due to stroke and PD by asking 599

them to perform hand movements. Similarly, PD patients 600

were providedwith paths such as circular paths using AR [31] 601

to improve the motor function of the nervous system. Around 602

20 patients with idiopathic PD were part of research that 603

helped do physical activity or ‘class’ where participants were 604

required to do movement such as boxing/swimming using 605

Google glass in research conducted in [19]. More movement 606

exercises were done in [27] for patients with stroke disabil- 607

ities. While some applications focused on only movement 608

disorders some applications also focused on the disorder that 609

affected brain functionality. In [14] research was done where 610
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FIGURE 9. AR System for Alzheimer’s patient.

FIGURE 10. Neurological disorder’s classifications frequency.

stroke patients were rehabilitated using AR applications that611

not only worked on improving motor skills but also on mental612

state using interactive color-based AR games using mobile613

devices. MR applications have been used by doctors to iden-614

tify stroke patients and their current mental state in clinical615

training settings [35]. AR has been used for the rehabilitation616

of stroke patients. [12] mentioned various research where617

applications using shapes and color with help of gamification618

to replace standard medical processes such as physiotherapy619

to improve critical thinking.620

Another classification of neurological disorder is degen-621

erative where the function or structure of the damaged622

tissues or organs worsens over time. Alzheimer’s disease623

and dementia are also key neurological disorders have that624

treated with AR-based applications where patients experi-625

ence progressive memory loss [40]. [25] showed patient use626

case of AR using a mobile application, which could be a627

guidance tool for the patient that suffers from Alzheimer’s.628

The application would display safety messages on the envi-629

ronment with AR + camera input to warn patients of630

hot applications such as stove/coffee makers. It also pro-631

vided tags for patients to recognize different items in their632

surroundings and gave valuable instruction that will help633

them perform day-to-day tasks as shown in figure 9 [25]634

where an AR system is helping a dementia patient to make635

coffee.636

FIGURE 11. Statistics of the neurological diseases treated by AR.

[30] provided a patient and caregiver with an AR-based 637

application to keep track of progress and perform the daily 638

task using AR assistance coupled with smartphone technol- 639

ogy. It was tested with patients with Alzheimer’s. 640

Figure 10 shows the statistics of the types of neurological 641

disorders that are mostly being catered by AR technology. 642

By carefully evaluating the research papers, it has been 643

observed that AR technology has been used for degenerative 644

disorders more than motor disorders. 645

Figure 11 presents the frequency of diseases that are being 646

treated by AR technology. It has been observed after evalu- 647

ating the selected papers that mostly AR systems have been 648

used for the rehabilitation of the stroke patients. 649

In all those disorders, AR has been infused in various 650

capacities. From the results, it is clear that AR systems are 651

very helpful for stroke patients due to the of use physical 652

health therapy for their treatment. Although AR has enhanced 653

the quality of life of the patients suffering from neurological 654

disorders, yet there is a need to increase the use of AR in for 655

the diseases like pituitary tumors and ADHD. 656

3) RQ3. WHAT EFFECTS DO THESE AR SYSTEMS HAVE IN 657

TERMS OF LONG/SHORT TERM GOAL ACHIEVEMENT FOR 658

PATIENTS WITH RECOGNIZED NEUROLOGICAL DISORDERS? 659

AR applications have a wide variety of use cases and most 660

of the applications focus on rehab of the users. As shown 661

in RQ2 the two different targets are motor movements and 662

mental ability that AR application tries to improve on. 663

Different research is done to examine the effectiveness of 664

AR applications. A study [28] presented the use of social 665

robots and AR to assist the display for patients with dementia. 666

The research showed an increase in contextual interactions 667

and usage. Similarly, a work [9] showed AR-based patient 668

support system called ‘cARe‘ was introduced that helped 669
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FIGURE 12. Statistics of impact of AR assistance.

dementia patients and caregivers maintain a good balance and670

allowed patients to perform day-to-day tasks longer without671

the need for supervision. [9] showed various research with672

AR/VR applications that have proved beneficial for patients673

with dementia.674

To understand the goal achievements for AR apps, it is675

important to understand how much impact an app has with676

relevance to the time used. Hence, time spent on the app677

has importance in the evaluation of the patients’ condition.678

To understand this better, goal achievement has been divided679

based on long-term and short-term improvement. The dif-680

ference between long-term and short-term goal achievement681

is that the long-term goal achievement refers to improve-682

ment in a patient’s ability to overcome what was previously683

hampered by his/her disease with time spent on the appli-684

cation. This includes multiple months or years of using AR685

applications. In contrast to that, some AR applications show686

short-term goal achievements by posing improvements in687

patients’ quality of life. This includes the patient’s guidance688

application where the patient spends a very small fraction of689

time using the application as immediate goal achievement.690

This goal is achieved usually is in the form of day-to-day tasks691

and has no direct impact on the improvement of patients’692

diseases.693

Figure 12 presents the impact ratio of AR technology,694

which shows that use of AR leaves more long-term impact695

than short-term on patient’s journey. It outlines applications696

that provide healthcare workers with patient movement data697

within a home environment allowing better clinical decision-698

making. [26] presents a list of research that use reality699

in the form of augmented and virtual reality to improve700

neurosurgery outcomes. Here are some examples, such as701

the microscope-based AR system, which has proven to be702

particularly useful in neurovascular surgery by improving the703

placement of craniotomy and the opening of the dura mater.704

This allows healthcare workers to maintain a low malpractice705

rate and improve patient care.706

This allows healthcare workers to maintain a low malprac-707

tice rate and improve patient care. In [23] better surgical708

process has been provided to reduce stress for patient and709

surgeon while performing neurosurgery by allowing better710

visualization. This greatly improves the surgery success rate711

and decreases complications. A research [36] provides smart 712

visualization for tumors in the brain using smart that gave 713

better accuracy than medical 2D imaging disorders, which 714

often need AR application assistance. This has also been 715

experienced by [20] where the 2D model was considered 716

better by participants than the 3D model. 717

IV. DISCUSSION AND IMPLICATIONS 718

A taxonomy has been proposed in figure 13 after carefully 719

evaluating the collected papers, and concluded that AR sys- 720

tems in neurology are based on three main aspects. The first 721

aspect is the scope of an AR system that describes a purpose 722

and the user system is intended. Two users are predominantly 723

using AR systems in neurology. The first category of the user 724

is patients or people suffering from a neurological disorder. 725

To support their treatment, there are two types of activities 726

that AR application performs. The first one is rehabilitation 727

that includes all types of therapies of the patients. Therapies 728

may be physical or mental. These applications try to directly 729

impact the users’ progress during the patient’s life cycle and 730

mitigate the effects of disease. Physical therapy refers to the 731

movement and exercises that a patient does with the help of 732

AR system to improve his deterioration of disease or gain 733

back the abilities of their muscles, strength, balance, and 734

movement. This is the most common type of AR system 735

found in neurology where interactive exergames are used to 736

treat patients. The second type of therapy is mental therapy, 737

which targets the user’s cognitive ability to improve his think- 738

ing, understanding, and reflexes. 739

This may include memory exercises, attention exercises, 740

and cognitive ability testing. These types of AR systems are 741

rare in neurology as observed that such patients often have 742

limited cognitive ability to understand the setup and operate 743

AR systems. 744

While many systems are trying to rehabilitate users. There 745

is also a category of task assistance systems designed for 746

patients to perform daily activities that are hampered by their 747

disease. Those activities may not directly relate to symptoms 748

caused by the disorder but have an influence on the patient’s 749

quality of life. 750

Some AR systems help users to perform menial tasks 751

such as making food, taking medicine, and assisting them 752

in performing day-to-day activities while some systems help 753

users to navigate social conditions such as cautioning them 754

of dangerous objects in the environment (e.g. Alzheimer’s 755

patients being cautioned to stay away from the oven or hot 756

objects). 757

The other type of users of an AR system in neurology 758

is healthcare workers such as doctors, paramedical staff, 759

surgeons, and personal healthcare providers. These systems 760

help doctors in the field of neurology and improve their 761

ability to diagnose and treat patients. This category includes 762

general-purpose systems that help healthcare workers from 763

training to diagnose disorders using AR-based 3D models 764

and help them visualize a patient’s medical report in a more 765

interactive environment. There are also surgery simulation 766
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FIGURE 13. Proposed taxonomy of AR applications in neurology.

AR systems that help neurosurgeons practice complex surg-767

eries before performing them on real patients. There are also a768

few AR systems that help healthcare workers through passive769

medical record gathering and helping them visualize patients’770

progress.771

The second aspect is the classification of neurological772

disorders, which are being treated using the AR system. First773

and the most common type of neurological disorder, which774

is prevalent in these AR systems are ‘‘movement disorders’’,775

which refer to diseases that impact a user’s mobility and776

motor functionality. Such disorders may present users with777

challenges of loss of limb movement. These disorders are778

mostly treated using physical therapy. Hence, these are the779

most common type of AR systems that have been observed780

in this search.781

Another type of neurological disorder that has been782

observed is degenerative disorders. These disorders usually783

get worse over time for the patient and the only way to combat784

them is to decrease their rate of progression. PD, Alzheimer’s,785

and some cases of dementia are examples of these disorders.786

These disorders are usually not directly improvable and the787

most common systems are assistive systems that are designed788

for patients to improve their quality of life and maintain their789

ability to be independent in life.790

The third aspect of AR systems in neurology is their791

impact on achieving goals such as improvement in the patient792

disease. These goals may be short-term in nature, which793

means they are objectively small and require less period to794

achieve. The most common of these goals are day-to-day795

activities that require less time from the user and provide796

goal achievement. Other types of goals are long-term in797

nature. These are usually rehabilitation activities that require798

a large span of time and are usually directly linked to the799

FIGURE 14. AR hardware.

patient’s system. This includes muscle activities/exergames 800

that last for weeks up to months. This is the most com- 801

mon type of goal setting in the AR system observed in our 802

research. 803

A. CLASSIFICATION OF AR SYSTEMS FOR 804

NEUROLOGICAL DISORDER 805

Table 5 summarizes the AR-based system for neurological 806

disorders. These systems contain different types of meaning- 807

ful plays to rehab the patients, such as apps to help in the ther- 808

apy or exercise and also for assisting the patients/healthcare 809

workers. As AR is a field that augments the real-world expe- 810

rience accessible to all, the implementation also requires AR 811

to be universally available, which means ARmust not require 812

specific hardware to run. Whatever device runs, the AR must 813

be powerful enough to render 3D models and have enough 814

sensors to be interactive. This means that today, common 815

smartphones, tablets, and handheld devices can run AR appli- 816

cations [39]. The most common devices used in AR sys- 817

tems include handheld devices such as smartphones/tablets, 818

smart glasses [33], HMD [13], and desktop PCs as shown 819

in figure 14. 820
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TABLE 5. AR Systems for neurological disorder.
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FIGURE 15. Markerless augmented reality.

The table 5 also enlists the type of AR technology that821

has been used in the AR systems for tracking purpose. It has822

been figured out that most of the AR systems are using823

markerless technology as opposed to marker-based. Marker-824

based AR needs a prompt symbol or marker to initiate the825

augmented experience. To experience the marker-based AR,826

one requires a camera and some virtual objects to scan. In the827

real world when a marker is recognized by an AR application,828

the virtual 3D object, animation, or text is positioned on it829

to create the desired scene. The augmented 3D object will830

vanish if the scanner moves away from the marker. There831

could be many types of markers that can be used to scan such832

as QR code-like structures, images, cards, or other excep-833

tional designs that an AR app can perceive, after identifying834

the trigger mark, it superimposes the virtual object on the835

top of it.836

As compared to marker-based AR, marker-less AR is more837

adaptable as it lets the user decide where to put the vir-838

tual object. Without assigning a spot and putting a trigger839

over it, we can try various styles and different locations840

completely virtually, without moving anything in our envi-841

ronment. In this type of technology, even if your scanning842

device is moved around, the augmented object will stay in843

that spot. In figure 15 [58] shows the example of markerless844

AR, where a user is trying sit-to-stand exercise. The user can845

see a bird flying around his house. The game gathers a cherry846

as the user stands, and when he sits down, the game throws847

the cherry towards a specific target. In return, the bird rushes848

to grab the cherry.849

In markerless AR, position/angle of the augmented object850

depends on the localization technology and gyroscopes but in851

marker-based, the placement of the object will be determined852

by the marker. So, the stability of the object in markerless853

AR is relatively higher than the stability in marker-based854

technology. But the position accuracy of marker-based is855

relatively higher than the position accuracy in markerless AR.856

So, it will depend on the requirement and usage of the system857

that which technology will work better.858

B. GAPS AND CHALLENGES859

While AR technology has made strides in integrating into the860

medical processes of treating neurological disorders, there861

are multiple challenges that arise with use of such an inter-862

active and immersive technology. Some problems related to863

health and privacy concerns are already raised in previous864

researches. This section presents challenges of using AR 865

application in case of patient suffering from neurological 866

disorder, who already has compromised cognitive ability. The 867

challenges are listed below: 868

1) COGNITIVE OVERLOADING 869

With excessive use of 3D some patients with neurological 870

disorders often do more spatial computing while using AR 871

applications. This may create more cognitive load on the 872

already stressed brain and nervous system. Research in [10] 873

shows that AR HoloLens for Alzheimer’s patients may often 874

create a cognitive barrier for the user. Moreover, according to 875

[6] a larger device size is needed for spatial representation, 876

which may not always be available. This may cause the user 877

to misperceive the space around them causing harm. 878

2) TECHNOLOGY LITERACY 879

Most applications of AR require hardware to run, which is 880

a standard problem for the audience, which contains aged 881

or impaired people. However, this is a huge challenge for 882

people with neurological disorders. If an AR application 883

requires some time for the user to learn and requires the user 884

to remember it may be a problem as this target group has 885

difficulty maintaining information. People with Alzheimer’s 886

disease/dementia cannot be educated over and over on how 887

to execute said goal using AR. Research like [11] shows that 888

often AR equipment needs a technician on hand and normal 889

people without any disability need constant training on how 890

to use applications. 891

3) MOVEMENT ERRORS 892

Applications of AR that rely on movement may have a higher 893

error percentage due to omission errors caused by missed 894

objects/vectors. This was experienced by LeapMotion in [17] 895

where 5% of motions were incorrectly recognized due to 896

fingers being omitted from the line of sight. This also was 897

detailed by [7] where one size of AR hardware may cause an 898

error for patients with different physical attributes. 899

C. UX (USER EXPERIENCE) GUIDELINES 900

Based on the challenges identified in the section above, 901

a design requirement guidelines have been proposed as 902

original work in this research. The goal of this design 903

requirement is to overcome such challenges and provide 904

designer/developer guidelines to make AR applications and 905

systems that are more suited to people suffering from neu- 906

rological disorders. Based on all three challenges identified, 907

a design idea has been proposed to overcome that challenge 908

as well hardware/software improvement that may lead to 909

overcoming that challenge. 910

1) REDUCING COGNITIVE OVERLOADING 911

The most challenging thing about cognitive overload is that 912

it requires a reduction in the system in terms of modeling, 913

it also requires the system to have less text and less spatial 914

input. This means that system needs to tune to lower quality, 915
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which may impact the delivery of the system in terms of916

improvement. It is identified that often the application that917

targets patients with neurological disorders does not consider918

cognitive load as the main criteria. After considering each919

neurological disorder, a matrix has been provided where cer-920

tain input and output should be avoided.921

Based on the classification of neurological disorders922

described in [1] the input and output has been separated to be923

in either voice format, 2D model, or 3D model. This includes924

movement inputs, and gestures. Again, depending on the use925

case, the model may vary from case to case but generally,926

a designer should take into consideration each classification.927

Neurovascular diseases have been excluded as they are often928

treated with medication or surgical procedures (not via AR929

application).930

The first classification is neuro-degenerative diseases,931

which include AD, Huntington’s Correa, PD, and CP are932

disorders where cognitive overloading is most expected.933

As degeneration is consistent and patients will keep losing934

memory over time it is not expected of them to remem-935

ber actions and gestures of their own. Hence, input where936

movement can be avoided such as voice input is most937

preferred. Moreover, most of this order target brain, which938

may not require movement-related exercises hence, voice is939

the preferred input type. Voice input provides less cognitive940

overloading being nature input as well. In terms of output,941

this has been observed that lack of spatial intelligence is a big942

concern, which may also require a larger input/output device943

that may come with a physical load (such as a bigger headset)944

hence, voice-based outputs are better for output. The format945

can also be text-based 2D models as they are competitive946

and less difficult than complex 3D models. The 2D model947

also helps eliminate the need to analyze size, which peo-948

ple with neurodegenerative disorders have extreme difficulty949

with.950

The second classification is movement disorders. These951

disorders are mostly contained in CNS and nerve disorders,952

which means that signals from the brain get disrupted. While953

most movement disorders are mostly degenerative if not954

treated but many disorders can be reversible with therapy.955

This includes disorders like stroke or injury-related motor956

neuron disorder. Some cases of the degenerative disorder957

are also therapeutically maintained at the same level such958

as patients with CP with lower GMFCS levels are given a959

physical exercise to lower denegation level and keep muscle960

functionality.961

Most AR applications for movement disorders are target-962

ing that subjects doing hand and feet movement to replace963

traditional exercise-based therapy. It is imperative that such964

application target movement inputs hence, recommended965

input format is a gesture, physical inputting using a headset,966

gloves, or leg-based sensors.967

Cognitive overloading is less of a problem for patients968

with movement disorder as analytical activity of the brain is969

not usually compromised. By training with input, the muscle970

and motor neuron functionality may be regained. Similarly,971

TABLE 6. Input/output preferences of AR applications for neurological
disorders.

3D modeling in output is also preferred as patients have 972

better spatial intelligence than Neuro-Degenerative patients. 973

Moreover, the output may require future input as the next 974

steps, which means that real-life-based 3D modeling with 975

accurate sizes is a must for pin-point movement training. 976

Table 6 enlists the input and output preferences of AR 977

applications for patients suffering from different neurological 978

disorders according to the identified classification of neuro- 979

logical disorders. 980

2) TACKLING TECHNOLOGY LITERACY 981

The literacy problem was observed when AR applications 982

have been tested with patients who suffer from long-term 983

degenerative disorders. This was due to fact that a young 984

person is less likely to develop a neurological disorder. Most 985

patients are in a more advanced age bracket. This means 986

that not only their memory may be compromised due to 987

disorder but generally their ability to memorize, remember 988

and navigate digital systems may already be very low. 989

This means the AR system treating such patients needs to 990

be more in line with being elder-friendly technology, which 991

most systems lacked. In this research, design rules have been 992

provided as guides to designers along with the reasoning that 993

can be incorporated to reduce the literacy gap for the AR 994

system. 995

a: RULE 1: THE SYSTEM SHOULD BE EASY TO TURN ON 996

WITH MINIMAL PHYSICAL INPUT 997

The system must be easy to start and should take less input 998

from user to reach main state of application. This will also 999

smooth user experience for patient to start application ever 1000

time and will counter difficulty patients face during start- 1001

ing the application such as remembering steps or navigating 1002

through screens. 1003

b: RULE 2: THE SYSTEM SHOULD BE 1004

CONTINUOUS-SENSING FOR VOICE INPUT 1005

The System should auto-sense for getting started and should 1006

be mostly audio based with the ability to accept multiple 1007

words/phrases for the same step. 1008
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The audio input allows the patient not to make com-1009

plex movements to start the application /system and accept1010

multiple input for the same action would allow patient1011

not to remember exact input phrase each time such as1012

next screen can have input words like ‘‘continue’’, ‘‘next’’,1013

‘‘forward’’ etc.1014

c: RULE 3: THE SYSTEM SHOULD BE AUTOSAVING1015

THE SESSION1016

Most systems should sense user action and if the user decides1017

to take a break the system should have the capacity to store1018

and restore the same point.1019

d: RULE 4: THE SYSTEM HAS ASSISTANCE FOR PATIENTS1020

Patients may forget what is required next from them. Design-1021

ers should include hints or guidance inform of text hints or1022

maybe a virtual assistant in their application flow.1023

e: RULE 5: THE SYSTEM NEEDS TO BE LIGHTWEIGHT AND1024

EASY TO SET UP1025

The patient may not be well versed in setting up the digi-1026

tal system and with AR applications that require a headset,1027

display, and camera setup, wearable it may become more1028

difficult. AR systems designed for neurological patients must1029

be plug and play with less weight and cables.1030

3) REDUCING ERRORS1031

It is observed that errors while tracking movement signifi-1032

cantly reduced the efficacy of the AR system. Patients with1033

neurological disorders are already limited in movement and if1034

theymake amovement that may be quick, it might not get reg-1035

istered by the system. App designers need to keep error bars1036

in applications to counter that, but it may vary from user to1037

user. Some users may do movement a lot quicker than others1038

whichmeans preset error calculationmay not be useful. Some1039

state-of-the-art algorithms have been observed that focus on1040

AR error correction, movement tracking, and input tracking.1041

So, it is recommended that application designers implement1042

such algorithms to lower movement errors.1043

a: SMOOTHING FRAME RATE1044

Applying to smoothing of captured frames in AR application1045

with camera input: As the camera may take multiple frames1046

for the same scenario, the key frame may lead to jitter.1047

A special filter such as Kalman Filter may help to improve1048

the jitter by smoothing to multiple frames [50]. Kalman also1049

requires very less compute power. AI algorithms may also1050

be applied to multiple frames, but they may be resource-1051

intensive. However, CNN (Convolutional Neural Network),1052

which runs locally or distributedDNN (DeepNeural Network1053

i.e., TensorFlow) may be helpful to reduce the computer1054

power requirement.1055

b: MULTIPLE TRACKING MODELS1056

Not every input would be 3D in AR applications. Some input1057

may be 2D in nature which, means 3D tracking may lead to1058

some problems. It is observed some AR applications that use 1059

both a 2D fiducial tracker as well as two calibrated fiducials 1060

for 3D models such as in [2]. This can improve tracking and 1061

identification. 1062

c: ENVIRONMENT FILTERING 1063

Tracking movement may not require whole environment 1064

identification. In AR application sometimes due to back- 1065

ground, certain motions are detected which are not the part 1066

of the use cases hence, it may lead to background noise being 1067

detected as false capture. In order to improve that, certain 1068

techniques such as image binarization can be used. Input 1069

with multiple frame can be divided into multiple layer using 1070

image binarization which can help remove extra noise and 1071

capture the movement accurately. Such correction layer can 1072

provide less movement error in AR applications targeting 1073

neurological disorders as the key idea is capturing movement. 1074

d: SUPER-IMPOSITION 1075

Frame capture can be super-imposed with another layer of 1076

different input capture such as thermal imaging. This would 1077

allow better error correction by combining different input 1078

types of the same frame. 1079

Other algorithms such as the head-leveling algorithm and 1080

the optical tracking system may also be used to reduce the 1081

overall errors in movement. 1082

Amodel on the basis of the presented design rules has been 1083

provided as shown in figure 16. This model is a guide for 1084

the developers to design a better and more user-friendly AR 1085

application for patients with neurological disorders. 1086

By using chronological order in which normal applications 1087

are executed, presented model also runs in similar order with 1088

additional steps such as device setup and launching guide- 1089

lines as well as correction and session saving layers. This 1090

allows the model to behave like a traditional AR system with 1091

improvements to facilitate the patients suffering from neuro- 1092

logical disorders resulting in enhancing the patient experience 1093

significantly. 1094

D. SUB-SYSTEM DIVISION FOR NEUROLOGY 1095

APPLICATIONS 1096

A general model presenting the sub-system division for 1097

neurology applications has been proposed that provides 1098

meaningful play using AR technology for physical health 1099

rehabilitation of the patients as shown in figure 17. 1100

It has been identified that the countries with growing 1101

percentage of population over 65 years of age have more 1102

proportion of patients suffering from neurological disorders 1103

[93]. This inherently causes the technology literacy issues, 1104

as learning to use AR applications could be difficult for 1105

the specified age group. The proposed sub-system enhances 1106

the user experience and reduces this technology literacy gap 1107

through automation. 1108

It consists of the patient and therapist’s subsystem. Each 1109

exercise that will be designed by the therapist for each reg- 1110

istered patient will be rendered by this subsystem. The user 1111
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FIGURE 16. Proposed App structure based on design guideline.

FIGURE 17. Sub-system division for neurology applications.

will log in to his profile to access the treatment plan from1112

the patient-profile database. The recommended exercise can1113

be rendered by the AR system. It can also keep a record of1114

the number of exercises the patient has taken to assess the1115

status of treatment. The rendering system could augment the1116

virtual object into the real environment based on the exercise1117

chosen using the marker. The patient will be able to experi-1118

ence it with a HMD. The tracking interfaces will be tracking1119

the hand/arm movement of the patient with the help of AR1120

gloves or MYO armbands. All the tracking will be stored in1121

the patients’ movement database by session recorder. This1122

system also has a therapy adapter to update the database in1123

case the therapist needs to change the exercise plan. This1124

information will be passed to the adapter by the therapist’s1125

interface. On the therapist side, the session evaluator will have1126

to figure out the significant performance record of the patient1127

that will be evaluated by the decision support engine. The1128

decision engine will check the performance and will pass the1129

recommendation. The recommended results will be sent to1130

the therapist interface. Hence, the therapist can visualize and 1131

update the treatment plan if needed. 1132

E. AR NEURO-APPS ARCHITECTURE BASED ON DESIGN 1133

GUIDELINES 1134

To facilitate developers to make successful and result- 1135

yielding AR applications in the field of neurology, an archi- 1136

tectural model has been proposed that is shown in figure 18 1137

based on the gaps identified earlier. The input/output (I/O) 1138

processes in the architecture system of AR, presented in the 1139

previous studies, were general for all fields [101], [102] but in 1140

our model, we further categorized the interaction and render- 1141

ing layers for different types of neurological disorders based 1142

on the reasoning defined in Table 6. Moreover, the model has 1143

start-up rules in the processing layer to minimize technology 1144

literacy and cognitive overloading. As this model is supposed 1145

to provide precise feedback to the therapist, so this model 1146

makes sure that the movement done by the patient is accu- 1147

rately tracked. For this purpose, we have added a correction 1148
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layer where we apply filters like kalman, smoothing, error1149

correction, environment filtering etc.1150

Our model will serve as a guideline for the developers that1151

are going to design anAR app for the diseases discussed in the1152

paper. The design guidelines and solution has been incorpo-1153

rated into one robust, layered architecture that app developers1154

can follow as a pattern for their application’s implementation.1155

The proposed layered architecture allows physical systems1156

such as I/O different from the processing layer giving more1157

liberty to the developer to pick and choose I/O accordingly.1158

The general architecture of the data processing layer also1159

takes into account the design guidelines we provide leading1160

to better user experience, ease of setup, and keeping cognitive1161

overloading to a minimum. It has also been described that1162

how data would be gathered and maintained. This allows1163

the model to translate more into the application layer where1164

different types of systems can be attributed through the func-1165

tioning of the preceding layers.1166

1) PHYSICAL LAYER1167

The physical layer contains the input and output devices as1168

well as processing hardware for AR applications treating1169

neurological disorders.1170

a: INTERACTION INTERFACE1171

In terms of Input, we have interaction interfaces. These are set1172

of multiple input devices, which help to gather data from the1173

subject and provide it to the central system. Interaction layers1174

has been divided into further categories for different types1175

of neurological disorders based on the reasoning defined1176

in the previous section. Neurodegenerative disorders mostly1177

have vocal, eye tracking, and emotion as input methods. This1178

keeps the cognitive overload to a minimum while Movement1179

disorders have mostly gesture and movement tracking as an1180

input method.1181

b: RENDERING INTERFACE1182

Virtual content needs to be rendered to the end-user so that1183

he can experience them as part of the real world. The division1184

is also done in render interfaces, which is a major component1185

of the physical layer responsible for the output. While degen-1186

erative disorders use audio, video, and 2D models the move-1187

ment disorder mostly uses complex, interactive 3D models as1188

output types.1189

c: TRACKING SENSORS1190

Physical layer also contains sensors for data gathering. The1191

purpose of these sensors is to localize the AR system simulta-1192

neously to position and orientate the virtual object in the real1193

environment. This includes AR-specific hardware such as1194

movement trackers, eye trackers, computer vision hardware,1195

etc. Mostly the AR systems like smartphones, tablets, or see-1196

through glasses usually have at least one or more vision1197

sensors including monochrome or RGB cameras. Specific1198

systems also contain dedicated vision sensors like depth1199

cameras.1200

d: PROCESSING UNIT 1201

The physical layer also houses the dedicated processing unit 1202

such as CPU, GPU, and VPUs, which are the brains of the 1203

system. They contain the computation power for the AR 1204

system and processing for input and output. 1205

2) DATA PROCESSING LAYER 1206

This layer is the main layer for processing and provides step- 1207

by-step information of the actual flow of application. This 1208

layer uses the guideline on how all AR applications targeting 1209

neurological need to define their flow. 1210

The first step is to start the hardware. This includes the 1211

guidelines that have been described in the previous section. 1212

The hardware is easy to setup and it should be lightweight. 1213

Once the hardware setup is done and the application is 1214

launched, the application needs to interact with the ses- 1215

sion dataset to restore the previous successful state. Then, 1216

the application must transfer into a data-gathering state, 1217

which will use interaction interfaces from the physical layer 1218

to gather data from the user. All the localization, scene 1219

analysis and mapping is handled by vision engine. Vision 1220

engine is the computer vision code that detects and interprets 1221

frames capture by AR devices. It is part of all AR devices 1222

as main component that helps detect objects and interpret 1223

environment. 1224

Enormous input and output data need to be stored and 1225

maintained, as the system needs to store processing data 1226

as well as the state of the system. Hence, the section of 1227

data collection has been introduced under the abstraction 1228

set. Although this has not been described, which specific 1229

hardware can be used asAR systems vary from head-mounted 1230

displays to mobile devices? What this section describes is 1231

a different type of data sets. The data/frames captured by 1232

the AR system for environment mapping are stored in the 1233

world knowledge dataset including data on the plane, lights, 1234

and occlusion. For an AR system to render different output 1235

there also needs to contain data storage that houses interactive 1236

content data. This includes variables that would be required 1237

to output processing data including content, superimposition 1238

data, and different layer fusion data. 1239

While another dataset may be part of any generic AR sys- 1240

tem, what we have introduced in the data collection layer is 1241

the session management dataset. This dataset is critical to any 1242

application that treats neurological disorders as it maintains 1243

the application’s state for the user so when the user relaunches 1244

the application the previous successful state is automatically 1245

restored keeping the application complexity and specifi- 1246

cally start-up complexity very low. This also reiterates the 1247

design guidelines that application support auto-start and 1248

restore the last checkpoint to reduce huddle for technology 1249

illiterates. 1250

3) APPLICATION LAYER 1251

These include sub-systems that is interacting with users 1252

directly. This may include systems that take data from the 1253

VOLUME 10, 2022 102825



M. S. Farooq et al.: Applications of Augmented Reality in Neurology: Architectural Model and Guidelines

FIGURE 18. Proposed AR neuro-apps architectural model based on design guidelines.

user or output it to him as well as systems that provide data to1254

therapists ormedical care providers. For the application, it has1255

been divided into two categories: patient-side application and1256

healthcare worker-side application.1257

a: PATIENT-SIDE APPLICATION1258

This subset represents applications in which the patient1259

directly interacts in terms of input and output interactions1260

and the main actor in the application is the patient. This1261

includes an application that provides therapy information of1262

exergames or they may application, which provide patient1263

assistance such as daily task assistance application, social1264

application. Some applications are also present which provide1265

mental training exercises. Most applications are running on1266

small hand-held devices such as smartphones and tablets.1267

Some applications may also be on HMD.1268

b: HEALTHCARE WORKER-SIDE APPLICATION1269

These applications are supplementary applications, which1270

predominantly used by healthcare workers such as doctors,1271

surgeons, nurses, and personal healthcare staff. There are1272

further two types of applications. Some applications provide1273

assistance and training to healthcare workers without any1274

patient involvement. This application provides training such1275

as surgery training or emulates medical records in AR format1276

such as medical record visualizers, which help doctors do1277

diagnoses and treatment more accurately. Other applications1278

are data collection applications that gather data from the1279

patient-side application and provide it to the therapist to ana- 1280

lyze the patient progress. They may be tracking application 1281

that gathers movement data or monitoring application that 1282

helps track patients’ vitals. 1283

V. CONCLUSION 1284

This paper presents a systematic literature review that com- 1285

prehensively investigates the applications of AR techniques 1286

in neurology. A total of 47 papers were finalized from a 1287

subset of 135 papers that met a criterion to shortlist the 1288

relevant articles. This SLR identifies AR applications, the 1289

types of disorders being treated in the field of neurology 1290

through AR applications, and types of improvements along 1291

with limitations these AR applications pose. A point-based 1292

evaluation was done for all the collected papers. 1293

A taxonomy depicting different aspects of AR applications 1294

in neurology has also been presented. The identified limita- 1295

tions in studies are highlighted, which are found while using 1296

AR for the treatment of neurological disorders. The technol- 1297

ogy literacy, cognitive overloading, and movement errors are 1298

identified as some of the challenges of using the existing AR 1299

systems. To address these challenges, a model exhibiting a 1300

potentially robust AR system has been proposed. It is based 1301

on the type of disease, preferred interaction mechanism, and 1302

different computation techniques to improve results. The 1303

model emphasizes the specific input and output types as per 1304

the understandability of the patients and the different types of 1305

disorders. The general architecture has also been suggested 1306
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to build the AR systems. This research provides a guideline1307

for future work in terms of using AR in neuroscience and1308

suggests application developers an approach of develop a1309

capable AR system for patients with neurological disorders.1310

The model needs to be tested aggressively in real world1311

settings to identify more challenges faced by patients.1312

As per our findings, physical rehabilitation using AR is the1313

most common type of system found in neurology. This also1314

is coupled with the fact that more AR systems are used for1315

motor disorders while only a very few systems are designed1316

for patients with degenerative diseases, most of them being1317

task assistance systems.1318

Motor disorders can also be treated using regular therapy1319

or physical rehabilitation programs. Hence, there is a need1320

of using interactive technology such as AR systems to pro-1321

vide diagnostic or treatment rehab processes to patients with1322

degenerative diseases and explore the possibility of using1323

AR systems for mental rehabilitation. The AR applications1324

mostly leave long-term impact on patient’s journey through1325

which the patients’ capability to respond to the day-to-day1326

activities and events are improved.1327
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