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RESUMEN

La realidad virtual es una tecnologia que ha estado en constante desarrollo en las
Gltimas décadas, aportando soluciones para complementar a la medicina tradicional. En
particular, la salud cognitiva se ha visto beneficiada con entornos virtuales orientados a la
evaluacion y rehabilitacién del paciente. No obstante, son limitadas las investigaciones
realizadas para determinar su validez ecologica. En esta tesis doctoral se evalUan aplicaciones
de realidad virtual disefiadas para cribado y rehabilitacion cognitiva, incluyendo las
aplicaciones orientadas a la tele rehabilitacion. Con este objetivo se ha disefiado tareas
basadas en dispositivos de bajo coste para sistemas inmersivos y Nno inmersivos,
respectivamente. Bajo esta perspectiva se ha creado un marco de desarrollo para aplicaciones
de realidad virtual con diferentes niveles de dificultad, que integran la recoleccion
automatizada de resultados y el intercambio de informacion con servidores remotos mediante
el enfoque de computacion en la niebla. Las diferentes tareas han sido validadas en una
poblacion de sujetos sanos y con referencia a métodos tradicionales de valoracidn cognitiva.
Para ello, ademés de utilizar las pruebas de contraste de hipotesis tradicionales, se han
utilizado cuestionarios estandarizados y validados de usabilidad y satisfaccion. Ademas, se
ha optimizado el ancho de banda de red requerido para la ejecucién de las tareas de
rehabilitacion supervisadas en tiempo real. Nuestros resultados confirman algunos de los
obtenidos en investigaciones similares y aportan una mayor evidencia sobre los beneficios
de la realidad virtual para la rehabilitacion cognitiva, suponiendo, por ende, una base para
futuros trabajos que utilicen esta tecnologia para el tratamiento de enfermedades

neurodegenerativas.
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ABSTRACT

Virtual reality is a technology that has been in constant development in recent
decades, providing solutions to complement traditional medicine. In particular, cognitive
health has benefited from virtual environments oriented to the patient evaluation and
rehabilitation. However, the investigations carried out to determine its ecological validity are
limited. In this PhD thesis, virtual reality applications designed for screening and cognitive
rehabilitation are evaluated, including applications aimed at tele-rehabilitation. With this
objective in mind, low-cost device-based tasks have been designed for immersive and non-
immersive systems, respectively. From this perspective, a framework for the development of
virtual reality applications has been created, which integrates the automated collection of
results and the exchange of information with remote servers through the fog computing
approach. It also provides different levels of difficulty for every single task. The different
tasks have been validated in a population of healthy subjects and with reference to traditional
cognitive assessment methods. To perform this, besides using the traditional tests for
hypothesis contrast, standardized and validated usability and satisfaction questionnaires have
been used. In addition, the network bandwidth required for the execution of the rehabilitation
tasks monitored in real time has been optimized. Our results confirm some of those obtained
in similar research studies and provide greater evidence on the benefits of virtual reality for
cognitive rehabilitation, thus assuming a basis for future work using this technology for the

treatment of neurodegenerative diseases.
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BREVE INTRODUCCION

En las pasadas décadas se ha experimentado un incremento en la aplicacién de la
Realidad Virtual (RV) para la rehabilitacion de una gran variedad de déficits como resultado
de lesiones del sistema nervioso (Holden, 2005; Rose et al., 2005). Las terapias de RV se han
aplicado de forma exitosa para tratar de recuperar pacientes de ictus, Parkinson, esclerosis
multiple, Alzheimer y otros (J. H. Crosbie et al., 2006). Esto es asi porque estas técnicas se
basan en conceptos relevantes para la rehabilitacion como el nimero de repeticiones, alta

intensidad y entrenamiento orientado a tareas (Langhorne et al., 2009).

La RV proporciona una experiencia muy motivadora, permitiendo al usuario la
préactica de diferentes movimientos a la vez que se manipula un dispositivo de interfaz
(Sveistrup, 2004). Los entornos virtuales (EV) pueden ser facilmente cambiables,
permitiendo el disefio de terapias individualizadas y adaptadas a las necesidades de los
pacientes. La RV también proporciona estimulos muy ricos y funcionales dentro de contextos
motivadores, reforzando y promoviendo una participacion mas activa del sujeto (Paolucci et
al., 2012; Tuena et al., 2019). Son numerosos los estudios que han encontrado incrementos
importantes en la motivacion y el disfrute, asi como mejores rendimientos en los aspectos
motor y/o cognitivo tras la finalizacion de las diferentes intervenciones (Broeren et al., 2008;
Walker et al., 2000; Yavuzer et al., 2008).

El &mbito de tecnologias que se consideran RV es muy amplio. Las aplicaciones de
la RV van desde sistemas no inmersivos a sistemas completamente inmersivos, dependiendo
del grado con el que el usuario es aislado del entorno fisico que lo rodea cuando éste
interacciona con el EV (Henderson et al., 2007; Smith, 2019).

Este trabajo presenta el desarrollo y la evaluacion de sistemas de RV para el
diagnostico y rehabilitacion cognitiva usando dispositivos de bajo coste. Las aplicaciones
incorporan enfoques para optimizar la gestion remota de la informacion a través de internet.
Las herramientas desarrolladas se validan en referencia a resultados de métodos tradicionales
de valoracion cognitiva aplicados en participantes sanos. Ademas, se analiza la viabilidad de

las aplicaciones usando la perspectiva del usuario por medio de test de usabilidad.
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La memoria de esta tesis doctoral se organiza de la siguiente manera. Tras presentar los
objetivos de la investigacion, la primera seccion enlista los articulos que conforman el
compendio de publicaciones realizadas. La segunda seccion contiene una introduccion
general de la investigacion y las actividades ejecutadas, mientras que la tercera seccion
presenta una copia de las publicaciones que conforman esta tesis doctoral. La cuarta seccion
contiene las discusiones globales de la investigacion, las conclusiones finales y aportaciones

originales, asi como la exposicion de lineas maestras para el trabajo futuro.

OBJETIVOS DE LA INVESTIGACION

El objetivo general de la tesis doctoral es el desarrollo de herramientas basadas en RV
que contribuyan a la mejora de los procesos de evaluacion y rehabilitacion cognitiva en
pacientes con enfermedades neurodegenerativas (EN). Con esta premisa se han planteado los

siguientes objetivos especificos:

a.- Disefiar tareas de entrenamiento para la evaluacion y rehabilitacion de la memoria
mediante aplicaciones software basadas en RV para su utilizacion en diferentes tipos de
dispositivos como computadores personales, tabletas PC y gafas de RV, poniendo

especial énfasis en su aplicabilidad en dispositivos de bajo coste.

b.- Proponer un marco de desarrollo de aplicaciones con niveles de dificultad
modulables de acuerdo con las caracteristicas de cada paciente o colectivo de pacientes
y que sea de utilidad en entornos clinicos.

c.- Disefiar e implementar tareas de rehabilitacidn y entrenamiento cognitivo para su uso

exclusivo en aplicaciones de tele rehabilitacion.

d.- Validar las diferentes tareas mediante la utilizacion de grupos de sujetos sanos y con
respecto a métodos tradicionales de valoracion neuropsicolégica mediante el uso de

medidas estadisticas de asociacion y/o concordancia.

e.- Utilizar los resultados de la aplicacion de las tareas a la poblacion, tales como
precision de las respuestas y tiempos de reaccion, para establecer relaciones con las
variables de dicha poblacion y proporcionar méas evidencia a las investigaciones en

rehabilitacion cognitiva.
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f.- Integrar los sistemas desarrollados con la recoleccién automatizada de datos usando
nuevas tecnologias de la comunicacion, tales como computacion en la niebla (“fog
computing™), con el fin de optimizar el intercambio y almacenamiento de informacion

con servidores remotos.

g.- Evaluar la viabilidad de los sistemas de RV desarrollados, midiendo la usabilidad y
la satisfaccion en los participantes de las pruebas experimentales a través de

cuestionarios estandarizados.
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1. TESIS POR COMPENDIO DE PUBLICACIONES

La presente tesis doctoral, de acuerdo con el informe correspondiente, autorizado por

los Directores de Tesis y el Organo Responsable del Programa de Doctorado, se presenta

como un compendio de cuatro trabajos previamente publicados. Las referencias completas

de los articulos que constituyen el cuerpo de la tesis son las siguientes:

Garcia-Magarifio, 1., Varela-Aldas, J., Palacios-Navarro, G., & Lloret, J. (2019). Fog
computing for assisting and tracking elder patients with neurodegenerative diseases.
Peer-to-Peer Networking and Applications, 12(5), 1225-1235.

Varela-Aldas, J., Palacios-navarro, G., Garcia-magarifio, 1. (2019). Immersive
virtual reality app for mild cognitive impairment. Revista Ibérica de Sistemas y
Tecnologias de la Informacion, E19, 278-290.

Varela-Aldas, J., Palacios-Navarro, G., Amariglio, R., & Garcia-Magarifio, I.
(2020). Head-mounted display-based application for cognitive training. Sensors,
20(22), 6552.

Varela-Aldas, J., Buele, J., Ramos Lorente, P., Garcia-Magarifio, I., & Palacios-
Navarro, G. (2021). A Virtual Reality-Based Cognitive TeleRehabilitation System for
Use in the COVID-19 Pandemic. Sustainability, 13(4), 2183.

Asi mismo, se considera oportuno incluir en el apéndice 3 de la tesis los articulos en

conferencias que han constituido parte de la base formativa del doctorando:

V.

VI.

VII.

Chicaiza, F. A., Lema-Cerda, L., Alvarez, V. M., Andaluz, V. H., Varela-Aldas, J.,
Palacios-Navarro, G., & Garcia-Magarifio, 1. (2018, June). Virtual reality-based
memory assistant for the elderly. In International Conference on Augmented Reality,
Virtual Reality and Computer Graphics (pp. 269-284).

Varela-Aldas, J., Palacios-Navarro, G., Garcia-Magarifio, I., & Fuentes, E. M.
(2019, June). Effects of immersive virtual reality on the heart rate of athlete’s warm-
up. In International Conference on Augmented Reality, Virtual Reality and Computer
Graphics (pp. 175-185).

Fuentes, E. M., Varela-Aldas, J., Palacios-Navarro, G., & Garcia-Magarifio, I.
(2020, July). Immersive Virtual Reality App to Promote Healthy Eating in Children.
In International Conference on Human-Computer Interaction (pp. 9-15).

10
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VIIl. Varela-Aldas, J., Buele, J., Pérez, D., & Palacios-Navarro, G. (2021, February).
Memory Diagnostic Application Using the FNAME. In International Conference on
Information Technology & Systems (pp. 41-50).
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2. INTRODUCCION GENERAL

Este trabajo de investigacion se enmarca en el campo de la rehabilitacion cognitiva
mediante el uso de nuevas tecnologias. En concreto, mediante el uso de técnicas de RV. A

continuacién, se presentan los temas a tratarse y trabajos relacionados de la literatura.

Realidad virtual

La realidad se entiende como el mundo fisico donde el ser humano se desenvuelve y
convive con sus similares e interactia con otros elementos utilizando todos sus sentidos.
Desde la antigiiedad, las actividades que realiza una persona han requerido su presencia,
aunque esta situacion ha venido cambiando en los ultimos afios. Este cambio se ha potenciado
por la constante evolucion de los medios tecnologicos de comunicacion, que han modificado
su forma de interactuar con el entorno que lo rodea (Dunn et al., 2017; Wolfartsberger, 2019).
Con el avance de la ciencia, han aparecido los sistemas de realidad extendida (RX), que
permiten reproducir entornos, personas y objetos con alta fidelidad utilizando un ordenador
(Farshid et al., 2018; Yung & Khoo-Lattimore, 2019). La RX incluye la RV, realidad
aumentada (RA), y realidad mixta (RM), asi como aquellas otras que se desarrollen en el

futuro. Todas estas tecnologias han tomado su nombre por su relacion con el mundo real.

La RV incluye un conjunto de representaciones virtuales tridimensionales del mundo
real (Nilsson et al., 2018). En la literatura encontramos diferentes definiciones. Por ejemplo,
Weiss et al. (2016) la definen como el uso de simulaciones interactivas creadas con hardware
y software de computadora para presentar a los usuarios oportunidades de participar en
entornos que parecen similares a objetos, entornos y eventos del mundo real. La RV también
se ha definido como una forma avanzada de interfaz humano-computadora que permite al
usuario interactuar, sumergiéndose en un entorno generado por computadora de una manera
naturalista (Schultheis & Rizzo, 2001). En cualquier caso, la experiencia multisensorial
ofrece un entorno que puede ser ecologicamente valido, con el potencial de mejorar la calidad

de vida del usuario.

La RV puede presentarse de diferentes formas segin el grado de inmersion: no
inmersiva, semi inmersiva y totalmente inmersiva. La RV no inmersiva presenta los EV

desde un ordenador convencional o bien se proyectan en una pantalla donde el usuario

12
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controla su movimiento dentro del ambiente artificial por medio de un joystick u otro
dispositivo de control (Lange et al., 2012). Una aplicacion de RV de escritorio (Desktop-VR)
se refiere a cualquier EV que utiliza un monitor de computadora estandar como pantalla
visual. La interaccion con la Desktop-VR hace uso del raton y el teclado estandar de la
computadora como dispositivos de entrada. Como tal, esta forma de RV es bastante rentable
debido a la amplia disponibilidad del hardware necesario para ejecutarla, incluyendo los
paquetes de software disponibles para programar los EV. Las aplicaciones de escritorio se
han utilizado en la investigacion psicoldgica durante décadas, aunque este término no se

aplica de manera uniforme en todos los estudios (Furht, 2008; Smith, 2019).

A caballo entre los sistemas no inmersivos e inmersivos, se encuentran los sistemas
semi inmersivos. En estos sistemas, el usuario percibe el mundo real y parte del mundo virtual
(Pefiasco Martin et al., 2010). En comparacion con un sistema no inmersivo, un sistema de
RV semi inmersivo consta de graficos mas sofisticados con pantallas de superficie plana mas

grandes para presentar el EV.

Con el fin de proporcionar al usuario una serie de experiencias que se asemejen a las
reales, la RV ha evolucionado implementando los entornos de realidad virtual inmersiva
(RV1), ofreciendo la perspectiva de vivir en una realidad simulada (Alcafiiz et al., 2019). Este
tipo de RV promete una gran cantidad de experiencias e induce estados mentales que van
desde lo simple hasta lo exagerado, sensaciones que se combinan para tareas de
entrenamiento y aprendizaje de nuevas habilidades, logrando incluso ayudar a las personas
sanas a redisefiarse a si mismas con el fin de alcanzar una vida maés significativa y

emocionante (Georgiev et al., 2021).

El origen de la inmersidn se remonta al afio 1957, donde Morton Heiling inventa la
denominada Sensorama, una maquina que proyectaba peliculas tridimensionales, que
producia vibraciones y generaba estimulos olfativos (Maples-Keller et al., 2017). Esto dio
inicio a la necesidad de brindar al ser humano la posibilidad de vivir experiencias Unicas sin
salir de su entorno actual. Estas interfaces especializadas contienen graficos en tiempo real,
haciendo que el participante se sienta inmerso en un mundo generado por computador que
cambia de una forma natural con el movimiento del cuerpo y la cabeza (Lange et al., 2012).

El sistema inmersivo puede consistir en enormes superficies de proyeccion circundantes o

13
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también gafas de RV, que ubican virtualmente al usuario dentro del EV para un alto nivel
de inmersion (Garcia-Betances et al., 2015) . Un sistema que utiliza gafas de RV conocidas
como Head-Mounted Display (HMD) se considera inmersivo, debido a que el usuario
visualiza solo la imagen generada por computador y el resto del mundo fisico es bloqueado
de la vista (J. Crosbie et al., 2005; Sherman & Craig, 2003). Un sistema de inmersion total
puede incorporar un amplio campo de visién, alta resolucion, HMD vy retroalimentacion
auditiva, tactil o de fuerza (Sherman & Craig, 2003; Slater, 2018).

Los sistemas de RVi contienen parametros a considerar, como la inmersion y la
presencia que son dos términos a tomar en cuenta en el desempefio del usuario al momento
de ejecutar las tareas virtuales (J. Crosbie et al., 2005; Rizzo et al., 2004a). La inmersién esta
relacionada con la tecnologia, mientras que la presencia es una consecuencia cognitiva,
perceptual y psicologica de la inmersion. Por otro lado, la presencia se puede entender como
la percepcion psicologica de “estar en” o “existir en” el EV (Heeter, 1992). El uso de
dispositivos HMD podria afectar el sentido de presencia e inmersion impactando de manera
directa en el rendimiento de un participante, asi como en la motivacion (McNeill et al., 2004).

En los dltimos afios la tendencia en equipos HMD es usar dispositivos independientes,
es decir, gafas de RV que contienen todo lo necesario para su funcionamiento. La empresa
Oculus VR ofrece diferentes equipos con estas caracteristicas, ver la Figura 1. Las Gear VR
es un equipo portatil que sirve como adaptador para mostrar la pantalla de teléfono movil
como dispositivo HMD. Las Oculus Go por otra parte son gafas de RV totalmente
independientes con procesador y sistema operativo Android optimizado para dedicarse
Unicamente a ofrecer una experiencia mejorada de RV. Lo mas reciente son las Oculus Quest,
éste es un visor completo con seguimiento de adentro hacia afuera, lo que permite una
experiencia inaldmbrica de alto rendimiento, a diferencia de los anteriores, incluye dos
controladores de mano. Considerando el coste y las prestaciones, las Oculus Go siguen siendo

la mejor opcion para la mayoria de aplicaciones préacticas (Hillmann, 2019).

14
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Gear VR Oculus Go /\

Oculus Ou&

Figura 1. Gafas de RV de la compafiia Oculus VR.

Rehabilitacion cognitiva

Las enfermedades neurodegenerativas (EN) se caracterizan por una afectacion del
sistema nervioso a causa de un aumento de los procesos de muerte celular, reduciéndolas y
provocando una degeneracion del tejido nervioso. Esto conlleva un deterioro cognitivo,
cambios en la conducta, y en el funcionamiento del organismo de la persona que la padece.
Este deterioro puede ser leve como un desenlace normal cuando existe una edad avanzada o
cuando muestran indicios de algo més grave como la demencia. La demencia es el término
mas utilizado para abarcar una serie de sintomas como el deterioro de la memoria, el
razonamiento, el lenguaje, y/o la percepcion. Se utilizan combinaciones especificas de estos
sintomas para definir diferentes tipos de demencia, donde las enfermedades del Parkinson
(EP) y Alzheimer (EA) son las mas populares.

La EA es el tipo mas comun y suele afectar a los adultos mayores, representando del
60 al 80% de los casos. Uno de los sintomas mas notorios es la dificultad para aprender nueva
informacion. El nimero de personas con demencia de inicio temprano (personas menores de
65 afios) también ha aumentado en todo el mundo (Kivipelto et al., 2020). Ademas, cuando
la enfermedad avanza hay otros sintomas tales como desorientacion, cambios de humor,
comportamiento, confusidn sobre eventos, fechas, lugares, asi como dificultad para hablar,

escribir y caminar (Alzheimer’s Association, 2015).

15
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Por otra parte, el deterioro cognitivo en la EP puede aparecer desde etapas tempranas,
y los pacientes pueden presentar sutiles alteraciones cognitivas conocidas como deterioro
cognitivo leve (DCL). EI perfil neuropsicoldgico inicial es principalmente de tipo no
amneésico, caracterizado por disfuncién ejecutiva, alteraciones atencionales, déficit de la
memoria operativa y fallos en la recuperacion de la informacion. Es precisamente en esta
disfuncion ejecutiva donde se incluye la resolucion de problemas, planificacion o memoria
de trabajo, las cuales aparecen tempranamente como consecuencia del déficit de dopamina,
agravando la situacion. Cuando los pacientes desarrollan demencia, surgen alteraciones en el
almacenamiento de la informacidn, fluidez semantica y en las habilidades visuoespaciales y

visuoperceptuales.

Respecto al diagndstico, los métodos para detectar la reduccion de las capacidades
cognitivas se pueden clasificar en invasivos y no invasivos. Los invasivos requieren la
obtencion de datos desde el interior del cuerpo del paciente, a través de procedimientos tales
como puncién lumbar o extraccién de sangre. Dichas pruebas no siempre son seguras y
coémodas para el paciente, y en algunos casos son bastante dolorosas. Por otro lado, las

pruebas no invasivas son inofensivas y mas adecuadas durante el proceso de diagndstico.

En los métodos no invasivos, se puede evaluar los aspectos cognitivos del paciente
con tareas, cuestionarios y/o problemas. Para detectar sintomas de problemas cognitivos se
analizan los dominios méas propensos como la atencion compleja, funcidn ejecutiva,
aprendizaje y memoria, lenguaje, perceptivo-motor y cognicién social (American Psychiatric
Association, 2013). Las pruebas existentes tratan de examinar &reas cognitivas especificas,
como el Mini-Mental State Examination (MMSE), que analiza el aprendizaje, la memoria y
los dominios cognitivos del lenguaje (Folstein et al., 1975). EI MMSE tiene una puntuacion
méaxima de 30 puntos y el umbral de discriminacion o valor de corte es de 24, es decir, los
valores inferiores indican algun problema cognitivo y los valores superiores indican lo
contrario, aunque el umbral puede aumentarse para evitar falsos negativos (Koné, 2019;
Rentz et al., 2011; Tombaugh & Mcintyre, 1992).

Un instrumento de cribado cognitivo desarrollado para detectar DCL es la Montreal
Cognitive Assessment (MoCA) (Nasreddine et al., 2005). Esta es una prueba simple que

evalla mdaltiples dominios cognitivos que incluyen la memoria, el lenguaje, las funciones
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ejecutivas, las habilidades visuoespaciales, el calculo, la abstraccidn, la atencion, la
concentracion y la orientacion. Se ha establecido su validez para detectar DCL en pacientes
con EA. El test MOCA también es sensible para detectar deterioro cognitivo en enfermedades
cerebrovasculares, EP, enfermedad de Huntington, tumores cerebrales, lupus eritematoso
sistémico, trastornos por uso de sustancias, trastorno idiopatico del comportamiento del
suefio con movimientos oculares rapidos, apnea obstructiva del suefio y otros. Este test se
desarroll6 en un entorno clinico de memoria y se normalizé en una poblacion altamente
educada. Hay varias caracteristicas en el disefio de MoCA que explican una sensibilidad
superior para detectar DCL respecto al MMSE. Las pruebas de memoria de MoCA implican
mas palabras, menos pruebas de aprendizaje, un retraso méas prolongado para recordar y

tareas numéricas mas exigentes (Julayanont & Nasreddine, 2017).

Otro método de diagnostico es el test Face-Name Associative Memory (FNAME)
(Naveh-Benjamin et al., 2004). Esta prueba de memoria asociativa incluye pares de rostro-
nombre, en la que se presentan al paciente los rostros con los respectivos nombres de manera
secuencial, generalmente con tiempo de 3 segundos por par, de forma que el paciente
memoriza uno a la vez. Después del entrenamiento el paciente debe recordar el nombre de
cada rostro para obtener una puntacion final. Estos resultados se han relacionado con la
memoria explicita (Hampstead et al., 2008; Rentz et al., 2011). En ese sentido, el FNAME
ofrece més validez que muchas otras pruebas neuropsicoldgicas y es adecuado para responder

a los requisitos de una buena prueba neuropsicoldgica (Rubifio & Andrés, 2018).

Por otro lado, existen las técnicas de rehabilitacion tradicionalmente utilizadas para
mejorar la retencion de la memoria. Una técnica de rehabilitacion neuropsicolégica
ampliamente utilizada en la demencia es el método de recuperacién espaciada. Esta es una
metodologia que consiste en aprender nueva informacion, la cual se recupera de manera
continta aumentando los intervalos de tiempo entre las evocaciones de dicha informacion
(Hopper et al., 2005). La recuperacion espaciada se aplica con diferentes variaciones. Por
ejemplo, se han realizado estudios modificando la cantidad de recuperaciones y el intervalo
de tiempo con el objetivo de mejorar los resultados de la rehabilitacion. En el estudio de
Karpicke & Bauernschmidt (2011), la introduccion de intervalos largos entre todas las
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recuperaciones produjo mejoras en la retencion a largo plazo, sin importar la cantidad de

recuperaciones.

Los avances tecnoldgicos en la tltima década han permitido desarrollar pruebas mas
eficaces utilizando EV. Estos ambientes proporcionan ventajas adicionales a las pruebas
cognitivas regulares porque es posible sumergir al paciente en una situacion controlada
(Tarnanas et al., 2013; Weibel & Wissmath, 2011).

Rehabilitacion cognitivay RV

La estimulacién cognitiva es una estrategia fundamental para la rehabilitacion de las
capacidades mentales y las funciones ejecutivas, como la memoria, la atencion, la velocidad
de procesamiento y el aprendizaje contextual, evaluando asi el comportamiento de los
participantes y mejorando las condiciones que influyen el estado de bienestar mental (Gerber
et al., 2019).

La rehabilitacion cognitiva también se ha beneficiado de la RV. Las herramientas
basadas en RV representan una alternativa para el diagnéstico y la rehabilitacion cognitiva,
que puede ser comparable a los procedimientos convencionales (Sayma et al., 2020).
Diferentes estudios han avalado una mejora en las capacidades cognitivas en personas que
padecen algun traumatismo, EA, EP, después de sufrir ictus, entre otros (Isernia et al., 2020;
Mantovani et al., 2020), demostrando ademds, unos beneficios para la evaluacion
neurocognitiva y una validez ecoldgica significativa (Parsons et al., 2011; Parsons &
Courtney, 2011).

Existen estudios experimentales que utilizan la RV para evaluar funciones cognitivas
variadas. Vallejo et al. (2017) utilizaron una aplicacion de RV con 6 actividades cotidianas
para evaluar 18 pacientes con EA. Las funciones cognitivas examinadas fueron la memoria
episodica, la memoria prospectiva, la orientacion visuoespacial, las funciones ejecutivas, la
atencion y la velocidad de procesamiento general, encontrando resultados significativamente
peores en los participantes enfermos respecto a un grupo de control, en relacion a los
porcentajes de logro y los tiempos requeridos para completar el juego. La investigacion
también aplico un cuestionario de usabilidad, donde los participantes encontraron el juego
facil de usar, disfrutaron jugando y no tuvieron problemas al interactuar. Otro estudio muy

reciente usé una aplicacion de RV de un supermercado virtual instalado en una tableta para
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evaluar el rendimiento cognitivo de pacientes con DCL, ademéas de medir la actividad
cerebral usando un electroencefalograma portable y comparar los resultados con un examen
tradicional (lliadou et al., 2021). Concluyeron que la herramienta experimental es Gtil para la
deteccion de DCL y evaluacion cognitiva de forma accesible y agradable para los adultos

mayores.

Desde hace varios afios ha habido una creciente motivacion para desarrollar
aplicaciones de RVi orientadas a la cognicion humana, con el fin de alcanzar un nivel mayor
de inmersion (Garcia-Betances et al., 2015). El grado de inmersion es un punto importante
al desarrollar aplicaciones de RV, ya que incluso se ha considerado una dimension en
neuropsicologia clinica cuando se evalUa cognicidn espacial y funciones ejecutivas. El grado
en que los participantes se sienten presentes en el EV tiene implicaciones en el desempefio
de la tarea, beneficiando positivamente el rendimiento cognitivo de los usuarios al recordar

hechos 0 memorizar elementos (Brade et al., 2017; Krohn et al., 2020).

Con el propésito de estudiar el impacto en el rendimiento cognitivo de los sistemas
inmersivos en relacion a los sistemas no inmersivos, recientemente se han desarrollado varios
estudios. En el estudio de Ventura et al. (2019), se analizé el rendimiento de la memoria
episddica través de dos tareas, la primera de ellas bajo un entorno inmersivo y la segunda en
un entorno no inmersivo. Las pruebas se realizaron a dos grupos de 21 participantes,
visualizando las imagenes de ambos sistemas, pero en orden diferente. La evaluacion se
realiza usando la técnica de recuperacién espaciada. Los resultados mostraron que el grupo
que inicié con el ejercicio inmersivo obtuvo un mejor desempefio al evaluar la funcién

cognitiva en comparacion con el otro grupo.

A pesar de evidencia anterior, no hay suficientes trabajos que respalden la sustitucién
de una tecnologia por la otra (inmersiva vs no inmersiva) para lograr un mejor rendimiento
cognitivo. Por ejemplo, los resultados obtenidos por Voinescu y David (2019) no mostraron
ninguna evidencia de que exista una relacion entre el tipo de entorno y un mejor desempefio.
En concreto, utilizaron un entorno de RVi y un entorno de escritorio para evaluar el
desempefio de la memoria explicita e implicita en un grupo de 67 personas sanas de entre 19
y 39 afos. Esta informacion motiva al desarrollo de nuevas investigaciones en el campo de

la RV para el medir y rehabilitar las funciones cognitivas.
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Las aplicaciones RVi orientadas a la memoria han sido probadas mayormente en
personas sanas y en pacientes que presentan DCL. Corriveau Lecavalier et al. (2020) utilizan
una tienda virtual inmersiva usando el dispositivo HMD Nvisor ST50 para evaluar la
memoria episodica en pacientes sanos, quienes deben memorizar 12 elementos. Los
resultados indican altos niveles de presencia y motivacion, y el rendimiento de la memoria
en la tarea de RVi se correlaciona positivamente con el rendimiento en la tarea de memoria
tradicional para ambos grupos de edad. Ademas, el sistema de esta propuesta es sensible a
las diferencias bien conocidas relacionadas con la edad debido a que los adultos mayores
omiten mas elementos que los mas jovenes. Ouellet et al. (2018) presentaron un sistema
inmersivo usando el dispositivo HMD nVisor ST50, con un EV conformado a partir de una
tienda virtual para evaluar la memoria cotidiana. Los participantes fueron 20 jovenes sanos,
19 adultos mayores sanos y 35 personas mayores con deterioro cognitivo subjetivo, quienes
realizaron la tarea de la tienda virtual. Los resultados obtenidos con el grupo sano permitieron
conocer si la propuesta mostraba niveles adecuados de dificultad y asi como los efectos de la
tarea en la edad, mientras que los resultados del grupo con deterioro cognitivo permitieron
relacionar el rendimiento en la tarea inmersiva con el rendimiento de la memoria en dos
actividades tradicionales. Las conclusiones indicaron que la precision de las respuestas en la
tarea experimental fue sensible a la edad debido a la obtencion de un mejor rendimiento en
los jovenes. Ademas, este rendimiento se correlaciond con la valoracion obtenida en la
herramienta tradicional, especificamente con las funciones de la memoria episodica y la
velocidad de procesamiento. Por su parte, van Helvoort et al. (2020) desarrollaron una
aplicacion altamente inmersiva sobre un museo virtual con dos habitaciones. Se valido con
participantes jovenes que debian caminar por EV mientras memorizaban los detalles de cada
habitacion. Los resultados mostraron que los participantes recordaban mas facilmente los

objetos que tenian una menor distancia espacio-temporal entre si.

Tuena et al. (2020) realizaron una revision bibliografica de la RV aplicada a la
evaluacion y rehabilitacion de enfermedades relacionadas con el envejecimiento en adultos
mayores. Concluyeron que los sistemas de RV muestran una buena usabilidad y aceptacion
para este tipo de pacientes, aungue sefialan que tan solo se han probado un bajo nimero de

tecnologias inmersivas y por ello podria existir un alto riesgo de sesgo de los estudios. Laver
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et al. (2017) en su revision ya advirtié del escaso nimero de estudios controlados aleatorios

(ECAS) que incluyen rehabilitacion y/o evaluacion cognitiva usando RV.

Realidad virtual y tele rehabilitacion cognitiva

Segun la OMS, la telemedicina es la prestacion de servicios de salud mediante el uso
de las tecnologias de la informacion y la comunicacion, con el fin de intercambiar
informacion entre el profesional de salud y el paciente. Los datos que se obtienen al utilizar
estos sistemas interactivos son mas féciles de almacenar y procesar, permitiendo la
prevencion, diagnostico y tratamiento de enfermedades de mejor manera (Alhalaili et al.,
2020). Un campo recientemente explorado por la RV es la tele rehabilitacion cognitiva, que
permite proveer de mejores servicios de salud mental que ayuden atender las necesidades de
los pacientes desde la comodidad de sus hogares. El uso de las técnicas de rehabilitacién a
distancia o tele rehabilitacion es relativamente nuevo (Isernia et al., 2020). En concreto, se
encontraron algunos estudios de entrenamiento cognitivo usando RV en los trabajos de
Lawson et al. (2020) y Sarfo et al., (2018). La creciente tendencia en el desarrollo de estas
aplicaciones se ha visto acelerada por la pandemia del COVID-19. Esto ha generado la
necesidad de sesiones sincronas que logran mejores resultados respecto a las actividades
asincronas de rehabilitacion cognitiva del paciente, debido a que la ausencia del especialista
médico requiere un mayor compromiso del paciente para realizar las actividades de
rehabilitacion de forma independiente (Manenti et al., 2020). Todo lo anterior tiene alin mas
relevancia cuando se dan situaciones extremas como el advenimiento inesperado de la

pandemia del COVID-19, que dificulta el contacto social y la interaccion humana.

La pandemia de la COVID-19 ha producido el aislamiento social de muchas personas,
generando el desarrollo de trastornos mentales (Mantovani et al., 2020). Una investigacion
reciente realizO una breve revision en la que destacaba como las aplicaciones de RV han
permitido que los especialistas provean de terapias a sus pacientes en tiempos de la pandemia
COVID-19 (Imperatori et al., 2020). Otra de las recomendaciones de la OMS es limitar al
méaximo el desplazamiento de las personas fuera de sus hogares. Es asi que Mantovani et al.
(2020) ofrecieron una vision general de como la RV ha contribuido a los procesos tele
rehabilitacion cognitiva y su intensificacion motivada por esta crisis sanitaria mundial.

Ademas, Matsangidou et al. (2020) desarrollaron un sistema de RV multiusuario en el cual
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el terapeuta interacta con pacientes con desérdenes alimenticios de forma remota. A pesar
de que los participantes no conocieron previamente a los terapeutas de forma fisica, la
comunicacion en tiempo real y su representacion virtual permitieron desarrollar confianza y

seguridad en las sesiones.

Aungue se ha limitado el contacto fisico, es importante recalcar que el uso de la
telemedicina no pretende reemplazar la prestacion de servicios de salud convencionales, sino
que debe ser vista como un medio integrador que busca hacerlos mas eficientes y asequibles
para el usuario. Todo esto sin descuidar los principios de confidencialidad y la ética
profesional que debe acompafar a cualquier practica sanitaria (Scott Kruse et al., 2018).
Autores como Jain y Mehrotra (2020) han analizado el grado de aceptacién del uso de la
telemedicina en comparacion con las terapias convencionales, teniendo mayor aprobacion en

adultos jovenes, que asignaron una mejor calificacion a la atencion en linea.

La RV ha sido utilizada para la tele rehabilitacion de enfermedades cognitivas en los
Gltimos afios. Una revision a este tema destaca aquellos factores positivos que un ambiente
inmersivo le otorga al paciente durante su tratamiento, y a la par se describen las limitaciones
y confusiones que surgen cominmente, motivando al mejoramiento de las plataformas de
tele rehabilitacién (Tieri et al., 2018). El trabajo de Isernia et al. (2020) demostré que con un
programa adecuado de tele rehabilitacion, un grupo de pacientes con principios de EA pudo
fortalecer su memoria. Pacientes que han padecido un ictus, también han recibido tele
rehabilitacion cognitiva usando RV y han conseguido una mejoria notable en comparacion
con los procesos comunes (Sarfo et al., 2018; Torrisi et al., 2019).

Fog Computing

Una tecnologia vinculada a la RV es el uso de internet y servidores remotos para el
intercambio y almacenamiento de informacién, como es el caso de las aplicaciones
multiusuarios y las aplicaciones distribuidas. Estos requerimientos han propiciado el
desarrollo de nuevas arquitecturas de red que optimizan el consumo de datos. La
computaciéon en la niebla (“fog computing”) puede reducir el ancho de banda de las
comunicaciones al aumentar el procesamiento local y transmitir solo la cantidad esencial de

informacion (Farahani et al., 2018). Las aplicaciones que involucran la transmision de
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iméagenes por internet son un claro ejemplo de arquitecturas que sobrecargan el ancho de
banda (Collotta et al., 2018).

La computacién en la niebla permite reducir el ancho de banda necesario al
administrar la informacion de manera mas eficiente y distribuida (Rahmani et al., 2018). Esto
se logra analizando localmente la mayoria de datos y enviar Unicamente la informacién
relevante a la nube (Hu et al., 2017). Con el advenimiento de las tecnologias moviles, se han
disefiado diferentes sistemas de RV (Doniger et al., 2018; Fernandez Montenegro &
Argyriou, 2017; Ouellet et al.,, 2018), pero pocos aprovechan los beneficios de la

computacion en la niebla creando limitaciones en las aplicaciones.

En aplicaciones de diagnostico y tratamiento de pacientes con EN se requiere
normalmente el uso de iméagenes y audio, por lo que la cantidad de datos puede llegar a
sobrecargar las redes sanitarias. Es asi que el enfoque “fog computing” ejecuta una gestién
de datos mas eficiente y distribuida, aumentando el procesamiento local, comprimiendo el
ancho de banda de las comunicaciones y transmitiendo Unicamente la informacion necesaria
para el personal de salud (Farahani et al., 2018; Hu et al., 2017). Esto ha permitido el
desarrollo de multiples aplicaciones, como el monitoreo continuo de las enfermedades
crénicas en nifios (Sendra et al., 2018), asi como para la supervisién remota de todo tipo de
pacientes (Lloret et al., 2017). Asimismo, puede ser usada por los usuarios para controlar sus
indicadores de salud y notificar al centro médico cuando estan fuera del rango normal para

la respectiva teleasistencia (Kao et al., 2018).

Trabajos realizados

Ademas de los trabajos publicados en congresos del &mbito, la investigacion realizada
en este doctorado se distribuye fundamentalmente en cuatro articulos de investigacion (tres
de ellos publicados en revistas indexadas en el JCR y uno de ellos indexado en el SJIR).
Siguiendo un orden cronologico, el primero de ellos es un estudio para el rastreo y
seguimiento de adultos mayores a traves de la simulacion del trafico de comunicaciones
usando el paradigma de computacién en la niebla (“fog computing”). El segundo trabajo
desarrolla un primer prototipo de aplicacién para el entrenamiento cognitivo usando RVi, por
medio un EV interactivo con navegacion activa en primera persona y compatible con un

dispositivo HMD basado en un teléfono inteligente. El tercer estudio evalGa una propuesta
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de evaluacion de la memoria basada en una aplicacion de RVi, mejorando las caracteristicas
del prototipo previo e incorporando comunicacion con un servidor remoto a través del
enfoque del primer trabajo. Finalmente, el cuarto trabajo presenta una propuesta para tele
rehabilitacién cognitiva basada en una aplicacion de RV no inmersiva. Esta incluye
caracteristicas multiusuario con dos roles de acceso (paciente y terapeuta), con navegacion
en primeray tercera persona, y con comunicacion en tiempo real con un ancho de banda muy

reducido.

En la primera investigacion se utiliza una aplicacion movil para asistir y dar
seguimiento a pacientes con EN usando el enfoque de computacidn en la niebla, ver la Figura
2. La aplicacidn consiste en presentar escenarios para luego solicitar alguna accién o evaluar
la memoria mediante preguntas. La evaluacién se realiza mediante preguntas relacionadas
con los escenarios, contando las respuestas correctas y aplicando los respectivos factores de
ponderacion. Las imagenes de los escenarios se almacenan localmente en cada dispositivo
movil, evitando una sobrecarga de la red. Lo Unico que se envia por internet son los
resultados de la evaluacion final, que es una cantidad baja de informacion. Por lo tanto, la
mayor parte del procesamiento se realiza localmente. Ademas, siguiendo el enfoque “fog
computing”, cada paciente estd asociado con su hospital de afiliacion, y por tanto la
aplicacion solo envia datos al servidor de este hospital. De esta forma, se reduce la posibilidad
de que el servidor de datos de cada hospital se convierta en un cuello de botella, debido a que

la recopilacion de datos se distribuye entre los hospitales.
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Figura 2. Esquema del enfoque propuesto basado en fog computing.
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Con esta propuesta, los médicos de un hospital pueden acceder directamente a los
resultados de los pacientes de su hospital. En el caso de requerir los resultados de un paciente
vinculado a otro hospital, esta informacion es enviada al servidor del hospital local. Lo
anterior solo ocurre ocasionalmente para mantener distribuida la carga de trabajo en los
servidores. Si un paciente cambia de residencia, los datos histéricos son movidos, y

posteriormente la aplicacion del paciente se asocia a su nuevo hospital.

La aplicacion propuesta se basa en FAMAP (A Framework for Developing m-Health
Apps) (Garcia-Magarifio et al., 2018), que se mejora con imagenes en las opciones de
respuesta para responder las preguntas. Esta aplicacion fue desarrollada en Unity (San
Francisco, CA, USA) con el lenguaje de programacion C#. Para probar el rendimiento de la
propuesta, se simula el trafico de datos de la aplicacidén cuando es usada por varios pacientes
ubicados en algunos estados de los EE.UU. Por su parte, el nimero de dispositivos con la
aplicacion se establece usando los datos de un informe oficial de 2017 sobre EN comunes

(Alzheimer’s Association, 2017), seleccionando 14 estados con 120.000 pacientes 0 mas.

El enfoque propuesto se compard con otras 2 alternativas. La primera alternativa
utiliza un servicio web al que se accede desde un navegador, mientras que la segunda
alternativa es otra aplicacion movil que almacena localmente las imégenes y el
procesamiento, aunque todos los datos resultantes se envian a un Gnico servidor. Para realizar
la comparativa se utiliza una técnica de simulacion basada en agentes (Agent-Based
Simulation)(Garcia-Magarifio et al., 2017), con el fin de simular el intercambio de
informacion de cada enfoque (propuesta y las 2 alternativas). Este enfoque ofrece una gama
mas amplia de opciones para decisiones no deterministas, y es apropiado para simular cuando
los pacientes deciden usar la aplicacion. Especificamente, se usa una distribucion normal,
con una desviacion estandar (DE) de 0,2, con una media de 0,5 en el intervalo de 0 a 1. Se
simula un mes de 30 dias, obteniendo tanto el nimero de solicitudes al servidor y los datos
transmitidos de cada opcion. Se considerd que el 1 % de los pacientes de los 14 estados
seleccionados fueron usuarios habituales de la aplicacién, con una frecuencia de uno de cada

tres dias en promedio y una cantidad de datos transferidos de 0,60 KB.

Los resultados de las simulaciones proporcionaron una estimacion de la utilidad de

nuestro enfoque. En la comparacion diaria de transmision de datos, la primera alternativa del
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servicio web fue 300.000 veces mayor en la cantidad de informacion intercambiada, respecto
al enfoque propuesto. En la segunda alternativa, el promedio de datos transmitidos fue de
13,80 veces més que el enfoque propuesto. De forma similar, comparando el nimero de
conexiones entre los diferentes enfoques, el servicio web necesitdo de 600 veces méas de
conexiones al servidor respecto al enfoque “fog computing”. Por su parte, la segunda
alternativa requirié en promedio 14,82 veces mas de conexiones al servidor en relacion al
enfoque propuesto. En definitiva, la propuesta es mejor en comparacién con ambas
alternativas, pero los resultados de datos transmitidos y nimero de conexiones obtenidas con
la aplicacion movil de la segunda alternativa son proporcionales al niamero de servidores de
la propuesta “fog computing”. Es decir, el Unico servidor de la aplicacién alternativa realiza
el trabajo de los 14 servidores de la propuesta, un hallazgo a considerar al momento de
implementar una arquitectura. Sin embargo, son notorios los beneficios de la computacion

en la niebla, por lo que este enfoque se utilizd en los trabajos de investigacidn subsiguientes.

Los siguientes trabajos se orientan al estudio de propuestas de evaluacion cognitiva
basadas en aplicaciones de RV con mayor grado de complejidad, donde el doctorando no
contaba con la experiencia suficiente para desarrollar este tipo de sistemas. Por ello, la
segunda investigacion tuvo propositivos introductorios en el mundo de la RVi destinada al
entrenamiento cognitivo. Se realiz6 el disefio de un primer prototipo de tarea que involucro
multiples funciones cognitivas y replicaba acciones cotidianas. Buscando soluciones de bajo
coste se propuso el uso de un teléfono inteligente como dispositivo HMD, utilizando la
adaptacion de las Gear VR, que incluyen un controlador de mano inalambrico para
interactuar con el EV. Aunque esta opcion de desarrollo tiene ventajas como el bajo precio
(130 USD aprox.) y el soporte en linea, esta limitada a los teléfonos Galaxy de la marca

Samsung.

La actividad implementada incluyé multiples estimulos cognitivos como la
orientacion espacial, la memoria trabajo y la memoria episddica. La tarea se basé en una
navegacion por diferentes laberintos (el grado de dificultad podia modularse), donde el
usuario se desplazaba en primera persona y memorizaba una serie de elemento. Es decir, el
jugador debia resolver el laberinto desde dentro, observando previamente un pequefio mapa

del mismo desde una vista aérea. Mientras el jugador avanza se encuentra con figuras
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geométricas que recoge en el camino con retroalimentacion de audio, y al salir del laberinto
debe recordar los elementos visualizados en el trayecto. Para el desarrollo del sistema se
construyen individualmente los laberintos con las herramientas de Unity 3D, se programan
acciones de los elementos del juego (“GameObjects”) mediante Scripts en lenguaje C#, y se
implementan 3 niveles de dificultad para la misma actividad.

La Figura 3 muestra la aplicacion de RV implementada en las Gear VR. Para estas
pruebas se utiliz6 un teléfono Samsung Galaxy S8+ y fue evaluada por un solo participante
sano de 60 afos de edad generando las puntaciones y tiempos de ejecucion en los 3 niveles
de dificultad por un tiempo de 5 dias. El participante logré mejores puntuaciones a medida
que utilizaba el juego, realizando 3 juegos diarios con un total de 15 partidas en los 5 dias.
Al final de la intervencidn se aplicé un test general de usabilidad (Brooke, 1996), obteniendo

la aplicacion una buena calificacion (85/100) en esta materia.

Figura 3. Aplicacion de RV implementada en las Gear VR.

Esta primera experiencia de RVi evidencid algunos problemas. Por un lado, el
dispositivo HMD utilizado dependia de un teléfono inteligente por lo que el usuario podia
ser interrumpido en medio de una sesion por alguna notificacion o llamada. Por otro lado, y
aungue el adaptador tiene bajo coste, los teléfonos requeridos para su funcionamiento tienen
costes elevados. Los laberintos de la aplicacion se disefiaron de forma individual

complicando el trabajo de desarrollador para lograr varios niveles y multiples laberintos a
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resolver, lo que producia redundancia. Ademas, los resultados generados en la aplicacion se

visualizan dentro del EV y no se podian extraer de forma fisica, ni a través de acceso remoto.

El tercer trabajo analiz6 una propuesta inmersiva de evaluacion de la memoria
validando los resultados obtenidos mediante su comparacién con aquellos obtenidos con una
técnica tradicional de evaluacion de memoria. El sistema propuesto considera los
aprendizajes de las dos primeras investigaciones, unificando el enfoque del primer trabajo
junto con las experiencias técnicas del segundo trabajo. Esta nueva aplicacién tuvo que
desarrollarse completamente, debido a que los componentes virtuales principales (laberintos)
debieron construirse de manera automatica, usando el método recursivo puro basado en
celdas, que permitio la fabricacion aleatoria de laberintos segun el nimero de celdas
deseadas. De esta manera se consigue que los laberintos no se repitan y las figuras

geométricas también pueden instanciarse de forma automatica en el interior del laberinto.

La aplicacion de RVi asi creada (AppLab) incluyé dos formas de juego, una manual
y otra autdbnoma. En la forma manual el jugador tiene el control de sus movimientos y debe
resolver el laberinto por su cuenta. Por el contrario, en la forma autonoma el jugador solo se
preocupa de memorizar los elementos y el sistema lo traslada automéaticamente hacia la salida
a una velocidad establecida previamente. De esta manera se pudo explorar los resultados de

la memoria con y sin distractores.

Todos los resultados generados en AppLab se guardan en el dispositivo de forma
accesible y se envian a un servidor remoto SFTP de la Universidad de Zaragoza habilitado a
tal efecto. En este punto se aplicé el enfoque “fog computing” validado en el primer trabajo
de investigacion y evitando asi transferir informacion innecesaria y enviando Unicamente los
resultados finales. Los resultados quedaban entonces accesibles desde cualquier parte del
mundo. Respecto al dispositivo HMD empleado, AppLab utiliza las gafas de RV Oculus Go,
gue son totalmente autbnomas y mantienen el bajo coste (200 USD). A diferencia del primer
prototipo realizado, el sistema tendra exclusividad para diagnostico y rehabilitacion. La

Figura 4 muestra imagenes de la aplicacion de RVi implementada en las Oculus Go.
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Figura 4. Aplicacion de RVi implementada en las Oculus Go.

El sistema propuesto fue evaluado por 29 participantes sanos con edades entre 18 y
64 afios, que fueron elegidos usando un test neuropsicoldgico de valoracion rapida (MMSE).
Para la validacion de los resultados se utilizd una herramienta tradicional de diagnostico, el
test FNAME que utiliza pares de rostro/nombre para evaluar la memoria, como se describio
anteriormente. Se forma complementaria se aplicd un test de usabilidad especializado en

aplicaciones de RV conocido como USEQ (Gil-Gomez et al., 2017).

Los resultados obtenidos en los dos niveles de dificultad incluyeron las puntuaciones
en ambos modos de juego (manual y autbnomo), asi como los tiempos de reaccion o de
completitud de la tarea en el modo manual. Nuestro método se valido con el coeficiente de
correlacion de Pearson para ver el grado de asociacion entre ambos métodos. Se encontrd
una correlacion significativa y grande de acuerdo con Cohen (1988), lo que demuestra un
grado de asociacion elevado y por tanto, una evidencia de que nuestra herramienta puede
utilizarse igualmente para la evaluacion de la memoria. Finalmente, los resultados del test de

usabilidad mostraron unas puntuaciones elevadas.

El cuarto trabajo desarrollé una propuesta de tele rehabilitacion basada en RV y
utilizando la experiencia adquirida en las investigaciones previas. Esta investigacion tomo
mayor relevancia con la aparicion del coronavirus SARS-CoV-2, ya que los centros médicos
tuvieron que modificar la forma de brindar sus servicios, incluyendo los centros de
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tratamiento neuropsicologico, de tal forma que la tele rehabilitacion se convirtié en una

estrategia comun para evitar el contacto entre personas.

El proposito de la investigacion era el de analizar una herramienta de tele
rehabilitacion accesible para la sociedad y sostenible en el tiempo. En un primer momento se
penso en una solucion basada en dispositivos moviles, pero el reducido tamafio de pantalla
de los teléfonos y el escaso de numero de tabletas disponibles fueron las limitantes. Por ello
se optd por desarrollar un sistema de escritorio basado en computadora, dispositivo muy
accesible y de uso comun en los hogares y consultorios neuropsicolégicos.

La aplicacion de tele rehabilitacion cognitiva basada en RV (AppTele) consiste en un
EV presentado en la pantalla de computador y controlada usando los periféricos basicos de
entradas y salida (teclado y el ratén para controlar el EV y micréfono y altavoz para
intercambio de informacion entre las estaciones). La aplicacion se desarrollé en Unity 3D y
lenguaje C#. Para la comunicacion se utilizaron las librerias de Photon, una plataforma de
multijugador en red, que permite intercambiar informacién como los datos de la aplicacion
y el audio del usuario. El sistema se controlé a través de un avatar, presentandose éste desde
una vista en primera persona para el paciente y en tercera persona para el neuropsicélogo o
terapeuta que lo esta tratando. Los personajes se mueven a voluntad de los usuarios y el
ambiente virtual proporciona las opciones para facilitar la aplicacion de herramientas
neuropsicolégicas mediante menas y material multimedia. La Figura 5 muestra imagenes de
la aplicacion AppTele.

Figura 5. Aplicacion de tele rehabilitacion cognitiva basada en RV.
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La técnica neuropsicoldgica utilizada en este estudio es la recuperacién espaciada
(Hopper et al., 2005). Las funciones cognitivas activadas son la memoria de trabajo, memoria
inmediata y la memoria episodica. El procedimiento consiste en presentar una historia con
una serie de elementos, para posteriormente evaluar los elementos que aparecieron en la
misma. A continuacion, se distrae al paciente mediante la realizacion de una actividad
diferente por un tiempo determinado. En nuestro caso, utilizamos como elemento distractor
la resolucion de laberintos de diferentes niveles de dificultad. Finalmente, se concluye con
una nueva evaluacion con los elementos de la historia mostrada. La historia se presento

mediante un video con caricaturas y la evaluacion se realizo a través de un menu de imégenes.

En la AppTele todos los archivos necesarios para el procedimiento se cargan
localmente en cada computador, transmitiendo a la nube Unicamente las 6rdenes para
actualizar los objetos del EV y el audio de los usuarios. Los resultados se almacenan solo en
la estacion del neuropsicélogo, mediante un archivo en formato de hoja de célculo que

registra los datos del usuario, las calificaciones obtenidas y los tiempos de reaccion.

Para validar los resultados de la aplicacion desarrollada, se utiliz6 un grupo de control
que realizé los ejercicios siguiendo el método tradicional. Tanto el grupo de control como el
grupo experimental se conformaron con 20 participantes sanos con edades entre 18 y 65 afios
de edad. En general, los resultados mostraron diferencias significativas a favor del grupo
experimental (grupo de tele rehabilitacion) en cuanto a mejora en el rendimiento de la tarea.
mejores puntuaciones. La valoracion de usabilidad, ademas, fue sobresaliente. Se analizaron
también los requerimientos de velocidad de subida y bajaba en transmision de datos
obteniendo valores minimos que garantizan la aplicabilidad de esta propuesta. Esto se logra
con el enfoque de la primera investigacion, que recomienda almacenar localmente la mayor

cantidad de informacidn, mientras sea posible.
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Abstract

U.S. hospitals transmit and manage great amounts of information with the avenue of Internet of things. This work departs
from a real need detected by healthcare centers and hospitals in U.S., Spain and Ecuador. This work focuses on the
application of fog computing for obtaining an app rich in visual content that will not overload U.S. hospital infrastructures
even if it was used massively. The simulation results showed that the proposed fog-based approach could support a regular
use (one day out of three on average) by 1% of patients of one of the most common neurodegenerative diseases in 14 states
in U.S (i.e. 36,400 patients in total) with only a traffic of 528 KB per day on average when using one hospital per state.

Keywords Fog computing - Neurodegenerative disorder - Virtual reality - Mobile application - Agent-based simulation

1 Introduction

Hospitals are integrating the use of Internet of Things
(IoT) in medical devices for life-critical health monitoring,
increasing the demand for greater bandwidth for commu-
nications. Emergent solutions in medical IoT are facing
challenges such as the information sharing and collabora-
tion among heterogeneous sensor-enabled medical devices
and battery lifecycle of the corresponding wearable and
portable devices [1]. Fog computing can reduce the band-
width of communications by augmenting the local process-
ing and only transmitting the essential amount of infor-
mation required by the hospital and healthcare providers
[2].

Clinical trials involving the transmission of images are
one of the overloading activities on the bandwidth of
healthcare networks [3]. More concretely, the assessment of
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patients with neurodegenerative diseases normally requires
using images, so patients perceive visual stimuli.

Continuous remote health monitoring is gaining rele-
vance in the late years for allowing caregivers to keep track
of some health indicators. For example, a smart system is
now able to monitor children with chronic illness by means
of wearable sensors and a smartphone, and this alerts the
caregivers when some indicators such as heart rate or body
temperature surpass certain thresholds [4]. In addition, there
is an architecture for remote monitoring in e-Health sys-
tems [5]. This architecture relies on using 5G networks for
using a proper bandwidth. It also uses big data analytics
for alerting of anomalous situations by analyzing the infor-
mation collected by wearable sensors. In addition, the field
of mobile health applications with efficient management of
data transmission is growing with a high impact in the soci-
ety. For instance, an Android-based self-managed mobile
application can assist users in collecting and monitoring
health indicators for warning care services when appropri-
ate [6]. This app provides self-care for people with chronic
illnesses, and constitutes an example of how hospitals can
facilitate efficient data communications for telecare.

Fog computing allows e-Health systems to reduce the
necessary bandwidth by managing the information more
efficiently and in a more distributed way [7]. This is
achieved by analyzing most of the data locally and only
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sending the summarized relevant information to a cloud [8].
The existing applications of fog computing for e-Health
have different purposes. For example, fog computing has
been applied for long-term monitoring of Electrocardiogram
(ECG) signals [9], but it has also been applied for
monitoring patients with mild dementia in smart home
environments for ambient-assisted living [10]. However, to
the best of the authors’ knowledge, fog computing has not
been applied yet for assisting and tracking the evolution
of elder people through with neurodegenerative disease
through an application of virtual reality (VR).

In this context, we have developed a mobile application
for the early detection and tracking of some neurodegenera-
tive disorders with VR. This app relies on the fundamentals
of fog computing, in which the images and 3D scenes are
stored locally, and the user’s replies and actions are pro-
cessed locally as well. Each app instance sends the data to
the local hospital following the principles of fog comput-
ing. In this approach, hospitals only interchange patients’
data when necessary, for example when a patient changes
his or her residence from one city to another or in case of
emergencies.

This article is organized as it follows. The next section
reviews the most relevant related work, highlighting the
main literature gap covered by the proposed fog-based
approach. Section 3 introduces the materials and methods
of the proposed fog-based approach, including the novel
app for elder people with neurodegenerative disorders with
a fog-computing approach and the evaluation method of
the experiments. Section 4 presents the main results of the
experiments discussing the most relevant aspects. Finally,
Section 5 mentions the conclusions and depicts some future
research lines.

2 Related work

The emerging technologies in machine-to-machine (M2M)
communications have allowed to interconnect a wide range
of wireless devices for implementing m-health applications
[11]. Wireless body area networks are the most common
ones in the patient’s side, but M2M technologies also
support applications that can benefit healthcare providers.
In the context of ambient assisted living (AAL), Kartsakli
et al. [12] proposed a communication framework that
kept data exchange and storage at a local data plane, but
moved the coordination to the cloud. Their framework
was mainly designed to support healthcare applications,
and showed performance gains. This system is related
with some principles of fog computing since most of the
processing and exchange was performed locally. However,
their approach was more focused on AAL rather than
tracking the development of people with neurodegenerative
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disorders through data collection from technologically-
supported cognitive assessment.

Several works have specifically applied fog computing
for health systems. For example, the prototype Smart e-
Health Gateway called UT-GATE [7] uses a geo-distributed
intermediary layer for managing the information of sensor
nodes and storing these in the cloud. They evaluated
their approach with a health monitoring system with an
assessment platform based on IoT early-warning scores. In
addition, Mahmoud et al. [13] presented a fog-computing
strategy for managing IoT information from healthcare
systems before uploading to the cloud. It places some
tasks of applications in fog devices with an energy-aware
allocation strategy. Their experiments with the iFogSim
simulator showed the energy-consumption reduction of
their approach over the cloud-only strategy and the fog-
default one. Furthermore, Wu et al. [9] applied fog
computing for long-term monitoring of ECG signals with
a t-shirt as the wearable carrier of the corresponding
sensors. They evaluated tactile comfort, signal to noise
ratio and thermal conductivity, obtaining promising results.
Fog-computing has also been applied in the context of
ambient assisted-living [10]. In particular, eWALL fits
the regulations and procedures requirements for patients
with mild dementia. It used a computational-distributed
approach following the fog computing principles. The
home environment processed the sensed information for not
overloading the communications.

Agent-based simulators (ABSs) have simulated commu-
nications in different network types for assessing these. For
instance, an ABS simulated the communications of a mobile
ad hoc network (MANET) in battlefield for mission-critical
military operations [14]. This ABS considered several per-
turbation factors such as noises and enemy attacks and
their repercussions in the wireless communication topology
of the MANET. They showed how the soldiers’ collec-
tive movements positively affected to the capacity of the
communication channels. Another ABS simulated the com-
munications for the coordination of electricity distribution
in smart grids [15]. The simulated outcomes showed an
adequate demand response. The ABS assessed an approach
about control capabilities in smart grids when there were
communication constraints. Therefore, in general ABSs
have proved to be useful for assessing different communi-
cation approaches.

With the advent of mobile technologies, several VR
applications have been designed to assist in the diagnosis
and treatment of elder people with neurodegenerative dis-
orders. Ouellet et al. [16] recently published a study that
examined the ability of a VR supermarket task to distinguish
between younger and older adults, as well as individuals
with and without subjective cognitive complaints. Montene-
gro and Argyriou [17] recently presented a game-based
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application for diagnosing neurodegenerative disease. In
this application, individuals complete a task similar to the
Turing test in a virtual environment, and the VR application
distinguished between healthy people and individuals with
the neurodegenerative disease. Doniger et al. [18] recently
proposed a randomized control trial for a cognitive training
VR program for cognitively normal adults at high risk for
a neurodegenerative disease based on family history. Their
application was designed to train the capacity of remem-
bering and executive functions (e.g., planning) by having
individuals engage in a VR shopping experience in a super-
market. Participants in the proposed VR study will look for
items on a grocery list and would put the items in the gro-
cery cart. The authors plan to assess whether this app will
improve cognition and cerebral blood flow in participants.
In this proposed clinical trial, VR is believed to replicate the
complexity of daily activities well and help train in the skills
normally affected in neurodegenerative disorders.

Nevertheless, none of the aforementioned works applied
fog computing for assisting and tracking elder people
with neurodegenerative disorders for not overloading
communications.

3 Materials and methods

The main material used in this research is the app for
assisting and tracking elder people with neurodegenerative
disorders with a fog-computing approach, which is intro-
duced in Section 3.1. In addition, Section 3.2 describes

Fig.1 Architecture of the
proposed fog-based approach in
the presented app

the method followed for evaluating the proposed fog-based
approach with agent-based simulation.

3.1 App with fog computing for elder patients with
neurodegenerative disorders

Figure 1 shows the fog computing approach designed in
this app. All the images and 3D scenes are stored locally in
each mobile device. In this way, the transmission of images
does not overload the network. The actions of patients in
this app are used to evaluate some of their features. This
assessment is done locally by counting the correct answers
and applying the corresponding weight factors. This also
saves communication bandwidth. The proposed fog-based
approach only sends the final evaluation results represented
as a few numbers, which is a low amount of information.
Therefore, most of the processing is performed locally.
Moreover, following the principles fog computing
approach, each patient is associated with their affiliated
hospital. The app only sends data to the server of this
hospital. In this way, the possibility that the data server
of each hospital becomes a bottleneck is reduced, as
the gathering of data is distributed between the different
hospitals. The doctors of a hospital can directly access to
the assessment results of the patients of their hospital. In
the occasional cases in which a doctor needs to access to
the assessment data of a patient from another hospital, then
the patient’s hospital sends this information to the current
hospital. This should only occur in emergencies or changes
of residences. In the latter case, the history data would be
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residence changes

The app only sends
information about
results to the hospital
associated with
the patient

Assessment
done locally
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moved, and then the patient’s app would be associated to
their new hospital.

We developed this app in an international collaboration
between University of Zaragoza and Technological Univer-
sity Indoamérica Guayaquil and Simén Bolivar addressing
a real need detected U.S., Spain and Ecuador.

Figure 2 shows the block diagram of the functioning
of the presented app. Besides the common modeling
elements for actions and flow bifurcations, this diagram
uses a specific notation for referring to the sending of
messages. The right-bottom area of the diagram includes
a legend indicating the meaning of all the used notations.
It uses several scenarios for assisting elder patients with
neurodegenerative diseases. For each scenario, it asks
several questions or ask them to perform certain actions.
Then, it asks the user to perform a task of the whole
scenario. After testing all the scenarios, the app asks the user
to perform a final task about some of the previous scenarios.

All the results are assessed locally, and only the final results
are sent to the associated hospital.

The proposed app has been developed with FAMAP
(a Framework for developing M-health Apps) [19], which
helped us in the generic definition of test questions.
The module of questionnaires was extended to allow
including images in the test answer options. This app was
developed with C# programming language and the Unity 3D
environment.

3.2 Evaluation method using agent-based
simulation

In order to test the performance of the proposed fog-based
approach, we simulated the estimated data traffic of the app
when it is widespread among some states of U.S. In order
to conduct a simulation with accurate figures, we extracted
the data from a official report in 2017 about one of the most

Fig.2 Block diagram of the
proposed fog-based approach
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common neurodegenerative diseases [20]. In particular, we
selected all the states that had 120,000 patients of this
disease or a greater number according to this report. In
particular, these states with the number of patients expressed
in thousands were Arizona (130), California (630), Florida
(520), Georgia (140), Illinois (220), Massachusetts (120),
Michigan (180), New Jersey (170), New York (390), North
Carolina (160), Ohio (210), Pennsylvania (270), Texas (360)
and Virginia (140).

To compare the proposed fog-based approach with
alternatives, we simulated the traffic load with the same test
as in the proposed app, but using other different approaches.
One of these approaches used a web service in which the
user just needed to access a web address with a browser.
This alternative will be referred as “web service” from this
point forward. The second approach was an app that stored
locally the images and performed the processing, but it sent
all the data results to the same central server of a particular
hospital. This second alternative is referred as “alternative
app” from now on.

In order to perform the simulation, we have used an
ABS about the transmission of information for the different
tested options. For this purpose, we have used the approach
presented in TABSAOND (a technique for developing ABS
apps and online tools with nondeterministic decisions) [21]
for simulating the nondeterministic decisions. We selected
TABSAOND because it provides a wider range of options
for selecting non-deterministic decisions in comparison to
other alternative ABS environments such as NetLogo and
Repast Simphony. The non-deterministic decisions were
appropriate for simulating people deciding when to use use
the app. More concretely, we used a normal distribution for
simulating the distribution of people connecting to the app,
which is one of the options recommended by TABSAOND.
We applied a standard deviation (SD) of 0.2 over the normal
distribution of probability from O to 1. We used a mean of
0.5 in the interval from [0, 1]. In this way random numbers
homogeneously distributed in this interval were converted
in values following a normal distribution, which is usually
much more similar to the reality.

In order to improve the performance of the ABS,
each agent simulated a group of people, as commonly
done in the ABS literature (see an example in [22]
in tourism domain where each agent could represent a
family or a group of friends) and as recommended by
PEABS (a process for developing efficient agent-based
simulators) [23]. We selected PEABS instead of other
general-purpose development processes such as the Scrum
agile process or the iterative Rational Unified Process
(RUP), because PEABS fastened the development of the
ABS since it was supported with a framework for the
straightforward definition of agents. We chose PEABS
instead of other agent-development processes such as the
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ones commonly followed in Ingenias and Prometheus
methodologies, because PEABS allowed us to obtain a more
efficient software product (i.e., the ABS) in terms of both
response time and feasible amounts of agents.

In the ABS, each agent simulated the number of tests
done by the patients of each state in each day, with the
following formula:

< 1 _(x;;ﬂ) f W
t = e 2 cJra-u
V2mo?

where o and p are respectively the aforementioned SD
and mean associated with the normal distribution of
probabilities, x is a random number in the [0, 1] interval
generated in each day a state, f is the frequency of tests
per day (e.g. 0.333 if considering one test every three days
in average), a is the number of patients of this disease in
the corresponding state, and u is the ratio of the simulated
regular users between the existing patients of this disease.

A month of 30 days was simulated considering the 14
aforementioned U.S. states. The simulations presented both
the number of requests to the server (also referred as number
of connections) and the data transmitted. We calculated the
number of requests per test and the data transmitted for the
proposed fog-based approach and each of the alternatives.
The total data quantities were calculated by multiplying the
number of requests by the data transmitted per request.

In this simulation evaluation, we considered that 1.0% of
the patients of this disease of the 14 selected states were
regular users of the app. In addition, we simulated that the
frequency of users was one out of three days in average. In
addition, the amount of data transferred of the proposed fog-
based approach were 0.60 KB considering the assessment
results, the identifier of the user, and the encryption to
preserve the privacy of the user. This amount also takes
into account the necessary information about the network
packages such as for example the target IP address. We used
the same amount for the alternative app. In order to simulate
the data transmitted in the web service, we measured the
information transferred considering the sum of the sizes of
all the images that were necessary to transfer in each test.

We also calculated the improvement ratios about both
number of connections and data transferred of the proposed
fog-based approach over the two alternative approaches. We
also represented the graphs of the simulation. Firstly, we
compared the proposed fog-based approach with the web
service, and secondly with the alternative app. The next
section presents the results of these comparisons.

4 Results and discussions

The results of the simulations provide an estimation
of the utility of the proposed fog-based approach in
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terms of integrating the tracking of elder patients with
neurodegenerative disorders in hospital servers without
overloading the hospital communications in comparison to
other alternatives. All the experiments with the proposed
fog-based approach and the two alternatives have been
executed with the same conditions and input parameters,
which were mentioned in Section 3.2.

Figure 3 shows the simulation of the information
transferred in the proposed fog-based approach for a month.
This figure shows a boxplot that indicates the average,
minimum, maximum and the division in quartiles for each
U.S. state. In this case, we assumed that each of the 14 states
had a hospital with a server that collected the information
of the corresponding state. Figure 4 presents the simulation
results of the the proposed fog-based approach about the
connections to the hospital server in each state with a
boxplot. The average data amount that each server needed to
transfer was only 528 KB per day. The most overloaded day
in the worst state was 2,472 KB, which can be considered
still a very low amount. The average amount of connections
was 825 connections per day, and in the worst day of the
most overloaded server was 4184 connections. The amounts
of transmitted data were related with the population of each
state. For example, California and Florida were respectively
the first and second with the most transmitted data and they
were also the ones with first and second highest populations.
Massachusetts and Arizona were the states with the first
and second lowest populations, and also were two of the
ones with the least transmitted data. The high differences
of transmitted data could be possibly reduced by supporting

the data collection by more than one hospital in the states
with high populations.

In the comparison, the first alternative was to provide the
test as a web service. In this case, the result of summing all
the image sizes of the test was 23.6 MB. This information
needed to be transferred in every test. In addition, the web
service connected to the server in every screen the user went
through. More concretely, it needed 46 connections per test.
In order to make a fairer comparison, we also compared
the proposed fog-based approach with an alternative app,
which was similar to the proposed one but without using
fog computing. In particular, it also managed the images
and scenes locally as well as the assessment of the scores.
However, this alternative app made all the requests over the
same central server with the corresponding database.

Figure 5 compares the amount of data transmitted
between the patients and the server between the proposed
fog-based approach and the other two alternatives. In each
day of this chart, we considered the server with the highest
traffic for the proposed fog-based approach. This graph uses
a logarithmic scale to properly show large differences. In the
web service, the average of data transmitted was 170.8 GB
per day. The amount of information was more than 300,000
times than in the proposed fog-based approach. In the worst
day, the server was requested to transfer 238.4 GB/day, an
enormous amount that could provoke the denial of service
of most test requests and slow the service down, as well
as other requests in the hospital. In the alternative app, the
average transmitted data was 7.06 MB/day, and the ratio was
13.80 times more than in the proposed approach considering

Fig.3 Simulation of data
transmitted with the proposed
fog-based approach

3,000

2,500

2,000

1,500

1,000

Data transmitted (KB/day)

500

(o I

0

—

[ I -]

rUOZUY

@ Springer

e1u0j1jeD]

38

e6109D] I
oo I ——

T T T T T T T T T T
jul = = = z z z © = <
5 5 o = ) @ o e Q =
= 2 o S 2 2 = 3 by} =3
a & o a ‘T =< = ) I S
B Q o S 9) 0 = &

2 E e 2 & <
c o ~ 2 s
% =< 5 5
IS} ES
@ 3 5
o
U.S. state



Peer-to-Peer Netw. Appl.

Fig.4 Simulation of the number
of connections with the
proposed fog-based approach
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the average of the servers. This value is approximately
the number of servers used in this simulation of the fog
computing. Thus, one can infer that the traffic load is
probably reduced approximately by a ratio about the number
of servers used for the proposed fog-computing approach.
In addition, Fig. 6 compares the number of connections
between the proposed fog-based approach, the web service
and the alternative app. In the proposed fog-based approach,
we used the maximum number of connections from all the
servers. The web service needed 557,635 connections per
day, which was more than 600 times more connections

Fig.5 Comparison of the data
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proposed fog-based approach,
the alternative app and the web
service 5.0E+04
=
©
°
= 5.0E+03
=3
Eel
£
e 5.0E+02
w
C
o
T
© 5.0E+01
a
5.0E+00

| T | T T T T T T | T T T
0 ul 2] = < = z z z o b = <
m = = [} o o = =
= L ° 3 a S = = a 5 E x <
o o = 9 'd = - = =3 13 =
g 4 & o < 2 & B
3 o 5 < S Y b o o = &

2 ] > g a 3 1% b3

5 g B o= g 5

o o =

a s :

=
U.S. state

than the proposed fog-based approach. In average, the
alternative app performed 12,227 connections per day, and
it needed a maximum of 15,789 connections in the worst
day. The proposed fog-based approach reduced 14.82 times
the average connections of all servers. This number was
also similar to the number of servers used in the proposed
fog-based approach.

On the whole, one can observe that the proposed fog-
based approach could provide an app that potentially assist
and track patients with neurodegenerative disorders in the
U.S. and barely interfere with the communications of
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Fig.6 Comparison of the
number of connections per day
between the proposed fog-based
approach, the alternative app
and the web service
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hospitals by assigning the collection of data to different
hospitals. The app we developed locally stores all the visual
components, and also manages locally the measurement
and scoring of the test, only sending the final scores that
summarize all the activity of the user. Therefore, this work
aligns with the principles of fog computing [8], where the
storage of information and processing is mostly performed
locally. It also shares the summarized information through
a distributed storage system using the servers of different
hospitals. In the light of the obtained results, this work
recommends to integrate fog computing approach into
mobile application tests for patients with neurodegenerative
disorders that are rich in visual information.

It is worth mentioning that a limitation of the proposed
fog-based approach is that users need to download and
install the app with all its visual content. However, this
communication transmission would be managed directly by
the Google servers through the Google Play store, without
overloading the traffic load of hospital servers.

5 Conclusions and future work

This work has presented a novel application for potentially
assisting and tracking people with neurodegenerative
diseases. This paper focuses on the application of fog
computing for alleviating the use of bandwidth in hospital
servers in case patients massively use the app. According to
the simulated results, this app could support the assessment
of patients with one of the most common neurodegenerative
disease in the 14 states by only using one hospital server per
state, and assuming that 1% of the patients used it regularly.
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This work is planned to be extended by validating
the measurement of certain features of patients with
neurodegenerative diseases. We plan to conduct a pilot
normative study with healthy individuals and, if appropriate
based on results, a study of patients with a specific
neurodegenerative disease. We aim to determine whether
the measurements of our app properly correlates with
validated scales. In the long-term, we may design a fog-
computing approach for processing brain maps and sharing
some summarized relevant information, such as the color
histograms for certain regions of the brain.
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Abstract: A characteristic symptom of neurodegenerative diseases is the
deterioration of the memory. These problems usually worsen with the progression
of the disease, being the cognitive rehabilitation an important tool in order to slow
down the progress of the disease in the patient. This work presents the development
of a mobile virtual reality application through a serious game to boost the memory
by solving mazes in three levels of difficulty. The application uses the Gear VR
glasses to provide the user with an immersive experience. The results present the
proposed application, showing the components of the virtual environment.

Keywords: virtual reality; mobile application; immersive environment; memory
deterioration.

1. Introduction

Memory loss is the main symptom of multiple neurodegenerative diseases (Parkinson’s,
Alzheimer’s, sclerosis, and so on). These diseases currently have no cure, but there are
several treatments to slow down their progress, allowing to prolong life and improve the
patient’s living conditions. The traditional treatments include brushing up on activities
and exercising the brain, for which the assistance of qualified personnel and continuous
rehabilitation sections are required, however, the use of technology has changed the
methodology used to stay mentally sharp (Wang & Holsinger, 2018).

With the rapid development of new information and communication technologies,
currently, new prospects for assistance in the healthcare sector have been inserted.
Specifically in assisting cognitive rehabilitation therapies, virtual reality (VR)
environments have been developed in a way which allows the patient to train their
memory in serious game applications with multiple alternatives of use. At a basic level,
virtual environments are presented on screens and manipulated using external tactile
inputs, but at an immersive level, the system has head-mounted displays (HMDs), which
allow the user to interact realistically with the game (Chicaiza et al., 2018). However, an
inherent limitation of this technology is the high costs of specialized equipment which
rehabilitation would require.
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A sector with more technological improvements are the Smartphones, which currently
have more processing features and improved accuracy in their sensors than ever before,
so it is not a problem to implement VR applications in these devices, and with the
support of low-cost components, smartphones can be used as portable HMDs, where
the device’s screen shows the virtual environment to the user (Zhang & Ho, 2017).
This technological combination facilitates the use of cognitive virtual rehabilitation in
patients with neurodegenerative diseases, without the need of leaving their home.

In this work, a serious game of virtual reality is presented to train the memory of patients
with neurodegenerative diseases in its early stages. The main purpose of the proposed
application is to generate a computer created environment for the patient to solve a
labyrinth in three degrees of difficulty, previously reviewing the possible solutions from
an aerial view. This application is implemented on a mobile device, where Samsung Gear
VRs are used to obtain the immersion effect; an operation evaluation is performed and
a SUS usability test is applied to the user. This paper is structured as follows: In Section
2, a review of the state of the art is given; In Section 3, the design and implementation
of the proposed application are described. In Section 4, the experimental results are
described. Finally, in Section 5, conclusions are established and future work is outlined.

2. State of the art

Currently, virtual reality is a widely applied tool in multiple areas. In this context, its
characteristics have been studied and the user’s reactions have been compared with
respect to real experience. (Raptis, Fidas & Avouris, 2018) studies the effects of a fictitious
reality in tourism and recognizes its advantages, the results support the importance of
these systems; (Ding, Zhou & Fung, 2018) finds that enjoying cinema in VR exceeds typical
2D entertainment. On the other hand, a field which makes the most of virtualization
technology is health, developing systems with virtual elements in the rehabilitation
of various diseases. (Lv et al., 2017) designs a serious game for the rehabilitation of
Dysphonia, and tests with experts and patients support the use of the voice game; (Arango,
Mazo & Pefiapalacio, 2013) implements an augmented reality system to treat phantom
limb syndrome; and (Wang & Reid, 2013) uses a VR application to improve contextual
processing in children with autism where cognitive flexibility was demonstrated.

A specific case of the use of information technologies in health is the treatment of
neurodegenerative diseases, for which applications have been developed which slow
down the decline in memory (Jonsdottir et al., 2018; Zanier et al., 2018), show that these
symptoms are found in patients with diseases such as Alzheimer’s, multiple sclerosis,
Parkinson’s, Huntington’s, and so on, but they also manifest due to aging in older
adults (Chicaiza et al., 2018) demonstrates experimental results of a complex system
of virtual reality implemented which favors the exercise of memory. The use of these
VR applications is usually accompanied by an examiner who monitors the progression
of the disease, but in cases of mild cognitive impairment the user might perform their
virtual rehabilitation from home, facilitating the treatment of the disease.

The insertion of technological systems to support rehabilitation usually involves high
costs, because they require up-to-date technology and specialized software, being the
use of mobile devices a solution to this problem; (Razo Salas, Vazquez Reyes & Solis
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Robles, 2016) uses the screen of a mobile device to visualize the images in an endoscopic
process, results which are approved by a specialist; (Green et al., 2018) proposes a
mobile application to assist in the providing of anesthesia; similarly, cognitive problems
can be supported by mobile applications, (Yasini & Marchand, 2016) analyses the use of
a smartphone in the cognitive stimulation of older adults and the results indicate that
users do not get tired of playing with their tablet over time and that the average daily
time spent on games increases significantly. Furthermore, combining mobile devices
with virtual reality, involves several elements for its operation; (Zhang & Ho, 2017)
analyses the use of immersive mobile applications for the rehabilitation of addictions
through a Smartphone and an HMD device, concluding the benefits of the appropriate
use of mobile virtual reality in this area of health.

3. Proposed system

The proposed structure involves several components to support the virtual
rehabilitation system. To facilitate the usability of the system, the proposal has been
designed considering the installation costs, the requirements of the workplace, and the
difficulty of operation. The system consists of a virtual reality environment which allows
exercising the memory of the patient in different levels of difficulty. In order to achieve
a certain level of immersion, portable HMDs are used to support the visualization of
the application from virtual reality glasses for Smartphone, where the environment is
controlled by the user from a manual command. The components of the system are
described in the following sentences.

Figure 1 presents the proposed system for the cognitive rehabilitation of patients
with memory impairment. At this point, the user uses two devices to interact with the
rehabilitation system: Gear VR headset is used to achieve the player’s immersion in the
virtual environment as an HMD device, allowing the user to look at the environment and
control the visualization through the movements of the head and the hand controller. This
allows the patient to navigate in the virtual environment and select the options of the
application. On the other hand, the Smartphone is the most important element of the
system because it performs the processing of the aforementioned devices, the virtual reality
application processes, the data corresponding to the Gear VR, and the hand controller.

Smartphone

Gear VR

N VR Unity
&? <>

|

User

Controller
|—> , —>

Figure 1 — Mobile virtual reality system
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The application of the virtual environment allows the patient to exercise their memory
by solving mazes in 3 levels of difficulty. Figure 2 shows a summary of the proposed
application, where the main menu contains the access button to the application, then the
patient must perform the user identification to load their previous data. The secondary
menu allows the user to select the difficulty level and display the previous ratings using
the stored data. Within the game, the user can firstly see an aerial view to perform the
selected memory exercise, reviewing the possible exit routes of the maze and then he/
she is positioned somewhere in the maze. The next instruction is to try to get out of
the maze, reminding the shapes previously displayed. Once achieved the objective, the
application presents the results of the experiment and this information is stored in a
database; the user can continue with the game experiments or exit if desired. For a better
understanding of the components of the application, the following section describes the
elements of the Virtual Reality application.

I Main Menu I

v
| Login I
Y

—»l Level Menu |<——

| Aerial View |

Data Base

| Missions and Tasks |
Y
—| Results |

@ :
N
End

A

Figure 2 — Proposed application

4. Development of the application

The virtual reality application has been developed in unity due to the flexibility in the
selection of hardware, allowing to install the application on a Smartphone to use it as
an HMD device. Figure 3 presents the components of the virtual system, where the
three main components can be differentiated: The Game Objects, which includes all the
elements that make up the virtual environment; the virtual reality, which coordinates
between the virtual environment and the devices for interaction with the user; and
the database, which stores the information related to the features of the game and the
results of the users.
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Application
¥
VR device
v
Unity
h 4 L 2 h 4

Game Objects VR Data base

Figure 3 — Application components

4.1. Virtual environment

The virtual environment is made up of three-dimensional elements which have been
developed in different support platforms. Figure 4 shows the three stages for the creation
of virtual objects.

Software CAD
phase 1 30 mode!
h J
30 modifications
phase 2 Hierarchy, Set pivet, Orientation
point
e
UMITY 3D
Scripting and Texturization
phase 2 -
- Testurization
e Addi hic details
ing graphic details to
Flagement of 30 Models objects
¥
APP Controller . Scripting process
Manage the Application b Adding control to objects

¥
VIRTUAL 2D ENVIROMNMEMT

irtual Interaction

Figure 4 — Development of the virtual environment

In a first phase it is necessary to build the solid objects in a CAD software which allows
developing the 3D models; later, these models require changes in their characteristics,
such as the creation of hierarchies and the establishment of points of orientation. Finally,
these files are exported to unity to be textured and used in virtual reality scripts. The new
objects placed in unity need modifications to be used in the virtual reality application,
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starting with the construction of scenes through the location of the exported models.
Additionally, details are added to the graphics by applying textures to the objects,
these components are controlled by scripts to fulfill their function in the virtual reality
application. These functionalities are evaluated and corrected in a process of validation
of scripts, finally, the user interface for user interaction with virtual scenes is developed.

The serious game is developed to exercise short-term memory in the user. This
rehabilitation tool allows the user to memorize details of the environment and to
provide ways to move in computer-generated environments. The main activity is to
solve a maze which is initially visualized from an aerial view, allowing the user to find
an exit route. Once inside the maze, geometric shapes are presented in order to increase
the difficulty of the application. The exercise can be done in three levels of difficulty, as
shown in Figure 5; the basic level requires finding the exit in a small maze and counting
the number of geometric shapes which appear in the path; the medium level consists
of solving a moderately complicated maze and memorizing the number of geometric
shapes, each shape with a specific color; and the advanced level requires getting out a
complex maze, remembering each of the geometric shapes with their respective color.

v v
Easic Medivrmn Advmnced
v

AN®ANO

ATTC AN®

Figure 5 — Levels of difficulty

4.2.Virtual reality features

The virtual reality feature is integrated by the locomotion of the player, the interaction
of the user with the virtual environment, and the user interface.

Locomotion

The movements on the virtual environment are developed using the smooth artificial
locomotion technique which allows the user to move slightly in the desired directions
by moving the thumb on the touchpad of the controller, as shown in Figure 6. This
technique of locomotion is useful to move in small spaces and inserts realism to the
displacements and avoids confusions of spatial orientation as opposed to the teleport
method. The allowed movements are a linear forward and backward speed and angular
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velocity with fixed rotation step to prevent motion sickness, both movement options
controlled from the controller’s touchpad.

Figure 6 — Smooth artificial locomotion

Interaction

For the user to interact with the virtual environment in an immersive way, the
Smartphone manages the images to be viewed according to the user’s head movement,
this is possible due to the smartphone’s inertial sensors, achieving greater realism and
comfort in the VR. The Gear VR controller also includes an inertial measurement unit,
which allows addressing a pointer in the virtual environment with 2 degrees of freedom,
as shown in Figure 7. In addition, the selection of options is executed by a trigger button.

Figure 7 —Virtual interaction

User Interface

The VR application has three interface panels to choose, Figure 8 lists these components.
Initially, the user must log in to the system using a username and password, this data
allows retrieving the information of the user profile and remember the achievements. The
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next panel is used to select the level of difficulty to solve, loading the system according
to the user’s selection. Finally, the results panel presents the scores reached at the end
of each cycle.

l User Interface l
Login Lewels Fesults
L
¥
v v
-User profile Gﬁiﬁig‘aﬁe * 1| -Tirne taken
-Results datahase Fasks -Hits

Figure 8 — User interface components

4.3.Database

The VR application has a database which stores the information in three blocks, as shown
in Figure 9. The user block saves the data for access to the application and the profile of
the users registered in the system. The information of the missions contains the mazes
for the three levels of difficulty, stores the geometric shapes, the tasks to be done in
the path of the mazes, and finally the results, where the time histories and successes
obtained at the end of each game are recorded.

bas
li DEHE‘Iir e j

Tzers LMizsions Besults
T
v v v
-Maze .
-Data login : -Tires recomd
-User profile 'Genﬁiﬁfﬂm -Hit record

Figure 9 — Database

5. Experimental results

For the experimentation of the immersive virtual reality mobile application, an example
is presented in this Section. For this, a Galaxy S8+ Smartphone and the Gear VR headset
with its controller has been used, where Figure 10 shows the experiments carried out
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with a male user of 60 years of age. In this example, the user is healthy but presents
some memory difficulties produced by age.

Figure 10 — Experiments on GearVR device

When started the game, the user must log in with their email and password, as shown
in Figure 11. In case of not being registered, a new user profile must be created with the
personal data.

2P\l RPMI | RPMI

SIgnn
RESUISIEN
| donhow |

Figure 11 — Login to the application

Then choose the level of difficulty to be evaluated. Figure 12 presents the three levels to
solve in maze.

Figure 13 shows the first view of the maze to be solved from an aerial view. This allows
the user to analyze the exit routes for later move inside the maze, and then he/she is
located at the entrance of the route.
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Figure 14 — Inside the maze
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Once inside the maze, the users must move in the directions which they consider correct
using the touchpad of the Gear VR controller. In the path, the user will find geometric
figures according to the level selections, see Figure 14.

At the end of the maze, a questionnaire appears which records the geometric shapes
remembered and assigns a score according to the user’s responses. These data are
stored and summarized in the results screen of Figure 15, where the user registers 5
days of experiments, he/she have solved the maze in the three levels of difficulty, and an
improvement in the score reached is observed, as well as in the time taken to find the exit.

[ FXIT Results

A1TEMITHMY TEST Ueemr 02

v mary inangies did you see?
L —=or L | W o — =
O MEITY SPUENES Ad oL see? ] L ‘E

By ey e es did you see’ -

[T
Ca oo
B Leveit?
Cantrar B Lreia}
Figure 15 — Results

N° Questions Score Operation
1 I think I would like to use this system frequently 4 4-1=3
2 I find this system unnecessarily complex 1 5-1=4
3 I think the system is easy to use 5 5-1=4

I think you would need technical support to _
4 mabke use of the system 1 51=4

1 find the various functions of the system quite well _
5 integrated 4 4-1=3
6 I have found too much inconsistency in this B

system 1 51=4

I think most people would learn to make use of the _
7 system quickly 5 571=4
8 I found the system quite uncomfortable to use 3 5-3=2
9 I have felt very safe using the system 3 3-1=2

I would need to learn a lot of things before I can _
10 manage the system 1 5-1=4

TOTAL 34

Global Value 85

Table 1 — Survey results
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Additionally, Literature of (Sauro & Lewis, 2011) and (Shaheen & Rehman, 2018) is
used to determine the usability of the application by means of a SUS test. The score is
determined by the sum of the values of each item, said score will have a range of o to 4.
For numbers 1, 3, 5, 7 and 9, the operation is the score given minus 1; for items 2, 4, 6, 8
and 10, the operation is 5 minus the score. The total sum of the results is multiplied by
2.5 obtaining the overall value of the SUS. The final result is obtained in the range of 0 to
100. For the answers indicated in the questions, Table 1 is obtained.

The results of this example indicate that the application works correctly and provides a
user-friendly experience in the test performed, however, it also shows an opportunity
for improvement in some questions of the SUS, especially in providing security to user.

6. Conclusions

Modern mobile devices support immersive virtual reality applications, this because of
their high throughput and multiple sensors. Specifically, cognitive virtual rehabilitation
allows the user to treat the progress of a neurodegenerative disease in its early stages.
This implies which mild memory impairment can be treated by memory exercises in
virtual environments.

This application supports the user to train their memory through a maze-solving game in
an immersive way using the Gear VR, allowing the user to remember an aerial view of the
routes and to practice the spatial orientation in the virtual environment. In addition, the
patient might memorize geometric shapes which must be remembered at the end of the
maze. The results show that the user performs many successful tests with improvements
in their memory retention scores, and an acceptable usability score.

Future work is intended to include more experiences in the process of navigate through
the maze and include biometric sensors in the user to monitor the patient’s vital and
cognitive states.
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Abstract: Virtual Reality (VR) has had significant advances in rehabilitation, due to the gamification
of cognitive activities that facilitate treatment. On the other hand, Immersive Virtual Reality (IVR)
produces outstanding results due to the interactive features with the user. This work introduces
a VR application for memory rehabilitation by walking through a maze and using the Oculus Go
head-mounted display (HMD) technology. The mechanics of the game require memorizing geometric
shapes while the player progresses in two modes, autonomous or manual, with two levels of difficulty
depending on the number of elements to remember. The application is developed in the Unity
3D video game engine considering the optimization of computational resources to improve the
performance in the processing and maintaining adequate benefits for the user, while the generated
data is stored and sent to a remote server. The maze task was assessed with 29 subjects in a controlled
environment. The obtained results show a significant correlation between participants’ response
accuracy in both the maze task and a face—pair test. Thus, the proposed task is able to perform
memory assessments.

Keywords: cognitive rehabilitation; head-mounted display; immersive virtual reality; memory
assessment; Oculus Go; serious game; wearable system

1. Introduction

Reality refers to the physical world in which the human being develops and lives with other
elements, using all his senses. Although the activities carried out by a user still require their presence,
technological means of communication have been designed that have changed the way to interact
with the environment [1,2]. With the advancement of science, extended reality (XR) systems have
been developed that allow reproducing environments, people, and objects with high fidelity using
a computer [3,4]. This term includes virtual reality (VR), augmented reality (AR), and mixed reality
(MR) [5]. VR refers to complete three-dimensional virtual representations of the real world or objects
within it [6]. The first applications focused on entertainment, although they explored other areas
such as marketing and engineering [7-9]. Continuing with the evolution and in order to provide
the user with a range of experiences that resemble real ones, immersive environments have been
implemented [4]. This allows the user to have the perspective of living in one reality and experiencing
another synthetically at the same time.
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Approaches based on interaction with a user, body language, and gestures have allowed objects
to be manipulated in VR. A full immersive system can incorporate a wide field of view, high resolution,
a head-mounted display (HMD), and auditory and tactile or force feedback [10]. Unlike a real scenario,
the applications that can be performed with a virtual environment are unlimited. Understanding a
concept, learning a procedure or doing a recreational activity are possible thanks to VR. Its application
is multidisciplinary and in areas such as education, it allows the development of practices in medicine,
biology, military, geology, aeronautics, engineering, and so forth [6]. In Chen etal. [11], Parong etal. [12],
and Park et al. [13], motivational, attitudinal and behavioral changes can be seen in the student-teacher
interaction in the learning process. Virtually exploring scenes that in reality would not be possible,
stimulates the student to better understand and memorize the academic content [9,14].

The benefits that have been obtained in the field of medicine, contribute to preventing and
maintaining the state of health of the person [15]. In diseases like Parkinson’s [16-18], challenging
activities are performed in a safe environment, as a tool for neurorehabilitation of the upper and lower
extremities. As a complement, qualitative data can be obtained on the emotions and experiences
that patients feel during experiments [19]. The utility of immersive virtual reality (IVR) systems in
the rehabilitation of traumatic brain injuries can be seen in the review presented by Aida et al. [20].
People who have suffered a stroke are also subject to rehabilitation processes, replacing conventional
practices with systems that simulate the development of games or interactive activities. [21-25].
In psychology, social signals can be analyzed in a virtual world that requires contrast with the real
one [26]. It must be taken into account that the content developed must be personalized and optimized
to stimulate the individual in the desired way [27].

Despite the advantages offered by IVR systems, the underlying methodologies and theories used
to influence users must be understood, since the use of immersive technology in the long term could
affect their behavior, perception, and motor skills [28,29]. These systems can be used to avoid bad habits,
addictions or aggressive behavioral responses [30-32]. Cognitive stimulation is a fundamental strategy
for the improvement and rehabilitation of mental capacities and executive functions, such as memory,
attention, processing speed, and contextual learning [33,34], evaluating in this way the behavior of
the participants and improving the conditions that unbalance their state of mental well-being [35].
Although the literature does not allow establishing the full effectiveness of IVR to counteract disorders
such as dementia, potential distractors are reduced and the experience of people with mild cognitive
impairment is improved [36].

IVR is considered a valid alternative tool for the rehabilitation of cognitive decline at all ages.
De Luca et al. [37] described the case of a 15-year-old adolescent with traumatic brain injury (TBI)
treated using CAREN (Computer Assisted Rehabilitation Environment), who obtained a significant
improvement in his specific cognitive and motor domains. Similarly, in De Luca et al. [38], outstanding
results in semi-immersive virtual rehabilitation in young adults (averaging 40 years old) who
suffered from TBI are discussed. When performing cognitive therapies in older adults, positive
emotional changes have been observed, with an opening to a broader application, as described by
Appel et al. [26]. Although the immersive experience can produce side effects (dizziness, nausea,
headache, and stomachache), it is more likely that non-immersive sessions are carried out in them,
as presented by Gamito et al. [39] and Liu et al. [40]. The effect obtained can be influenced by
age, therefore, Shakare et al. [41] develop a 3D environment for navigation and cycling, tested on
participants of various ages (two groups of 26 and 64 years on average) to assess their experiences, as a
precedent for future work.

Memory is evaluated using neuropsychological exams; VR offers tools to apply evaluations with
greater cognitive demands of the participant. VR has been proven to provide fairer results with
age, so assessments applied at different ages showed variations on the classical exams, but not on
the memory VR exam [42]. VR has also been used to evaluate complex cognitive functions such as
prospective memory, in the case of [43] authors confirmed the deterioration of this memory in the
early stages of Alzheimer’s disease. In this way, VR has been inserted as a memory diagnosis and
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rehabilitation tool, but there are few IVR studies aimed at evaluating memory, which motivates the
development of applications with different levels of immersion [44].

The intelligence that characterizes the human being requires normal functioning of cognitive
abilities. For this reason, memory requires being part of exercise and rehabilitation processes when
the situation requires it. Dietrichkeit et al. [45] present a study carried out in healthy people and
others with psychosis, determining that the positive effects that VR generates on the memory of the
second group are greater. Mitrovic et al. [46] and Krokos et al. [47] present proposals for immersive
systems to promote the development of prospective memory, in daily and long-term tasks, respectively.
In Ventura et al. [48], the performance of episodic memory is compared when using immersive and
non-immersive systems in healthy people. In this way, it is determined that the participants in the first
group can recall a greater number of long-term events compared to the second.

Some memory-oriented IVR applications have been tested in healthy and patients that have some
cognitive impairments to determine their effect on participants. Corriveau et al. [49] used a virtual
store to memorize 12 familiar items and the results indicated that there were high levels of presence
and higher levels of motivation for the VR tool in comparison with the traditional task. They also
pointed out that memory performance in the VR task was positively correlated with performance on a
traditional memory task in different age groups. Bréchet et al. [50] analyzed the first-person influence
on IVR for virtualized episodes of everyday life and determined that delayed recovery performance
can be improved when participants view their body as part of the virtual scene. Ouellet et al. [51]
presented a virtual store to evaluate the daily memory in participants with and without cognitive
impairment, whose results were validated with traditional questionnaires.

Cognitive functions deteriorate with aging and neurodegeneration, as has already been seen in
the described literature. For this reason, motivating and effective proposals should be implemented to
train these functions from middle age, preventing the advent of long-term mental problems. The type
of system proposed (immersive or non-immersive), age, and other inherent physical and biological
factors of the participants must be taken into account, in order to offer an appropriate tool for each of
them. Several investigations were developed using immersive environments focused on the different
types of memory, with a greater preponderance to the long-term ones. In this context, this manuscript
presents an interactive system using IVR for assessing and training memory. An application that
includes virtual environments was developed in the Unity 3D video game engine and the Oculus Go
(HMD) headset was used as an immersive device. The main contribution of the current work is the
presentation of a low-cost solution intended for memory training purposes that can also be used in
community-based environments.

This work is organized as follows. Section 2 includes the materials and methods, with the design
of the proposed task to assess memory, its main features as well as the conducted experiments to
validate the application. Section 3 presents the main results. Section 4 is devoted to the discussion and
Section 5 deals with the conclusions and future work.

2. Materials and Methods

2.1. Formulation

A usable app designed to train memory using cognitive stimulation exercises is required.
Traditional cognitive rehabilitation strategies consist of ordering patterns, memorizing events and
performing mental operations, normally carried out in printed notebooks or using digital screens.
There are also personalized cognitive stimulation sessions that require a specialist, which implies a
greater investment of time, infrastructure, and money. These commonly applied tools can generate
some type of stress to the user, reduce motivation and degrade treatment results.

The technology has an infinity of applications in rehabilitation. Specifically, VR combined with
serious games has positive effects on the user, emulating therapeutic activities as entertainment.
In addition, the use of immersion devices allows to improve concentration in cognitive rehabilitation,
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excluding distractions present in the real environment. Figure 1 presents the proposal described in this
document, where VR is used for the patient to interact with a set of predefined cognitive exercises
through a hand controller. The system provides a virtual environment developed in a game engine,
where all the visual and auditory information is played on the immersion device. The results of the
games are also saved in a database for later review and analysis.

Game Engine Virtual Environment
T PN
Immersion Device
Database

S ] (o9
¢ r

Memory Controller

> User @

Figure 1. Formulation of the memory rehabilitation problem using an immersive virtual

reality application.

The proposed application differs from traditional techniques since the rehabilitation strategy
consists of memorizing patterns while carrying out other interaction activities with the virtual
environment. In this way, greater cognitive activity occurs, and the actions are fed back with sound to
reinforce the immersion in the environment. The game is designed so that the user makes minimal
movements, considering that the player’s position must always be seated on a fixed chair to avoid
collisions with objects in real space. In addition, the specialist can access the result history from
anywhere, because the database sends the stored information to a file transfer server.

Within the serious game, the user has to walk through a maze in first person using the HMD device.
While moving through the corridors geometric shapes appear, and the user has to remember both the
color and the number of appearances. The analysis is carried out from two modes, autonomous and
manual locomotion (user-controlled mode). In the autonomous mode, the player is automatically taken
to the exit of the maze, whereas in the user-controlled mode, the player has to do it by commanding
the Controller.

2.2. Components

Regarding the components required for this proposal, this focuses on implementing a wearable
rehabilitation system that allows the user easily locate it anywhere in the home and it is economically
accessible. Similarly, versatile and developer-friendly software (game engine) is required, which makes
it easy to use immersion devices and enables the application to be linked to the file transfer server.
In the current market, there is a great variety of HMDs with different input devices, as well as multiple
game development environments. Consequently, the mentioned aspects are considered to select the
necessary elements.

Figure 2 shows the components selected to implement this proposal, the HMDs to use are the
Oculus Go that belong to the Oculus VR Company belonging to Facebook. This VR device is the
successor of the Gear VR and its main feature is independence, since it does not require wiring, nor a
Smartphone, nor a computer for its operation. Oculus Go is an all-in-one VR viewer for its display
and built-in audio. In connectivity, it has Bluetooth 4.1 technology to communicate a single wireless
controller, and it has Wifi 802.11ac communication to connect to the network.
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Figure 2. Components of the immersive virtual reality application.

Technically, the HMD have the following characteristics: Android 7.1.2 operating system,
system installed on a Qualcomm Snapdragon 821 chip, 3Gb LPDDR4 memory, 64 Gb storage
(latest model), screen resolution of 1280 x 1440 per eye, frequency 60 to 72 Hz refresh rate, 101 degree
field of view, density of 12.67 pixels per degree of vision, Adreno 530 graphics processing unit,
dimensions 190 mm X 105 mm X 115 mm, mass 468 g, integrated battery 2600 mAh for a range of two
hours of play, and a price of approximately US $ 200.

The remote input controller incorporated in the Oculus Go has an inertial measurement unit (IMU)
to track 3 degrees of freedom of angular movement (useful as a pointer to interact with the virtual
environment); it also includes a circular touch panel and four push buttons (Trigger, Back, Touchpad
and Oculus). For its operation, a single AA battery powers it.

The Oculus Go have development compatibility with Unreal and Unity 3D, of these two game
engines, the second has a more versatile and easy-to-develop work environment. Unity is a video
game development platform with online support documentation, and has cross-platform compilation
support. To build virtual environments Unity use the PhysX physics engine, animations using
Mechanism technology and scripting is implemented in C# (NET Framework). In relation to costs,
Unity has two versions, a free personal and a professional one that requires payment.

For file transfer, an SFTP server from the University of Zaragoza is used, which allows the results
to be sent in a secure manner. This is possible thanks to the connectivity of the device with the internet
through a wireless network and the Microsoft Visual Studio libraries for file transfer protocols.

The advantages of this immersion device are remarkable, favoring the development of the
application proposed in this work. The comfort of independence and the acceptable weight of the
glasses are some of the benefits found. However, the excessive use of these HMD produces undesirable
effects, some of the symptoms are dizziness, nausea, and vertigo, and worse still, when the user has
health problems the risk increases, among the consequences are epileptic seizures, for this reason it is
important to consult the player’s background before considering him a participant in this proposal.

2.3. IVR Game Design

There are several possibilities to design a tool that exercises memory, but the most important thing
is to provide it with simplicity to facilitate the use of the application and the analysis of the results.
The game was initially designed to memorize geometric shapes within the virtual environment so
that as the player progresses, more elements to memorize appear. The basic geometric shapes and
the quantity of each one must be memorized; additionally the color assigned to each group of figures
must be remembered, according to the level of difficulty selected. The user’s journey is within a maze,
from the entrance to the exit, solving the maze in first person. On the other hand, the maze navigation
mode has two modes, the autonomous mode where the player only concentrates on memorizing the
geometric shapes and their colors, and the manual mode (user-controlled mode) where the player
controls the movements to find the exit. This last mode adds more elements to the cognitive exercise
and allows analyzing the solution times of the maze.

Figure 3 presents the entire algorithm of the application from start to finish. Initially the user
menu is displayed to record the player’s data. This menu consists of an alphabetical keyboard to
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enter the user’s names, considering that it can be selected from a pre-existing list of players, where the
execution data is read and stored in the database and additionally an option is included to exit the
game at any time. Then, a menu is presented to decide the navigation mode within the maze. In the
autonomous mode, the navigation agent is enabled, whereas in manual mode, controlled locomotion
is enabled and reproduces an aerial view to identify the way to the exit of the maze. This menu has the
option to return to the previous menu.

User menu

! Instructions

Question menu

Manual Autonomous

Enable

navigation agent
T

Enable locomotion

and aerial view
T

¥ Upload file to
SFIT server

Level menu

Basic

Advanced Continue?

Create basic maze and

no
seometric shapes with colours geometric shapes () ’

Figure 3. Algorithm of the cognitive rehabilitation application.

Create complex mazes and

Below is the difficulty level menu, offering two options. The basic level (BL) generates a maze of
low difficulty and locates the geometric shapes (square, triangle and circle) randomly (see Figure 4a).
The advanced level (AL) generates a more complex maze and locates the geometric shapes with their
respective colors (red, green and blue), one color for each type of shape (see Figure 4b). Regarding the
generation of the maze, the internal configuration is produced in a random way so that the mazes are
not repeated, in terms of the number of shapes, a maximum of ten are created for each shape, and the
colors are also assigned randomly, this menu also has the option to return to the previous menu.

Returning to Figure 3. Once the level is selected, the instructions for the game are displayed for
a certain time, the aerial view is played (in manual mode) and the game begins, considering that at
any time the user can close from the game and return to the level menu. When the player reaches the
exit of the maze, the menu of questions related to the number and color of the shapes is displayed.
Entering the answers ends the game, saving the results in the database and sending the file to the SFTP
server. Finally, the user decides whether to continue playing or exit the application.
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Figure 4. Difficulty levels: (a) Basic; (b) Advanced.

2.4. Development of the VR Application

The application is developed using the Unity 3D engine of game. Figure 5 presents the implemented
scheme to develop the game; the main components are Game Objects and Scripts. The Unity environment
allows creating the game scene, where all the Game Objects are inserted, starting from the camera that
is linked to the VR device, the 3D models that make up the virtual environment and the two levels of
difficulty of the maze, the sources of audio, and the different interaction menus, each component has a
functionality that is controlled from the Scripts.

INITY Levels Mazes Scene
E—

7y
Basic Advance
SGAMEOBJECTS . e T e T T s .
: . Environmental '
VR device 3D Models Audio Menus
______________ A R T L TTTE T
Y
A v v
Device ID [« Interaction Audio Data
Controllers | | management

Oculus library SCRIPTS

HMD Controller
,’\ .
4 )
Hardware

Figure 5. Diagram of the development of the immersive virtual reality application.

Scripts contain C# programming to link the different actions of the application. To implement
these programs, several libraries are used that allow access to the hardware and functions required by
the system. The interaction between external devices and Game Objects is done in different scripts,
as well as events for audio playback. Data handling requires specific libraries that allow you to create,
edit, and store the files, which also use the network connection to send the files to the remote server.

Next, the elements developed for the VR application are described, as shown in Figure 6. In the
game mechanics, the links are made between all the menus from the start of the game to the user’s
responses. The program activates and deactivates the Canvas as required, the menus are mainly made
up of buttons, but it also uses dropdowns to show the options of existing users and the responses. In the
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game, invisible colliders are created to detect when the user enters and exits the maze, which allows
measuring time and activating the menu of questions. There are also colliders in the geometric shapes
that are continuously rotating. They disappear on contact with the player and give a feedback to the
user by means of a sound.

In Game: End Game:
. Start Game: N .
¥ Game Mechanics —» . Solve maze and Question and
Select options .
memorize shapes answers
. . Geometric
M Game Objects —¥ Environment Maze
shapes
. Smooth artificial Oculus
P Locomotion . )
locomotion framework -
(1]
Agent and &
Unity App Path finding B Navigation mesh | | &
’ obstacles =
B VR - (Eé
. Oculus Go Oculus =3
M  Interaction -
controller framework g
&

UT Buttons, texts

F User Interface

Unity UI

and alerts
. Oculus Go )
") Target Device headset Oculus SDK
Light and dark
Lightning ‘ghtand car Inside the maze
scenes
Ly VEX MR Shadows Optmed .f()r Lnterac.ti()n with
mobile device objects
Realis
¥ Dost Procesing Ly easm ,and
immersion
Data User, game
ata s ¥ Textfile SSH.NET library
management settings and results

Figure 6. Developed elements of the virtual reality application.

The visual Game Objects are those that make up the scene environment, the maze and the geometric
shapes. The environment consists of a field with grass, small country houses, water, trees, and stones,
these elements were imported from different Assets. Mazes are generated automatically using a Pure
Recursive cell-based algorithm, this 3D model is made up of three Prefabs (Walls, Pillars and Floors)
that are located in the positions generated by the algorithm. The geometric shapes are positioned in
the maze spaces at random and are Prefab with animation to rotate continuously.

Player movements are run using the Smooth Artificial Locomotion technique; the Oculus
framework allows reading data from the Controller’s touchpad using the OVRInput.Get function
(OVRInput.Axis2D.PrimaryTouchpad), to affect the position and orientation of the camera (kinematic)
using the Transform property.

Autonomous navigation is possible thanks to the Path Finder of Unity 3D that allows you to
navigate from one point to another automatically and avoiding obstacles. For this reason, it is necessary
to add a NavMeshAgent to the player and an additional NavMeshObstacle to the possible collision
objects, where a flat is created and set as Navegation Static to generate a Bake where the player can
move. To activate this mode in the Script, the destination is configured and the Agent.isStopped is
turned off. On the other hand, aerial view (manual mode) requires disabling the player’s navigation
agent to raise the camera.

The user interaction with the menus is done through a virtual pointer linked to the movements
of the Oculus Go Controller, this works through a Line Renderer that detects the collision with
the elements of the Canvas, to confirm the selection, press the Trigger button (OVRInput.GetDown
(OVRInput.Button.Trigger)). The Back button allows you to stop a game and the Oculus button
can be used to exit the application. Menus were created with Unity’s user interface (UI) tools and
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adding Colliders to buttons and dropdowns. To connect the virtual environment camera to the HMDs,
the Prefab of the Oculus library called OVRCameraRig is used.

To conclude the edition of the virtual environment, the visual effects (VFX) are configured that
produce a pleasant environment for the user. The lighting is adapted to distinguish some areas lighter
than others, especially for the shadows generated within the maze. These shadows are generated
using Lightmapping to optimize the consumption of resources on the mobile device, which improves
interaction with objects. A post processing technique is also applied to improve the appearance on
the camera and insert realism to the virtual environment; anti-aliasing softens the appearance of
the graphics.

Finally, data management is implemented, where the information acquired is the username,
the game configuration (type of game and level of difficulty), the correct answers, and the user’s
answers. The data is stored cumulatively in text files and sent to the SFTP server through the SSH:
NET library, using functions of the SshNet.Sftp type.

2.5. Activities and Participants

This proposal is implemented following the processes in Figure 7, based on the design of the
application detailed in Section 2.3, then the VR application is developed according to Section 2.4.
The preliminary tests of the serious game are then carried out, analyzing the characteristics of the
virtual environment and revealing possible errors; any detected difficulty requires improvements in

the application.
Research Participation Cognitive
Application | Search for _|Cognitive evaluation
design | volunteers g using the MMSE test
7 X
Application no

requirements?
development

!

Preliminary
tests

A

VR training

v

no

Are there
ifficulties?

Experiments

!

Analysis of | Usability evaluation
results using the US
End

Figure 7. Process diagram of the activities carried out.

Several changes were made according to this previous evaluation:

e  The text was not very legible at certain distances due to the small size, so text font in menus and
game instructions was enlarged.

67



Sensors 2020, 20, 6552 10 of 22

e  The menus were located below the level of the horizontal line of sight, requiring tilting the head
to see all the option, so the menus were located in a higher position.

e The textures on the walls of the maze had a kind of discordance that affected aesthetics.
Textures were configured to eliminate such errors.

e  The aerial view changed very quickly and did not present a good angle of vision. For that reason,
time was corrected and a better position for aerial view was established.

e  The speed (both linear and angular) of locomotion (both autonomous and manual modes) were
producing dizziness in the user; speed was reduced for the sake of comfortless.

Parallel to the development of the VR application, activities related to the participants are carried
out, starting with the search for volunteers. The minimum requirements to consider a volunteer are to
be at least 16 years old and agree to collaborate with the research, where the interested parties approved
the informed consent to carry out the evaluations. Not all volunteers performed the experiments
with the VR application, before a cognitive evaluation was performed using the Mini Mental State
Examination (MMSE) test with adaptations to the participants [52]. The objective of this exam is to
detect a possible deterioration in brain function that affects the use of the application, consequently,
the results of the experiments, since this proposal is evaluated in healthy subjects of different ages.

Table 1 contains the MMSE test questions with their respective scores (total 30 points),
this evaluation consists of 11 items. Temporal orientation -1- is analyzed by asking the volunteer for
five data related to time, and spatial orientation -2- with five geographic location data. In the memory
fixation -3- the patient is asked to repeat three words. In the attention or calculation -4- item, 3 is
subtracted from the number 20 by 5 times, in case of presenting problems, it is asked to say the days of
the week upside down. The memory -5- is evaluated by asking the words mentioned in the memory
fixation. The denomination -6- is analyzed with the description of two objects. Then the user is asked
to repeat -7- a phrase, and the language -8- is evaluated by reading and doing what a text indicates.
Order tracking -9- is reviewed using three instructions given to the user, then the patient must write
-10- a complete sentence (subject and predicate), and finally, the ability to copy -11- is evaluated by
replicating two crossed pentagons using sticks.

Table 1. Mini mental state examination (MMSE) with adaptations.

Item MMSE (Adaptation) Score
1. Orientation in time Year, date, Month, day, time of day /5
2. Orientation in space Place, floor, city, region, country /5
3. Memory fixation Apple, car, cow /3
4 Attention—Calculation Subtract 3 from 20 up to 5 time§, or quote the 7 days of the week but 5
upside down
5. Reminder Three objects learned instead /3
6. Denomination Pencil, shoe /2
7. Repetition “no, no, no, and no” /1
8. Language Read and do what is written: “close your eyes” /1
9. Orders Each individual is. asked to follow the orders: ‘take this leaf, fold it /3
in half, throw it on the ground’
10. Writing Each individual is asked to write a sentence /1
11. Copy Each individual is asked to drla(;/\; ;};i sfigure of two pentagons using n

The inclusion criteria to select the participants were: an MMSE score greater than 26, not having
excess sensitivity to movement or motion sickness, and having no brain disorders or lesions that produce
epilepsy. In total, 29 participants were recruited from the city of Ambato (Ecuador), whose characteristics
are presented in Table 2. As far as formal education is concerned, participants had an average of
15.28 years (SD = 4.5), 62% had university studies and 38% did not. Overall, 52% were male and
48% female, 41% had no experience with VR and only 17% exhibited full experience, 55% carried out
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cognitive exercise regularly (for their own interest or because they worked in cognitive activities),
and only 14% had a family history of neurodegenerative diseases. The average age of the participants
was 31.41 (SD = 10.6) years old (ranged 16 to 64), and the group’s average score on the MMSE test was
29.07/30.

Table 2. Characteristics of the participants

Demographics Data Demographics Data
Gender Education
Male 15 University 18
Female 14 Non-university 11
Age MMSE
Mean 31 Mean 29.07
SD 10 SD 0.87
Experience VR Family history
None 12 Yes 4
Some 12 No 25
Full 5 Cognitive exercise
Yes 16
No 13

In order to contrast the results obtained in our maze task, a control test was carried out by
participants. The control test was performed using a face-name pairs test. This test was similar to the
common memory tests about face-name pairs we can find in the literature [53,54]. In this case, we used
a short-time version that did not require several days for acquisition like in [53]. In the experiment,
each participant had to memorize a sequence of 30 named faces (using 6 s per image), and then had to
match faces with their respective names. We stored the response accuracy and completion times for
every participant.

Prior to the experiments, all participants were trained in virtual reality using the Oculus Go, this
to level the expertise in the use of IVR. Then, in the experiments, the participants generated results
periodically and under similar conditions. After finishing the experiments, participants answer a
simplified 6-question usability test to evaluate the VR application.

2.6. Statistical Analysis

We conducted Pearson’s correlation tests to determine whether there were a positive and significant
correlation between the participants’ response accuracy in both the face-name pairs test and our maze
task. We also evaluated the correlation to determine whether the years of formal education showed a
significant positive correlation with performance on the task and to determine if the response accuracy
or the completion times were sensitive to the changes related to age. T-student test were conducted
when examining the effect of education on accuracy as well as to find for differences by gender in both
response accuracy and completion times. The statistical significance was set at p < 0.05.

3. Results

3.1. Virtual Environment

After implementing the final corrections to the application, the final VR environment is obtained.
Figure 8 presents some views of the basic level, showing the user menu with the keyboard to enter the
names, the pre-game instructions, the maze from the aerial view, and the interior of the maze with the
colorless geometric shapes. All the information in the system is presented in the Spanish language
because the participants are Spanish speakers.
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Figure 8. Immersive virtual reality scene views at the basic level.

Figure 9 shows more images of the virtual environment, this time the level menu, the maze of the
second difficulty level, the interior view of the maze with colored geometric shapes, and the question
and answer Canvas for the end of the game are presented. The landscapes are visibly attractive and the
programmed functions work correctly. Due to the optimization of resources, the application requires a
space of 45 Mb for its installation.

Figure 9. Immersive virtual reality scene views at the advanced level.
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3.2. Experimentation

The tests were carried out with the participants by means of two Oculus Go VR Headset working
simultaneously. Participants initially were trained for two weeks to become familiar with the equipment.
Figure 10 shows some participants using the application, the experiments were carried out for 1 month
and each participant performs at least ten tests in each of the game levels (basic and advanced).

Figure 10. Participants using the immersive virtual reality application.

3.2.1. Autonomous Mode

Figure 11 depicts the results of the participants in the autonomous mode, where the players only
memorize the geometric shapes without worrying about the movements within the maze. At the basic
level, there is a maximum of three correct answers per test, and the participants performed ten tests.
At the advanced level, there is a maximum of six correct answers per test and participants performed
ten tests to accomplish the autonomous mode task. Across all the participants, mean response accuracy
(correct answers percentage) was high (85% on average), being higher for the advanced level (86.6% on
average) regarding the basic one (81.8% on average). All participants achieved accuracy at or above
50%. The total time to accomplish the task was 65 s for the first level and 97 s for the second one.
Figure 11 shows the results of the experiment for both levels basic (a) and advanced (b).

100 1 p— 001t
3 . . 3 e E_
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- 4.3 - 94.3
g 77 816816 85 1.6 57 B7.4 S 401787 79.3 839862 8.5 879 89.1 914 868
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Figure 11. Results of the immersive virtual reality application in the autonomous game mode:
(a) Success at the basic level; (b) Success at the advanced level.

Significant differences were found in the mean response accuracy by gender in the whole of the
task (t (27), p = 0.046) although not in each one of the levels of difficulty (BL: t (27), p = 0.065, AL: t (27),
p = 0.278). In this case, males performed better than females (M = 87.7, SD = 6.06% versus M = 81.7,
SD =9.3).

When examining the effect of education on accuracy, participants with a formal education greater
than or equal to 14 years had a significantly better performance (M = 87.25%, SD = 7.43% versus
M = 80.77%, SD = 8.01%; t (27) = 2.17; p = 0.039). In addition, the years of formal education show
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a significant positive correlation with performance on the task (r = 0.465, p = 0.011). In order to
determine if the response accuracy in this task was sensitive to changes related to age, we evaluated
the correlations between age with the accuracy of the response and we did not found any association.
We also conducted the face-name pair test [54], broadly used for memory assessment purposes.
Figure 12 compares the mean response accuracy for both the maze task and the face-name pairs test,
where one can observe that both measurements methods followed similar trends and shapes. In order
to corroborate such assumption, we conducted Pearson’s correlation test between the results of both
memory measurement methods. Table 3 shows the results of this correlation test. According to the
results, we found a positive and significant correlation between the participants’ response accuracy
in both the face-name pairs test and our maze task (r = 0.435, p = 0.018), which was medium-high
according to Cohen criteria [55].

e \/laze task accuracy(%) Face-name pair accuracy(%)
100
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Figure 12. Comparison of memory measurements between the maze task and the face—name pair test
in autonomous mode.

Table 3. Correlation between the response accuracy of both the maze task and the face-name pair test
(autonomous mode).

Maze Task Face-Name Pair Test

Pearson Correlation 1 0.435*
Maze Task Sig. (2-tailed) 0.018
N 29 29
Pearson Correlation 0.435* 1
Face-Name Pair Test Sig. (2-tailed) 0.018
N 29 29

* Correlation is significant at the 0.05 level (2-tailed).

3.2.2. User-Controlled Mode

Within this mode, players memorize geometric shapes and control the movements within the
maze. The number of performed tests by participants was the same as in the autonomous mode
(ten tests in each level).

There were no significant differences in the average response accuracy by sex neither in the task
as a whole ((t (27), p = 0.195) nor within levels of difficulty (BL: t (27), p = 0.193, AL: t (27), p = 0.405).
The same applies in terms of global ((t (27), p = 0.934)) and partial (BL: t (27), p = 0.704, AL: t (27),
p = 0.869) completion times.

Across all the participants, the average response accuracy (percentage of correct answers) was
moderate (61% on average), being higher at the basic level (64.6 %) in comparison with the advanced
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level (59.3%). All participants except one (46.67%) exhibited an accuracy greater than 50%. The total
completion time of participants as a whole ranged between 105.15 and 155.04 s. The average total
completion time was 139.35 (SD = 10.43) seconds. The average completion times for the basic level
and advanced level were 127 and 152 s, respectively. Figure 13 shows the participants’ results in the
user-controlled mode (both response accuracy and completion times, respectively).
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Figure 13. Results of the immersive virtual reality application in the user-controlled mode of the game:
(a) Success rate at the basic level; (b) Success rate at the advanced level; (c) Maze completion times.

By examining the effect of education on response accuracy and completion time, participants with
a formal education of 14 years or higher performed significantly better (M = 63.68%, SD = 8.4% versus
M =56.11%, SD = 4.54%; t (27) = 2.63; p = 0.014). Furthermore, the years of formal education show a
significant positive correlation with the performance on the task (r = 0.463, p = 0.01). We did not find
any association with the total completion times of the task.

In the same way, as we did in the autonomous mode, we compared the mean response accuracy
for both the maze task and the face-name pairs test (see Figure 14). In order to confirm if a linear
correlation may exist, we conducted Pearson’s correlation test between the results of both memory
measurement methods. Table 4 shows the results of this correlation test. According to the results,
we found a positive and significant correlation between the participants’ response accuracy in both the
face-name pairs test and our maze task under a user-controlled mode (r = 0.577, p = 0.001), which is
high according to Cohen criteria [55].

Finally, to determine if the response accuracy or the completion times in this task were sensitive
to the changes related to age, we evaluated the correlations between age with the response accuracy
and with the completion time for the different levels of the task (BL and AL). Age was not significantly
associated neither with response accuracy nor with the completion time in the two levels of the task
(p > 0.05 in both cases). The same happened (no significant association for completion times and
response accuracy in the face-name pair test).
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Figure 14. Comparison of memory measurements between the maze task and the face-name pair test

in user-controlled mode.

Table 4. Correlation between the response accuracy of both the maze task and the face-name pair test

(user-controlled mode).

Maze Task Face-Name Pair Test
Pearson Correlation 1 0.577 **
Maze Task Sig. (2-tailed) 0.001
N 29 29
Pearson Correlation 0.577 ** 1
Face-name pair Test Sig. (2-tailed) 0.001
N 29 29

** Correlation is significant at the 0.01 level (2-tailed).

3.3. User Evaluation

To evaluate the application from the perspective of the participants, the USEQ satisfaction test
(User Satisfaction Evaluation Questionnaire) [56] was applied. It allows us to measure the usability of
VR applications for rehabilitation and consists of six questions evaluated from 1 to 5. Table 5 presents
the test results, obtaining an average score of 28.36 (SD = 0.46), showing a high degree of satisfaction of

the participants.
Table 5. USEQ test results for the maze task.

Question Mean SD

Q1. Did you enjoy your experience with the system? 491 0.26

Q2. Were you successful using the system? 4.79 0.41

Q3. Were you able to control the system? 4.52 0.62

Q4. Is the information provided by the system clear? 4.97 0.18

Q5. Did you feel discomfort during your experience with the system? 4.45 0.85

Q6. Do you think that this system will be helpful for rehabilitation? 4.72 0.45

28.36  0.46

In general, users express their satisfaction with this experience, mentioning that all the elements of
the application are comfortable to use and the information presented is quite clear. At the beginning of
the experiment, there were some participants dissatisfied with the application because they experienced
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dizziness at first, but then they adapted to the environment. In general, the participants think that the
system can be helpful for rehabilitation purposes.

4. Discussion

VR has been explored as a cognitive rehabilitation tool [37-40]. Specifically, IVR has not reached
its maximum expression in rehabilitation due to the side effects it produces [39,40], although there
are results that show a better response in immersive systems for cognitive rehabilitation [46-48,50,51].
We believed that IVR systems based on a head-mounted display (HMD) offer many advantages in
comparison with traditional treatments. Namely, customization based on user’s needs, possibility to
graduate, low cost, more in terms of presence and ecological validity [57].

The main goal was to develop a task to assess the memory by exploiting the benefits of an IVR
environment. At the same time, the task was intended for memory training purposes, especially
focused on attentional memory. The application was developed using basic elements of the Unity 3D
game engine, which has optimized the features and reduced the memory space required. Furthermore,
the system constantly collects the generated information and sends it to an external server that allows
the results to be easily extracted. The results based on by 29 patients of different ages (ranged 16 to 64)
showed that the accuracy of participants measured in percentage of correct answers in a controlled
environment was correlated (statistically significantly) with the response accuracy of participants in
retrieving face-name associations in a validated type of memory test.

The observed correlations between the response accuracy in both the maze task and the face—pair
test [54] align with other studies. In particular, Gonzalez-Landero et al. [53] designed a smart cupboard
(SC) as a tool to perform memory measurements and they also found a significant correlation between
the accuracy response in both the SC and face—pair test for a sample of 23 adults. Like in their
study, we observed that the participants’ results of the face—pair test were well below the results
achieved by the participants in the maze task. One plausible explanation deals with the fact that
attention appears to be able to influence items already stored in visual memory. Our application
works sustained attention, since it works the ability to focus and maintain attention on a task over a
long period [58,59]. This idea is in line with the study of Murray and colleagues [60], who showed
that selective attention could restore forgotten items to visual short-term memory (VSTM). Therefore,
if we direct attention to items already encoded in memory, the probability of their recall improves.
Furthermore, they stated that attention could rescue information that would otherwise be lost or
unavailable to retrieval processes. Other authors such as Zang and Luck, demonstrated that attention
protects items from being forgotten [61], whereas Matsukura and colleagues” work suggested that
attention can assist in selectively encoding items into visual memory [62]. This suggests to us that
perhaps we should bring these values closer together, probably by increasing the difficulty of the task.
In fact, in the user-controlled mode (more difficult for the user) the correlations between our task and
the face pair test were greater. It opens the door to new designs in which the difficulty of the task is
slightly increased.

On the other hand, the results of completion times in the maze task indicated that there were
important differences between the two modes (autonomous and controlled). The user-controlled
mode involves introducing a distracting variable as an interference that made the completion more
difficult for the participants (at both levels). In line with the abovementioned fact, the inclusion of
some distracting elements can increase the difficulty and consequently, make the task more similar to
realistic daily conditions.

Finally, in spite of the fact that some studies have reported side effects such as nausea or dizziness
that are indicative of “simulator sickness” related to vestibular-optical reflexes [63,64], the participants
did not present considerable discomfort with the application because the player’s speeds were adjusted
to a minimum to avoid dizziness and other side effects of the headset. This was achieved despite the
wide age range of the users who evaluated this proposal, although some users wanted to increase this
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speed, at the risk of having these effects, which is not convenient if we want to use the application on
patients in the future.

However, this study had several limitations. First, we did not compare non-treated controls, so it
is difficult to evaluate the degree of effectiveness of our cognitive task. Instead of comparing it with a
non-treated control, we compared the experimental group performance with a well-known test [54] by
means of Pearson’s correlation.

We also find that neither the response accuracy nor the completion times in this task were sensitive
to the changes related to age. As far as completion times and response accuracy in the face-name pair
test, we also find any association, partly due to the low average age in the sample. This fact is very
important because there is a deterioration of memory with age and in some neurodegenerative diseases.
Therefore, we should consider a greater sample for future studies, and if possible, with more presence
of older subjects, in order to elucidate whether the task can be sensitive either in response accuracy
or in completion times to age. This will allow us to extract interesting conclusions for application
to a population with neurodegenerative diseases. To support this theory, longer studies should be
conducted over time in a population of subjects suffering some neurodegenerative diseases such as
Alzheimer’s or Parkinson’s diseases, and at different stages of the disease evolution. Such studies
could confirm our hypotheses: first, to evaluate if the developed task could serve as a training task to
improve short-term memory and second, to evaluate if the task could help to detect memory losses
and eventually detect the disease at earlier stages. The inclusion of people more likely to develop
a neurodegenerative disease due to genetic factors, for example, could be of capital importance to
perform a better evaluation of our tool.

5. Conclusions and Future Work

In this preliminary study, we developed a virtual reality-based immersive application intended
for both memory assessment and memory training purposes. A low-cost device (the Oculus Go HMD
headset) was used as an immersive device. The results on response accuracy based on 29 participants
showed that the accuracy of our task was correlated (statistically significantly) with the response
accuracy of participants in retrieving face-name associations in the validated face—pair test assessment.
Therefore, we ascertained that our task to assess memory converges with other extant and popular
memory assessments such as the face—pair test assessment.

Future work deals with the creation of a robust tool for cognitive rehabilitation purposes by
exploiting the benefits of immersive and low-cost technologies. They open the door to studies to
elucidate which is better and under what conditions; taking into account the type of subjects/patients,
age, etc. Thus, we intend to establish experiments with control groups that use a non-immersive
technology compared to experimental groups using purely immersive technology through HMD such
as the Oculus Go headset. We want to evaluate the tool in community-based environments before
stepping into clinical settings. It is our goal to provide the tool with virtual environments closer
to reality, and specifically close to activities of daily living (ADL), since the obtained results in the
experimental setups are better transferred into daily life.

The obtained results also showed improvements in the memory retention of users as they use the
application, especially when they are only concerned with memorizing geometric shapes (autonomous
mode). This can lead us to use the tool for training purposes too [65]. The developed application also
works attention, which is very important in diseases such as Alzheimer’s, where one of the possible
neuropsychological markers deals with the attentional deterioration those patients may suffer in the
preclinical phase of the disease. Thanks to mental dexterity tasks such as the one developed in this
study, we can stimulate these cognitive functions. The application can also warn us of a deficit in
sustained attention that may occur in other neuropsychiatric disorders. With this idea in mind, we plan
to evaluate other cognitive functions such attention, immediate recognition memory, etc., in the same
way as in the study of Kang [66].
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Another line of this work is related to the introduction of cueing in cognitive tasks. Murray and
colleagues showed that a specific type of cueing may improve recall for items that otherwise would
have been irretrievable, providing critical evidence that attention can restore forgotten information to
VSTM [60]. We think that immersive technology may improve that process.

We have left in the air one of the modes of operation, the user-controlled mode, in which the user
must manage his journey through the maze to find the exit and finish the test. We intend to work on
it in the future as well, to investigate how or to what extent interference that occupies our working
memory capacity affects final performance. We hypothesize that adequate and sustained training over
time can improve our working memory, and, consequently our short-term memory [67].
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Abstract: The COVID-19 pandemic has changed people’s lives and the way in which certain services
are provided. Such changes are not uncommon in healthcare services and they will have to adapt
to the new situation by increasing the number of services remotely offered. Limited mobility has
resulted in interruption of treatments that traditionally have been administered through face-to-face
modalities, especially those related to cognitive impairments. In this telerehabilitation approach, both
the patient and the specialist physician enter a virtual reality (VR) environment where they can inter-
act in real time through avatars. A spaced retrieval (SR) task is implemented in the system to analyze
cognitive performance. An experimental group (n = 20) performed the SR task in telerehabilitation
mode, whereas a control group (n = 20) performed the SR task through a traditional face-to-face
mode. The obtained results showed that it is possible to carry out cognitive rehabilitation processes
through a telerehabilitation modality in conjunction with VR. The cost-effectiveness of the system
will also contribute to making healthcare systems more efficient, overcoming both geographical and
temporal limitations.

Keywords: cognitive impairment; COVID-19; spaced retrieval; telerehabilitation; virtual reality

1. Introduction

Comprehensive healthcare involves using the means and resources necessary to
maintain people’s health [1]. Technological progress has made it possible to improve these
services, with examples including robotic surgery, liquid biopsy, portable sensors and
telemedicine [2-4]. According to the World Health Organization (WHO), telemedicine
is the provision of health services through the use of information and communication
technologies (ICT) for the exchange of information between the health professional and
the patient. The data obtained by using these interactive systems allow the prevention,
diagnosis and treatment of diseases [5]. Technological development applied to medicine is
linked to the widespread use of the Internet in public spaces, and most households admit
that physical interaction is no longer mandatory [6]. The use of telemedicine should not
replace the provision of conventional health services, but rather seeks to integrate them,
making them more efficient and accessible to the user. All this should be done without
neglecting the principles of confidentiality and professional ethics that should accompany
any health practice [7,8]. However, as mentioned by Lawson et al. [9], innovations in
the health sector must follow a rigorous testing process to validate their constant use in
human beings. Several authors have made a comparison of the methodologies applied
in telemedicine in contrast with the results obtained in conventional therapies, achieving
good performance in the former [10,11].
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Telemedicine offers remote monitoring, storage and delivery of clinical data and real-
time interaction between physicians and patients [12]. This interaction is clearly seen in
telerehabilitation, which provides rehabilitation services remotely in the patient’s home
or other chosen location [13]. Various types of technologies such as videos, computer
programs or even live sessions can be used to guide the patient through the rehabilitation
process [14]. In the beginning, the focus was on physical rehabilitation, achieving good
results, which awakened interest in testing the effectiveness of rehabilitation on cognitive
issues [15]. Namely, delirium (affecting consciousness, concentration and attention), amne-
sia (preceded by attention problems, disorientation and confusion) and dementia (where
Alzheimer’s is the most common disorder) [16].

The treatment of cognitive impairment varies according to the type of disease, the
degree of severity and other factors specific to the person [17]. Whenever there is a
progressive loss of memories, procedural memory rehabilitation symbolizes the basis for
a successful therapy. This type of long-term memory will deteriorate the least in cases of
dementia and other similar diseases [18]. A widely used neuropsychological rehabilitation
technique in dementia is the spaced retrieval (SR) method [19]. This is a technique that
consists of learning new information, which is retrieved continuously by increasing the
time intervals between the evocations of such information.

This simple technique contributes to the rehabilitation processes of patients who
present Parkinson’s disease, Alzheimer’s disease or brain injuries, promoting indepen-
dence and close social interaction [20]. In fact, this technique has shown good results in
Alzheimer’s patients in different areas of memory, for example promoting retention of
simple associations [21,22] or improving prospective memory [23,24]. It can be applied by
any person (who does not have cognitive impairment) and it is based on the achievement
of objectives, such as remembering family names, schedules and places. This is done with
the premise that remembering information that is familiar to the patient involves less effort
than when using new knowledge [25,26]. It should also be emphasized that in advanced
stages of cognitive impairment, the technique is less effective. This rehabilitation technique
and others require assessment and follow-up by the medical specialist, who must follow
a plan, either in person or remotely, by using technological means or not. This article is
organized as follows. Section 2 is devoted to the related work in the fields of telerehabili-
tation and VR application within the scope of the COVID-19 pandemic. Section 3 deals
with the materials and methods used throughout the study, while Section 4 presents the
results after the intervention, involving control and experimental groups. Finally, Section 5
presents the discussion and main conclusions of the study.

2. Related Work

As time goes by, patients’ needs have become greater and more diverse. This is why
telemedicine has been implemented in several health fields. The studies by Evans et al. [27]
and Makhni et al. [28] introduced the use of robotics in the area of surgery (telerobotics),
together with the identification of the advances and limitations. Another field of paramount
importance deals with the training of health staff, of which the training of various skills and
the practice of surgeries remotely are the most relevant aspects [29-31]. Telerehabilitation
is also a topic of interest when dealing with children [32,33], young adults [34,35] and the
elderly [36]. Especially the elderly, whose use is very limited because of physical discomfort
and limitations in technology, should be highlighted. Telerehabilitation includes robotic
assistance therapy [37], portable devices [38,39] and immersive systems [40], among others.
The different techniques and devices used in the interventions have a high degree of
acceptance and satisfaction among users, as shown in the review presented in [41].

The use of virtual reality (VR) in rehabilitation processes has been widely applied and
the presence of this technology generates an added value in these processes [42]. VR has
been used by physicians and researchers as a technological alternative that allows health
procedures to be performed with new approaches and results in a safe environment. It
also reduces the consumption of resources, avoiding unnecessary trips as an eco-friendly
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measure. In addition, it offers the monitoring and delivery of immediate results, which
allow evaluation of the evolution of the disease from quantitative and qualitative points of
view through the application of tests [43]. All of these features (and more) have encouraged
the use of VR in the treatment of different cognitive disorders [44]. In fact, the review
carried out by Moreno et al. [45], which compiled 22 studies, showed that cognitive
rehabilitation with VR generates improvements in memory and visual attention, as well
as lowering levels of stress and anxiety. It is used in disorders such as neurocognitive
disorders, patients with mild cognitive impairment or Alzheimer’s disease. On the other
hand, Park et al.’s work [46] presented 36 investigations that analyzed the use of VR in
people with psychiatric disorders. It was identified that VR sessions are effective in treating
anxiety, phobias and post-traumatic stress disorder (PTSD). Regarding the treatment of
bipolar disorder, schizophrenia, depression, autism, and dementia, despite having positive
results, further studies are required according to the authors.

VR has already been used for telerehabilitation of several diseases in recent years.
Tieri et al. presented a review that highlighted the positive factors that an immersive
environment provides to the patient during treatment [47]. On the other hand, Lindner
et al. discussed the good results offered by VR in therapies to mitigate anxiety in public
speaking as a support for health staff [48]. Likewise, the study by Isernia et al. [49] proposed
telerehabilitation interventions for patients who had developed Alzheimer’s disease to
strengthen memory. Other post-stroke VR-based interventions have proven their efficiency
compared to conventional therapies [15,50].

The COVID-19 pandemic has resulted in the social isolation of individuals, and thus
the development of mental disorders [6]. In the study by Imperatori et al. [51], a brief
review highlighted how VR applications have enabled specialists to provide therapy to
patients. Mantovani et al. [6] provided an overview of how VR has contributed to cognitive
telerehabilitation processes and the intensification triggered by this global health crisis.
On the other hand, in [52], a multi-user virtual reality (MUVR) system was developed,
in which the therapist interacts on a remote basis with patients with eating disorders. In
the study; it is possible to identify how the user’s dialogue with the psychotherapist’s
avatar (virtual environment) can reduce tension and stress during activities, instead of
using a camera (videoconference). Although the participants did not know the therapists in
person before, the real-time communication and virtual representation allowed confidence
to develop throughout the sessions.

Internet access is becoming increasingly widespread and this fact has led to innova-
tions in healthcare, offering greater benefits to the patient. The COVID-19 pandemic has
encouraged the use of remote technological tools that allow a doctor—patient relationship
to be maintained as closely as possible despite the distance. This is why a VR application
for telerehabilitation has been developed, allowing interaction without any travel and
replacing video conferences with a virtual environment. By doing so, the users will be
able to gain access to rehabilitation programs in a safe manner and from the comfort of
their homes.

3. Materials and Methods
3.1. Problem Statement

Telerehabilitation allows remote interaction between the patient and the medical
specialist in order to share information and perform activities that improve the patient’s
condition through clinical therapy. Telecommunications and the Internet are vital in
providing this service. Within the framework of the COVID-19 pandemic, it is important
to reduce the contact between people as much as possible, creating room for the study of
new proposals for telerehabilitation. Traditionally, telerehabilitation is carried out by using
mobile communication technology or video call programs installed on personal computers.
Although these tools allow for rapid interaction between users, there are limitations when
sharing information and in data collection [53]. In neuropsychology, the specialist must
present acoustic and visual information in the execution of cognitive activities, creating the
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need for customized applications that include appropriate tools for remote rehabilitation.
Specifically, in memory rehabilitation, the information presented must be retained by the
patient according to the therapy needs, requiring applications with automated processes
and visual richness that favor the patient’s learning. In relation to the latter, VR offers
flexible environments to execute neuropsychological rehabilitation tasks, which combined
with multiplayer platforms allow users to interact online. The implementation of VR
systems requires a display screen and input and output peripherals. Although there are
several options available, as well as multiplatform video game engines, it is important
to bear in mind the sustainability of the proposal. Thus, head-mounted display (HMD)
devices are not appropriate because they are not common household devices, while mobile
devices are limited by their screen dimensions. On the other hand, computers are still
the most widely used large-screen devices at home, allowing for rapid installation of the
proposed system. Figure 1 depicts the system proposed in this research, showing two
opposite sides of the application; on one hand, the patient who must perform the cognitive
exercises, while on the other hand, the therapist who must analyze the data generated
in the cognitive therapy, with both users connected through computers. The application
used provides different configurations for each user, so that the neuropsychologist is the
administrator and has more privileges than the patient has as a user. This is because the
master controls the information to be shown and decides the activities to be performed,
although both users are in the same virtual environment. Network events and audio are
transmitted using the cloud in a multiplayer platform that allows synchronized interaction.

r/\ﬁw:T/Ia.th:eEp ———————— 1
Neuropsychologist Computer | Game Engine Virtual Environment :
G =0 - By
—— || |
| |
Analysis ¢
@ Cloud @
Networking Audio
e o
Memory
C

! P S :

Patient Computer

| |
§ e e B
I

Game Engine Virtual Environment

Figure 1. Proposed system for cognitive telerehabilitation.

The proposal offers a VR multi-user application developed in a game engine, providing
users with interactive elements for the process of cognitive rehabilitation by using the
technique known as spaced retrieval. Through this technique, the neuropsychologist
presents the information to be memorized and immediately asks the patient to identify the
memorized elements (initial assessment). After this, the patient is distracted for a certain
time with another activity, then again asked to retrieve the memorized elements (final
assessment). These activities are performed within a virtual office, where the patient moves
at will using a first-person view to provide an immersive experience and the administrator
moves from a third-person view, taking greater control of the virtual environment. The
movements take place using 3D characters (avatars), with animations programmed for
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the actions performed by the user. The users are provided with voice communication to
allow dialogue during the induction, rehabilitation and results processes. In addition, the
patient’s scores and response times are recorded in a file for later analysis. Finally, two
groups of participants without neurodegenerative diseases are used to evaluate this system.
The control group uses the conventional rehabilitation technique (face-to-face therapy) and
the experimental group used the VR-based telerehabilitation application.

3.2. System Components

The system was designed for easy implementation in a standard home, so that users
do not require specialized equipment or computer accessories that are difficult to install.
In this context, personal computers (portable or non-portable) with Windows operating
systems are the most used in the field of telerehabilitation. These devices generally include
large screens and input—-output devices, which are useful for interacting with the system.
Regarding the development software, there are two highly popular options, namely Unity
(San Francisco, CA, USA) and Unreal (Cary, NC, USA), both offering easy-to-learn engines
and large support communities for application development. Based on these criteria, the
system components for cognitive rehabilitation were defined.

Figure 2 shows the components required for the implementation of the system,
whereby the computer monitor shows the virtual interface to the user and the audio
is emitted through external or built-in speakers. The input elements (mouse, keyboard
and microphone) allow interaction with the system. The selected game engine was Unity
(Unity Technology, San Francisco, CA, USA), which allows the development of an applica-
tion with both flexibility and multiplatform features. In addition, the proposal required
three-dimensional animated characters or avatars, for which Mixamo was chosen. Mixano
is a web application that allows one to download prefabricated characters and avatar
animations. As far as the multi-user platform is concerned, Unity works with Photon
Cloud, a real-time interaction service that allows the synchronization of actions Photon
Unity Networking (PUN) and communication by voice (Photon Voice).

User ity { g oo
Unity i Characters
Screen (PC) i (Mixamo) @
. - i Animator
Multi-user PUN

Figure 2. Components of the multi-user system for cognitive telerehabilitation.

Internet connection is an essential requirement for the execution of the system, because
the multi-user platform constantly exchanges information over the network to synchronize
virtual environments and communicate with users. In addition, the results of the process
are recorded in an open format file with CSV extension and then visualized in a simple
spreadsheet. In the implementation of this proposal, no further software add-ons are
required. On the other hand, the requirements regarding the user’s knowledge include
handling of screen devices and computer applications in general, and optionally some
experience in VR or video games. Finally, although the patient experiences the virtual
environment in first person, it is not necessary to restrict the system to users without
motion sickness, because the immersion is minimal and the movements are gentle.
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3.3. VR Application Design

There are several options to be implemented in the VR environment in the cognitive
telerehabilitation process, but it is important to consider the simplicity of the tools for ease
of use. The cognitive rehabilitation technique to be implemented was spaced retrieval [18],
the strategy for which requires the presented information to be retained in the memory
to observe the response to be observed immediately after (first assessment). After this,
there is a sub-stage of error correction and reminder of the correct elements in the story,
with the purpose of restarting the elements in the participant’s memory. Then, the patient
has to do extra activities for a certain period, aimed at distracting the participant. The
time taken to perform this activity varies according to the patient and the decision of
the specialist. For example, in healthy patients, it is common to wait between 10 and 20
min. After this period, the patient must again remember the elements recovered in the
initial assessment. Each correctly remembered element is considered a success and each
element not remembered is an error; selecting an incorrect element also results in an error.
The entire procedure is performed within the virtual environment, using interactive tools
to present information, distractions and response options, and with the control of the
neuropsychologist at each stage.

The multiplayer system was designed for a maximum of two users at a time, with
two independent roles. The patient role allows the virtual environment to be visualized in
first person and the therapist role presents the environment in third person. A different
configuration was established depending on the user role, so that the patient has less
control of the system. Figure 3 summarizes the characteristics of each type of user role
within the virtual environment. The first-person experience of the patient allows for a
minimum level of immersion, while the user has the view from the player’s position.
In this way, the movements of the avatar in the VR environment are the main camera
movements, although the patient can observe its avatar (patient role) for short periods of
time when the movements are initiated. On the other hand, the neuropsychologist has
a wider view of the virtual environment, visualizing the actions of both avatars and the
elements that are incorporated into the scene in the rehabilitation process. Regarding the
patient’s attributes, the access to the main scene is free and the user can control the avatar’s
movements within the virtual environment, interact with the menus, visualize the images
and use the games that are enabled. The privileges of the administrator are different, since
this role has restricted access, which is secured by username and password. Once inside
the main scene, they can freely control the movements of their avatar and can also activate
and deactivate the menus, manage the visual information and the games within the scene
experienced by the patient and of course visualize the results obtained by the patients.

The VR application consists of two user interaction scenes. The initial scene contains
the start and configuration menus in two-dimensional format, where the player defines the
access parameters before entering the virtual rehabilitation office. Then, the main scene
contains the three-dimensional VR environment simulating a patient care office, where the
telerehabilitation activities are performed and where users interact. Figure 4 shows the
algorithm to be followed for the initial scene. It starts with a menu to select two available
avatar choices: male or female. After this, the user selects their particular role (patient
or neuropsychologist). If required, the user can return to the previous menu. Each role
leads to a different access menu; in the patient role, the user only has to enter their name
to access the next scene, whereas in the neuropsychologist role, the user must enter their
name and password to gain access to the main scene. Whenever the input data are not
correct, the user is prompted and cannot move on to the next scene until this is corrected.
Once the user name is entered by the patient this is saved in a database.
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Figure 3. Characteristics of user roles (patient and neuropsychologist) in the virtual reality (VR) application.

Figure 5 depicts the main algorithm scene. Once the VR environment has started up,
the operating configurations are made according to the stored input data in the previous
scene, the 3D VR models are loaded by applying the parameters according to the user role
and subsequently avatars are instantiated. If the user enters when the scene is empty, only
the local avatar is instantiated, otherwise both (local and remote) are instantiated. Once
within the main scene, users can interact with the VR environment by moving around and
talking to each other in order to become familiar with the system’s features. When the
rehabilitation process is about to start, both must be placed in the rest positions, sitting in
their pre-established places, and then the neuropsychologist decides when to start. The
information to be memorized is presented through audio and images and in video format
played on a virtual screen within the environment. The video tells a short cartoon story with
a duration of 2 min. The evaluation is performed through an option menu that contains 14
animals (7 of them appearing in the story), where the patient must select the right answers
using the mouse. After this, the patient is distracted by a 3D game, where the user must
solve mazes with different levels of difficulty; the number of mazes to be solved and their
complexity depend on the therapist’s criteria, which is set up beforehand. At this point a
second evaluation is performed (final assessment). Both response accuracy and reaction
times are saved in a database in a compatible spreadsheet format and the neuropsychologist
can open the file when required. At any time, the administrator (neuropsychologist role)
can stop, restart or repeat any of these rehabilitation processes if they consider it necessary.
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Figure 4. Initial scene algorithm in the VR application.

3.4. Development of the VR Environment

To develop the application, two computer software programs were used—Mixamo
for the avatar animations and Unity to create the VR environment and execute the routines
designed for the system. Figure 6 shows the general diagram developed in the Unity game
engine, highlighting three main components: game objects, scripts and hardware. Unity’s
scenes mainly contain the elements that make VR possible, namely game objects that allow
the creation of lights, cameras, 3D models, avatars and other objects. In this application, the
game objects are the user avatars, 3D models, menus and audio components. To complete
the VR rehabilitation office, some other elements were created with the basic tools in Unity
and certain 3D models imported from the Asset Store. On the other hand, the scripts are the
software that control the actions within Unity’s scenes, which allow animations, activating
menus, save files and many more functions to be shown. Within the system, the scripts are
in charge of linking the hardware inputs with the avatars’ movements and the application
tasks; they enable game objects, play audio and video and generate the results. In addition,
the scripts contain the sentences of the multiplayer functions, updating the actions for
both user roles and sending the voice audio. The hardware connected to the application is
the computer monitor, the input peripherals (mouse and keyboard) and input and output
audio devices (speaker and microphone).
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The avatars and multiuser features were developed in stages, as shown in Figure

7. The first stage involved downloading the avatars, animations and textures for the 3D
model assembly via the Mixamo website. The objects were dragged into the game engine
for the next stage. In the second phase, the avatars and animations were incorporated
into the Unity environment, where the avatar game object was inserted into the scene
and an animator controller was built. The animation controller allows combinations of
movements to be added in the form of blocks of states connected through transitions.
The control inputs were configured using parameters and a tree of combinations that
regulate the type and speed of the animation. In addition, a special transition was inserted
to adopt the sitting position (used to perform rehabilitation), imitating a real therapy
session. The final stage of development included the programming of the scripts (C#)
and the configurations of the objects in scene. In order to interact realistically with the
environment, a capsule collider and a rigid body were added to the avatar, with the
rest of objects maintained with colliders. Two scripts (for the avatar) are in charge of
locomotion and camera tracking. The locomotion is performed kinematically using the
transform.Rotate and transform.Translate commands and is controlled with the keyboard
arrow keys (Input.GetAxis). Camera tracking is performed by modifying the states of the
main camera in the scene through the camera.position and camera.LookAt commands, and
the parameters for this script depend on the selected user role (first-person and third-
person options available). In addition, pressing the space bar on the keyboard activates the
transition so that the user takes a seat in the preset furniture according to the type of user
role. Then, regardless of the position of the avatar, they walk to the destination and take
a seat.

Mixamo (online) DOWNLOAD SETTINGS

hase 1
B Avatars (.dae) and Format

animations (.fbx)
v
Unity: Animator (.controller)

phase 2 Parameters, animations (.anim),

blends and transitions
A 4
Unity: Game objects

Scripting and Setup
2
Interaction in the environment
Collider and rigidbody

v
Interaction with the user

phase 3 Locomotion and camera

tracking
v
Multiplayer: PUN

Photon view and photon

transform view
v
Multiplayer: Voice

Photon voice view and audio

source

Figure 7. Development stages in the implementation of the VR application.
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The scripts also contain the multiplayer actions implemented using the Photon Unity
Networking (PUN) library. To load the main scene in the local and remote stations, a room
in the Photon network is created using the command PhotonNetwork.JoinOrCreateRoom.
The avatar is then instantiated using PhotonNetwork.Instantiate, so that all connected users
appear in the application. The multiplayer configuration requires all game objects to
be updated by PhotonNetwork with the script component called Photon View, which
assigns an in-game ID and allows the basic states in all running applications to be modified.
Additionally, each avatar must contain the Photon Transform View component, which
synchronizes the movements performed by the user, so that they are displayed in all
open applications. The update of the states via the menus, avatar animations and the
maze game is done through remote procedure calls (RPCs). On the other hand, the
movements controlled by the user only trigger the corresponding avatar by means of the
photonView.IsMine command (a true value guarantees the execution only on the assigned
avatar). Finally, the voice chat is installed for the avatar by means of the Photon Voice View
and Speaker script components of the Photon Voice add-on, together with an audio source
(within the Unity engine). This allows the remote user’s audio to be played for verbal
communication.

The scenes of the application were implemented and evaluated by the developers in
search of improvements related to usability and errors, so as to improve system function.
Figure 8 shows screenshots of the user interface in the initial scene, which is presented
prior to the start of the main scene and allows basic user information to be collected, such
as the avatar gender and the user role. In the patient role menu, there is only one input
field, which allows the entered name to be registered in the system via keyboard. In the
case of the neuropsychologist role, there are two input fields to be completed, the name
and password. Finally, the “back” button allows the user to go back to the different menus
and the “start” button loads the main VR scene.

Please select Male
an avatar:

Please select
Female . thawo

Neuropsicologist

Please enter Name:
name:

Password:

Figure 8. Screenshots of the implemented menus in the VR application (initial scene).

Figure 9 depicts the implemented VR environment from the patient’s view. The
images show the first-person screenshots with the elements of the virtual office: the video
screen tells the story, the maze game is to be solved by the patient and the answers option
menu is used for the memory assessment. The VR space contains armchairs, vases and
wall paintings, with a large area of 9 x 7 square meters for the avatars to move around.
A label appears above the avatar, whose text is taken from the initial scene (to facilitate
communication when talking to another person). The audio and video playback screen
appears only when the neuropsychologist enables it and disappears in the same way or at
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the end of the playback. The maze game is solved by taking out the sphere through the only
existing exit, for which the user uses the directional keys on the keyboard. The evaluation
menu is completed using the mouse to select the answers that the patient considers correct;
once the evaluation is completed, the administrator (neuropsychologist role) disables this
menu, saving the answers. On the other hand, Figure 10 shows the VR environment from
the neuropsychologist’s view, observing the avatars in third person and with the presence
of the administrator menu, which is shown and hidden by pressing the letter “m” on the
keyboard and is only available for this user role. The available options are: video playback,
generation of the maze with the desired level of difficulty and patient evaluation. Should
the results not be generated, the option to open results does not appear. In this case, the
spreadsheet (.cvs format) containing the following results is opened: number of successes,
number of failures and response times of the first assessment; the same also occurs for the
second assessment, which is performed after the distraction period.

Figure 9. Screenshots of the main scene in the VR application (first-person view—patient mode).

3.5. Statistical Analysis

Statistical analysis was carried out using SPSS 16. Student ¢-tests were used to check for
differences in age and years of education between the groups at baseline, while Pearson’s
Chi-squared test was used to verify the homogeneity between groups in terms of gender.
The analysis of the obtained results after the intervention was performed using repeated
measures ANOVA with between-subject (intervention: control vs. experimental) and
within-subject factors (accuracy response: initial vs. final assessment). A paired t-test was
performed to check for differences in reaction times in the experimental group, whereas
Pearson’s correlation was used to infer any association between reaction times and age,
gender and years of education, respectively. Finally, the experimental group completed
a usability test to measure the level of acceptance of the system’s features. The statistical
significance level was set to 0.05.
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Figure 10. Screenshots of the main scene in the VR application (third-person view—neuropsychologist mode).

3.6. Participants

Two groups of participants were used for this research. The experimental group
performed the tasks via the VR application and the control group performed the tasks
following a conventional therapy approach by using printed materials in face-to-face
mode. All participants signed an informed consent form prior to their participation in the
research. The activities in the experimental group started with the installation of the VR
application in the computer, followed by a phase to gain familiarity with the application
(via video calls with the researchers), but without performing any rehabilitation activity.
Participants were only recruited into the experimental group if they had some experience
in handling computer applications. Table 1 details the demographics of the participants,
consisting of 20 people in each group with members of both genders and with ages ranging
between 18 and 65 years. Regarding the experimental group participants, 45% of this group
were women, 50% had experience with VR or video games, 25% had a family history of
neurodegenerative diseases and 60% used to performed cognitive activities on a regular
basis. The average age was 32 years, with a standard deviation (SD) of 11 years, while
the average level of education was 16 years, with an SD of 3.6 years. On the other hand,
the control group contained 50% women, 20% of the participants had a family history of
neurodegenerative diseases and 55% of the participants performed cognitive activities on a
regular basis. The average age of the group was 35 years, with an SD of 13 years, while the
average level of education was 14 years, with an SD of 4.9 years. No significant differences
were found by gender (p = 0.525), age (p = 0.543) or years of education (p = 0.094) between
the groups.
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Table 1. Participant demographics.
Variable Experimental Group Control Group

Male 9 10

Gender Female 11 10

Ace Mean 32 35

8 SD 11 13
. Yes 10 0
Experience VR No 10 20

. . Mean 16 14

Education (in years) sD 36 49
g Yes 5 4

Family history No 15 16
Cognitive exercise Yes 12 1
No 8 9

4. Results
4.1. Experimentation

The data were obtained from the participants belonging to both groups: the control
group and experimental group. The latter group also undertook usability tests after the
completion of the task. Figure 11 shows two users interacting with the application. The
patient is solving a maze (Figure 11a) and the neuropsychologist is interacting with the main
menu (Figure 11b). The system was used by 20 healthy patients and a neuropsychologist
who conducted the cognitive rehabilitation procedure.

(a)

Figure 11. VR application evaluation: (a) user of application performing the patient role; (b) user of application performing

the neuropsychologist role.

4.1.1. Face-to-Face Mode

The control group performs only face-to-face rehabilitation using the spaced recovery
technique, with physical materials such as printed sheets, a pencil and an eraser. The
neuropsychologist begun by requesting written consent and explaining the processes to
be performed. Then, a story was told with images and verbal descriptions immediately
after the initial evaluation was performed. Figure 12a shows the results of the initial
evaluation (immediate memory) for the 20 participants, with an average accuracy rate of

95



Sustainability 2021, 13, 2183 15 of 23

5.6/7 (80%) and an average error rate of 1.7/7 (24.3%), the latter corresponding to forgotten
or erroneous elements. The next step dealt with the distraction stage, where the patient
performed cognitive activities, solving printed mazes for a period of 20 min. The final
evaluation dealt with the identification of the elements remembered after this period of
time, with an average accuracy rate of 4.8/7 (68.6%) and an average error rate of 1.3/7
(18.6%). The results are shown in Figure 12b. A decrease of 11.4% in the accuracy response
rates between the initial and final evaluations can be seen.

J

L

1

Score
»n W &= W, (= |
1

1

L

Ty g

10
Participant number

15
. Success o
20 Errors 20 EI_RH&L&\\

(a) (b)

Figure 12. Results of the final assessment for the control group (face-to-face rehabilitation): (a) initial assessment scores;
(b) final assessment scores.

4.1.2. Telerehabilitation Mode

Experimentation in the VR application had one more stage in comparison to the
face-to-face modality because the 20 participants had to learn to use the system prior to
telerehabilitation. The usability of the application was subsequently evaluated. The results
of the application were automatically determined, showing a 6.55/7 (94%) success rate and
0.55/7 (8%) error rate in the initial evaluation (Figure 13a), with better scores than those
obtained in the face-to-face modality. The system also offers the reaction and response
times for each correct element of the evaluation menu. Taking into account that only seven
answers were correct, the median times (seconds) obtained were 7.07, 2.65, 2.65, 1.88, 1.53,
2.25, and 2.35, respectively, as shown in Figure 13b. The average response time was 3.74 s,
with some outliers.

Score

10

Time [seconds]

10
Participant number 15

. Success
20 Errors Answer number

(a) (b)
Figure 13. Results of the initial assessment for the experimental group: (a) accuracy and error response rates; (b) reaction times.

The results of the final assessment (spaced retrieval) only showed a few mistakes (2%
in all tests), with an accuracy response rate of 98% (Figure 14a). Therefore, the performance
was better than that obtained for the face-to-face modality (on average). As far as the final
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Score

10
Participant number 15

evaluation response times were concerned, the following median times (seconds) were
obtained: 3.3, 1.69, 1.75, 1.32, 1.43, 1.65, and 2.16 for correct items, with an average response
time of 2.21 s. These values were lower (on average) than those obtained in the initial
evaluation and there were also outliers.
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Figure 14. Results of the final assessment for the experimental group: (a) accuracy and error response rates; (b) reaction times.

4.2. Comparative Analyses between and within Groups

The results for the accuracy response rates showed significant differences between
groups (F (1, 38) = 12.95, p = 0.001) in favor of the experimental group (telerehab group).
In the comparisons within groups, the results did not show a significant difference over
time (p = 0.061) or in the interaction effect between factors (p = 0.701). Figure 15 depicts
the accuracy response rates (mean scores) for both the initial and final assessments and
the group variable. Concerning the response times taken to accomplish the tasks within
the experimental group, the average time spent in the final evaluation of the test was
significantly lower (p = 0.001) (M = 15.28, SD = 4.61 for the final evaluation versus M = 25.87,
SD = 12.05 for the initial evaluation). On the other hand, there was no association (p > 0.05)
between response times and age (p = 0.175, initial assessment, p = 0.184, final assessment),
gender (p = 0.352, initial assessment, p = 0.376, final assessment) or years of education
(p = 0.361, initial assessment, p = 0.406, final assessment) in any of the assessments.

100.00 ~— Control
— Experimental
95,00 S

90.00

85.00

—— /

T T
Inttial assessment Final assessment

Accuracy response (total score)

Figure 15. Estimated marginal means for accuracy response scores for the Space Retrieval (SR) task.
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4.3. Usability Analysis

The usability analysis for any application is very important, and in this case even
more so since a potential target group for cognitive rehabilitation is the elderly population.
The system must have a sufficient degree of usability to avoid interaction difficulties,
especially in this elderly group. The designed application, besides being as simple as
possible, must also have a high degree of usability. To evaluate the usability of our system,
we have used the suitability evaluation questionnaire (SEQ) test described in [54]. The
instrument as designed to evaluate VR applications in rehabilitation activities. The test
consists of 14 questions, comprising 13 closed-response items (Q1-Q13) and one item with
an open-response option (Q14: “If you felt uncomfortable during the task, please indicate
the reasons”). The closed-answer questions were assigned based on Likert scales, and the
scores obtained for questions Q1, Q2, Q3, Q4, Q5, Q6 and Q11 were directly used for the
overall score, whereas the scores obtained for questions Q7, Q8, Q9, Q10, Q12 and Q13
were processed by subtracting them from 6 (6-Qi). The questionnaire was given to the 20
participants after use of the VR application, the results for which are shown in Table 2. The
overall score of 59.65/65 (91.77%) indicated the high usability of the system, with very low
standard deviation (SD), denoting minimal difference in criteria. On the other hand, the
lowest score was obtained for Q2, showing that immersion in the virtual environment was
limited (it is a non-immersive system). With respect to Q14 (related to task discomfort), no
participant reported any related discomfort.

Table 2. Usability test results (n = 20).

Question Mean SD

Q1. How much did you enjoy your experience with the system? 4.65 0.45
Q2. How much did you feel you were in the environment of the system? 3.55 0.57
Q3. How successful were you in the system? 4.70 0.46
Q4. To what extent were you able to control the system? 4.40 0.80
Q5. How real is the virtual environment of the system? 4.20 0.87
Q6. Is the information provided by the system clear? 5.00 0.00
Q7. Did you feel discomfort during your experience with the system? 1.10 0.30
Q8. Did you experience dizziness or nausea during your practice with the system? 1.00 0.00
Q9. Did you experience eye discomfort during your practice with the system? 1.10 0.30
Q10. Did you feel confused or disoriented during your experience with the system? 1.40 0.49
Q11. Do you think that this system will be helpful for your rehabilitation? 4.65 0.63
Q12. Did you find the task difficult? 1.40 0.66
Q13. Did you find the devices of the system difficult to use? 1.50 0.67
Total 59.65 0.48

4.4. Bandwidth Requirements

The online multi-user application may be limited by network requirements, so we
analyzed the bandwidth requirements for a suitable level of function for the VR application.
The communication between users involves the exchange of two types of data: the synchro-
nization of movements and actions within the VR environment and conversation through
voice. Figure 16 depicts the transmission rates in a common SR-based rehabilitation session
that lasted 27 min and 30 s. A sampling rate of 15 s was used and transmission rates are
shown in kilobytes per second (Kb/s). The download rate showed a minimum of 15.8 Kb/s,
a maximum of 48.9 Kb/s and an average of 28.8 Kb/s. For upload rates, there was a mini-
mum of 12.6 Kb/s, a maximum of 31.8 Kb/s and an average of 17.5 Kb/s. In general, very
low transmission speeds were observed during normal operation due to the optimized
performance of Photon Cloud, which synchronizes the two virtual environments through
state updates, such as for positions, rotations, instructions and activations (without images),
together with the exchange of voice data. In summary, the bandwidth requirements are
very low and transmission rates ensure that this cognitive telerehabilitation approach can
be applied in all households with a simple internet connection.
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Figure 16. Transmission rates during a common SR-based telerehabilitation session.

5. Discussion and Conclusions

The objective of cognitive rehabilitation is to compensate for or repair certain cognitive
functions that have been impaired by either age-related changes or a specific medical
condition. The use of technology has made it possible to migrate those processes that were
previously performed manually into computer-developed interfaces. The implementation
of VR environments in the treatment of cognitive diseases has been taking place in recent
years as a new alternative to conventional procedures [55,56]. VR therapy has been tested
to improve cognitive abilities in people suffering from Alzheimer’s disease, Parkinson’s
disease, trauma or after a stroke, among others [6,49,57]. Similarly, other psychiatric
pathologies have been treated, as well as dementia, eating disorders and phobias [46,52,58].

Undoubtedly, VR-based interventions have been especially numerous in the cogni-
tive rehabilitation of Alzheimer’s patients, providing satisfactory results, although the
long-term effects are not yet fully known [57,59,60]. However, these sessions are usually
administered face-to-face and the use of telerehabilitation is relatively new for the treatment
of this disease [49]. Something similar occurs in post-stroke treatment, whereby the appli-
cation of VR has already been widely developed [37,40,42], however remote assessment
is more recent [9,15,50]. This shows that the application of VR in telerehabilitation is a
new trend, the implementation of which has been accelerated by the COVID-19 pandemic.
It is important to highlight that in synchronous sessions (real-time) a high interaction is
achieved, while in asynchronous sessions this depends on the patient’s commitment [58].

In this work, we have developed a VR-based system that allows effective interaction
between the patient and the specialist physician for cognitive rehabilitation purposes. We
have implemented the spaced retrieval method for cognitive rehabilitation, a technique
that had previously only been applied manually [20,25,26], but has now been digitized
through the use of immersive environments. The system makes it possible to evaluate
the patient’s ability to retain information over time. The results of our study, validated
with healthy subjects aged 18 to 65 years and without diagnosed cognitive problems,
show that it is possible to perform telerehabilitation or cognitive training with the help of
virtual-reality-based applications. In fact, according to the assessments in the designed
task, it should be noted that in both the initial and final assessments, there were significant
differences in favor of the experimental group (telerehab group). In line with our study,
Meltzer et al. compared a tablet-based telerehabilitation treatment with a face-to-face
treatment for a total of 44 adults with communication disorders after stroke. They obtained
statistically equivalent gains between the face-to-face and telerehabilitation groups for
most of the tests used [61]. We can find another example in the study by van der Linden
et al. [62], who developed an iPad-based cognitive telerehabilitation program for patients
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with primary brain tumors based on previously evaluated face-to-face cognitive programs.
They demonstrated its feasibility through measures such as adherence, attrition, accrual
and patient experience.

This leads us to believe that not only are both cognitive training systems equivalent
(face-to-face versus remote), but that the participants achieved better success rates in the
two evaluations of the spaced retrieval task. This slight improvement in scores in the
experimental group may have been due to greater focus on the activity and the memorized
items being presented in an engaging environment within the VR setting. The adoption
of a telerehabilitation system such as the one developed in this work promotes a series of
clearly positive factors in cognitive rehabilitation, such as the possibility of more intense
treatments, repeatability, the promotion of engagement, as well as the ability to transfer
cognitive skills to the real world, as pointed out by Mantovani et al [6]. In addition, the
proposed system acquires the user’s response times, information that is relevant for the
patient’s cognitive analysis.

According to the results obtained in the usability test, we can state that the application
helps in performing pleasant rehabilitation sessions in the same way that conventional
therapies do. However, the results need to be validated with additional tasks that demand
greater attention and cognitive effort. Although our study was a quasi-experimental and
controlled design with a reasonable number of subjects, it would be desirable to validate
the system with patients suffering from certain types of neurodegenerative disease, such
as Alzheimer’s disease (AD). In our favor, recent studies have pointed out important
improvements in the cognitive rehabilitation of this population, such as the study con-
ducted by Small and Cochrane [63], where interventions with SR helped to maintain the
functioning of recent episodic memory. The study by Hawley and Cherry [64] showed
that the training with the SR technique had a positive influence in the recall of simple
face-name associations.

We have created a framework with which to meet future needs in the field and that can
be used by healthcare staff to promote cognitive telerehabilitation. Within this framework
processes can be automated, therefore allowing data collection in real time for subsequent
analysis and decision-making. At the same time, social distancing measures due to the
COVID-19 pandemic are promoted, increasing the safety of patients who can access rehabil-
itation services from the comfort of their homes. The advantages that our system provides
(simplicity of use, high usability and cost-effectiveness, among others) are clearly in line
with making healthcare systems more efficient and overcoming geographical limitations
(for examples in areas that are difficult to access or areas with limited health services) and
temporal limitations (reduction of waiting times). In the same way;, it allows patients with
reduced mobility to access healthcare professionals. For the above reasons, and due to the
resource savings it offers, we can state that our approach is also environmentally friendly.

The design of this system was influenced by the great restrictions and difficulties
inherent to the COVID-19 pandemic, such as reduced patient mobility, overrun health
services and difficulties in carrying out community-based interventions. The fact is that the
lessons learned from the COVID-19 pandemic have served to develop new technological
advances, which are here to stay and will certainly be used in the future, even after the end
of the pandemic [6]. In anticipation of future pandemics that may significantly affect our
everyday life, the implementation of such approaches in the field of cognitive rehabilitation
will undoubtedly help health systems to improve their efficiency in terms of the use of
resources and time, to increase their productivity, and above all, patients may benefit from
these telerehabilitation programs.

In future work, the authors of this research propose several lines of action. First,
the developed system should be validated with patients with both mild and moderate
cognitive impairment, for example patients suffering from Alzheimer’s disease. Evidently,
it will be necessary to include spaced retrieval tasks that demand a little more attention
and effort in order to find contrastable evidence. Similarly, a usability evaluation will have
to be taken into account, as this is critical when working with users who have specific
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needs [65]. This evaluation should be performed in the design stages of the application,
considering the execution time, level of immersion, comfort and possible adverse side
effects on the participant. On the other hand, certain autonomous rehabilitation activities
could also be added to the application that would allow users to train memory function
without the need for a specialist physician and without removing the multiuser features
that characterize this proposal. Finally, an important aspect that should be addressed in
the case of discharged COVID-19 patients is the study of the different recovery trajectories
through multidisciplinary telerehabilitation programs, in line with what Salawu et al.
pointed out in their study [66]. In fact, the developed tool allows the implementation of a
multidisciplinary telerehabilitation program that encompasses the different post-COVID 19
sequelae, such as psychological issues, cognitive disorders, physical problems and speech
and language disorders.
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José Varela-Aldas

4. DISCUSIONES Y CONCLUSIONES
4.1 DISCUSION GLOBAL

Esta investigacion se suma a los recientes estudios que han demostrado la viabilidad
de realizar un instrumento valido para la evaluacion y rehabilitacion de la memoria basado
en RV. El aporte metodolégico y tecnolégico de nuestra investigacion, incluye la
combinacidn de caracteristicas modernas para mejores prestaciones en los sistemas actuales
de salud cognitiva. La validez de constructo de las tareas disefiadas se basa en el rendimiento
de la memoria a traves de la precision de las respuestas en las diferentes evaluaciones
realizadas. En resumen, la tarea disefiada en la aplicacion AppLab en ambos modos de juego
estd altamente asociada (a través del coeficiente de correlacion de Pearson) con el test
FNAME (Hopper et al., 2005) en cuanto a los resultados obtenidos. Por su parte, la tarea
implementada en la aplicacion AppTele obtuvo mejores resultados (estadisticamente
significativos) en el grupo experimental (grupo de tele rehabilitacion) con respecto al grupo
de control (pruebas tradicionales para evaluar la memoria). A continuacion, se discuten todos
los resultados obtenidos en el contexto de otros trabajos relacionados encontrados en la

literatura.

Caracteristicas de las aplicaciones de RV desarrolladas

Nuestro trabajo ofrece un marco metodoldgico para el desarrollo de aplicaciones de
RVi y RV no inmersiva usando componentes accesibles y de bajo coste (objetivo a). Las
principales caracteristicas de nuestras aplicaciones son la flexibilidad, personalizacion,
facilidad de desarrollo y la optimizacion de recursos computacionales. Estos son elementos
importantes en la gestion de proyectos de investigacion debido a las limitaciones de tiempo

Y recursos.

Revisando las caracteristicas de las aplicaciones desarrolladas, en la aplicacion
AppLab, los elementos tridimensionales del EV son instanciados usando objetos basicos del
motor de juegos (Unity 3D) y se usa ademas un algoritmo automatico para la generacién de
laberintos (Jeong & Kim, 2016). En la aplicacion AppTele, se utilizan Assets prefabricados
con detalles visuales simples y suficientes para cumplir el propdsito del EV (Rizzo et al.,

2004b). Estos detalles permiten la instalacion de las aplicaciones en dispositivos con
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caracteristicas computacionales reducidas, favoreciendo la ejecucion de las pruebas

experimentales y haciendo este tipo de tecnologia mas accesible a la poblacion.

Una caracteristica importante que se implemento6 en la AppTele es la caracteristica
multiusuario, que permite la interaccion en tiempo real dentro de la escena y desde cualquier
parte del mundo. Los participantes visualizan el estado del EV que se modifica
constantemente desde cualquier estacion, y permite el intercambio fluido de voz, para la
conversacién paciente-medico. En nuestros resultados se presentaron las tasas de recepcion
de datos, con maximo 48.9 Kb/s y un promedio de 28.8 Kb/s, y las tasas de transmision de
datos, con maximo 31.8 Kb/s y un promedio de 17.5 Kb/s, valores muy aceptables que avalan
el rendimiento optimizado de la herramienta utilizada (Photon Cloud). Las aplicaciones de
RV con caracteristicas multiusuario no han sido exploradas en rehabilitacion cognitiva, pero
han arrojado resultados prometedores en la rehabilitacion fisica como en la terapia

neuromuscular (Baur et al., 2018).

El hardware del sistema también es importante en el disefio e implementacion de la
aplicacion de RV. En nuestro caso, hemos pasado de un primer dispositivo inmersivo como
las gafas Gear VR, con claras limitaciones de autonomia, a unas gafas Oculus Go, un
dispositivo totalmente independiente de bajo de coste. Estos nuevos dispositivos estan
reduciendo la barrera para diferentes aplicaciones de RV, creando importantes oportunidades
de mejorar los resultados y reducir el tiempo de implementacion (Coburn et al., 2017).
También hemos utilizado sistemas de escritorio para algun desarrollo, como la aplicacion de
tele rehabilitacion (Varela-Aldas et al., 2021), donde el usuario interactia con el EV a través
de los periféricos de entrada y salida como el teclado, el raton, los altavoces y el micréfono.
Estos dispositivos son muy comunes en el hogar y son accesibles desde precios muy
econdmicos. Aunque existe la tendencia hacia las pantallas portatiles como teléfonos y
tabletas (Wiederhold et al., 2018), los participantes de mayor edad prefieren las aplicaciones
de escritorio. Ademas, se ha demostrado que el tamafio de la pantalla influye positivamente
en la navegacion (Bowman & McMahan, 2007), siendo una limitante de las pantallas mdviles
comunmente usadas. En cambio, las aplicaciones de escritorio han tenido buena aceptacion

incluso en pacientes con lesion cerebral adquirida (Kuil et al., 2018). La ubicuidad de estos

106



José Varela-Aldas

dispositivos favorece la habituacién previo al experimento, haciendo que el proceso

preparacion del estudio sea mas rapido y simple (Smith, 2019).

Un aspecto interesante que se ha considerado sobre todo en el disefio de la aplicacion
AppLab tiene que ver con los conceptos de navegacion activa y pasiva (Chrastil & Warren,
2012). En concreto, el recorrido por el interior del laberinto se realiza en 2 modalidades de
juego. En la literatura, el modo controlado (por el usuario) es considerado como navegacion
activa mientras que el modo autbnomo (navegacion automatica) como navegacion pasiva. La
navegacion activa tiene un papel importante en la adquisicion del conocimiento espacial
como O6rdenes motoras que determinan la trayectoria de locomocién, informacion
propioceptiva y vestibular para el auto movimiento y asignacion de atencion a las
caracteristicas del entorno. Segun Chrastil & Warren (2012) y Montana et al. (2019), estos

componentes son influenciados positivamente en la navegacion activa.

La navegacion activa ayuda en el rendimiento de la memoria espacial, debido a que
la interaccion con el entorno y la planificacion de trayectorias favorece la retencion de esta
informacion. Por el contrario, parece que la memoria episddica se ve afectada negativamente
porque el control de las acciones produce un efecto atencional equivalente a realizar dos
tareas de forma simultanea (Bréchet et al., 2019; Plancher et al., 2013). Estos antecedentes
son consistentes con nuestros resultados, debido que la evaluacion realizada en la AppLab
involucra recordar los elementos presentados en el camino. En el modo autonomo se obtuvo
una precision en las respuestas del 85% y en el modo controlado del 61%, respectivamente.
Esta notoria diferencia del 24% para nuestro grupo de participantes, respaldaria la teoria de
que la navegacion activa no favorece la codificacién de los elementos presentados en el
proceso de aprendizaje. Sin embargo, Jebara et al. (2014) concluyeron en su investigacion
que la navegacion activa puede mejorar la memoria episodica cuando no es demasiado
exigente para los recursos cognitivos de los participantes. Esto podria indicar que navegar de
forma activa en la AppLab requiere un elevado esfuerzo cognitivo, creando el efecto de doble

tarea que dificulta el aprendizaje.
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Sujetos de estudio y efectos fisioldgicos

Con relacion a los sujetos de nuestros estudios, la aplicacion AppLab fue validada con
una muestra de 29 participantes sanos con distribucién equilibrada de género. El rango de
edad de los sujetos fue de 16 a 64 afios, con edad media de 31 afios y una desviacion estandar
de 10 afios. Por otro lado, la aplicacién de rehabilitacion AppTele utiliz6 dos grupos de
participantes adultos sanos, un grupo experimental de 20 participantes (media 32 afios + 11
afios) y un grupo de control de 20 participantes (media 35 afios + 13 afios). Ambos grupos
con equidad en cuanto al género (sin diferencias significativas con respecto al sexo). Ademas,
los estudios con pacientes sanos son tomados como referencia de un adecuado estado
cognitivo y los resultados pueden servir como punto de partida en trabajos futuros con sujetos

con algun tipo de deterioro cognitivo, por ejemplo (Corriveau Lecavalier et al., 2020).

Se han realizado estudios similares con adultos jovenes y mayores, y ambos eran
capaces de realizar la tarea sin diferencias notables, sin efecto de suelo ni de techo. Ouellet
et al. (2018) utiliz6 estos dos mismos grupos de participantes sanos, sin evidencia de
dificultades con respecto a la havegacion, y sin encontrar problemas de equilibrio o malestar.
En nuestro estudio inmersivo con la AppLab, tuvimos que ajustar la velocidad de movimiento
hasta que los participantes no presenten cinetosis, por lo que deberia considerase este
parametro en actividades que incluyen navegacion dentro del EV. Este ajuste no fue

necesario en la aplicacion no inmersiva de la AppTele, debido a que no existieron sintomas.

Valoracion cognitiva

Uno de los principales hallazgos de esta investigacion, es la validacién de un
instrumento para la valoracion cognitiva de la memoria (objetivo d). Para esto se utiliza una
herramienta tradicional de diagnéstico (FNAME), que permite discriminar el estado
cognitivo de los pacientes. La relacion entre la memoriay el test FNAME ha sido demostrada

en pacientes con DCL (Hampstead et al., 2008).

En nuestro estudio, la medida de consistencia de los métodos aplicados en la
investigacion (experimental vs. tradicional) se realiza a través del coeficiente de correlacion
de Pearson. El andlisis estadistico realizado demuestra una asociacion significativa, positiva

y grande de acuerdo con (Cohen, 1988), entre los resultados en la precision de las respuestas
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de la tarea implementada en la aplicacion AppLab y los resultados obtenidos en el test
FNAME. Se evidencia una mayor asociacion en el modo controlado por el usuario (r = 0,577,
p = 0,001) frente al modo autonomo (r = 0,435, p = 0,018). Esto quiere decir que la tarea
ejecutada bajo la modalidad controlada por el usuario presenta un grado de asociacién mayor
entre la tarea virtual y la prueba tradicional. Estos resultados avalan la propuesta como un
instrumento apto para el cribado cognitivo. No obstante, abren la puerta también a nuevos
disefios en los que se aumente ligeramente la dificultad de la tarea con propdsitos de
diagndstico, con el fin de dilucidar si ese incremento nos sirve para realizar un mejor cribado

y detectar posibles deterioros cognitivos.

En la bibliografia existen antecedentes que avalan nuestros resultados, Gonzélez-
Landero et al. (2019) hallaron una correlacion positiva y significativa (r = 0,62, p = 0,002)
entre la precision de las respuestas al usar un armario inteligente y la aplicacion del test
FNAME. La propuesta fue igualmente validada con una muestra de 23 participantes adultos
sanos. En el mismo estudio existe otra consistencia con nuestros resultados. Las puntuaciones
obtenidas en el test FNAME esta siempre por debajo de los resultados medidos en las pruebas
experimentales. Esto podria deberse a que la atencion sostenida que caracteriza estas
propuestas basadas en RV, ayuda a rescatar informacién que de otro modo se perderia 0 no
estaria disponible para los procesos de recuperacion. Incluso se ha demostrado que la
atencion protege los elementos para que no se olviden y ayuda a codificar de forma selectiva
los elementos en la memoria visual (Matsukura et al., 2007; Murray et al., 2011; Zhang &
Luck, 2008).

Henry et al. (2012) realizaron un estudio similar teniendo en cuenta la precision de la
respuesta y los tiempos de reaccion en una tarea simple de RVi para medir la inhibicion
cognitiva y motora en adultos. Los resultados iniciales confirmaron correlaciones
significativas entre las medidas de la tarea de RVi con medidas de varias pruebas
neuropsicoldgicas. Por otro lado, Armstrong et al. (2013) encontraron en su estudio una
asociacion significativa en el desempefio en una tarea de RV (destinada al personal del
ejército en servicio activo) con las pruebas tradicionales de atencion y funcionamiento
ejecutivo. Por su parte Parsons & McMahan (2017) en su validacion inicial de una tarea

basada en RVi, encontraron unos resultados que se correlacionaron igualmente con las
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puntuaciones de las pruebas de memoria neuropsicolédgica tradicionales. Otro analisis
interesante y similar se encontrd en el estudio de Parsons & Rizzo (2008), en el que
demostraron que su herramienta basada en RV permitia medir el aprendizaje y la memoria,
y era inconsistente con las medidas proporcionadas por las pruebas tradicionales que miden

otros dominios neurocognitivos.

Los anteriores resultados apoyan la validez ecoldgica de la aplicacion, respaldando la
premisa de que la herramienta tiene potencial discriminador del estado cognitivo del

participante.

Tele rehabilitacion cognitiva

Respecto a nuestra propuesta de tele rehabilitacion, se ha contrastado la precision de
las respuestas de la actividad experimental respecto a la actividad convencional de
rehabilitacidn presencial (objetivo €). Los resultados de precision en la evaluacion retardada
(evaluacion final) favorecen ampliamente al método experimental con una precision del 98%,
en comparacion con el método tradicional (68.6%). Se evidencia un efecto de techo para la
aplicacion de tele rehabilitacion en varios participantes que presentan un puntaje del 100 %.
Esto indica que el rendimiento de la evaluacion final en la tarea de recuperacién espaciada
alcanza una mejor precision, a pesar de haber utilizado los mismos elementos de

memorizacion con ambos grupos (Varela-Aldas et al., 2021).

Estos resultados no son tan contundentes en la evaluacion inicial (inmediata), con una
diferencia de 14% entre ambos métodos (a favor del método experimental). Aun asi, es
notoria la mejora de la precision al usar el sistema de RV no inmersiva, con diferencias
significativas entre ambos grupos (F (1, 38) = 12,95, p = 0,001) (Varela-Aldas et al., 2021).
No se encontraron trabajos similares que ayuden a discutir este fendémeno de forma
especifica, pero son varios los estudios que avalan la mejora significativa del desempefio en
evaluaciones cognitivas con RV al compararse con evaluaciones tradicionales (Georgiev et
al., 2021; Riva et al., 2019; Ventura et al., 2019). Las principales razones de la mejoria se
deben a la rigueza multimedia, la motivacién, simulaciones incorporadas y la

retroalimentacion visual.
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Aun teniendo en cuenta que los resultados en la tarea de recuperacion espaciada por
parte del grupo experimental han sido significativamente mejores que aquellos del grupo de
control, podemos concluir que, al menos, los sistemas son equivalentes en cuanto a las
prestaciones que ofrecen para la realizacion de una evaluacién cognitiva. Esta mejora en las
puntuaciones en el grupo experimental puede deberse a un mayor enfoque en la actividad,
codificando los elementos en un entorno que les parece mas atractivo. La adopcion de este
tipo de sistemas promueve una serie de factores claramente positivos en la rehabilitacion,
como una mayor motivacion, compromiso, asi como la capacidad de transferir habilidades

cognitivas al mundo real (Mantovani et al., 2020).

El sistema de tele rehabilitacion asi implementado en la aplicacion AppTele permite
una interaccion efectiva entre el paciente y el médico especialista para el entrenamiento
cognitivo. Existen trabajos similares que evalGan el desempefio de un tratamiento presencial
respecto un tratamiento remoto. Meltzer et al. (2018) realiz6 un estudio con 44 adultos que
padecian trastornos de comunicacion después de un accidente cerebrovascular. Los
resultados fueron equivalentes para los servicios médicos cuando estos se brindaron a través
de tele rehabilitacién o bien en persona. Por su parte, van der Linden et al. (2018) desarrolld
un programa de tele rehabilitacion cognitiva para pacientes con tumores cerebrales primarios
basados en programas cognitivos presenciales previamente evaluados. Este estudio piloto
sugiere que la rehabilitacion cognitiva posoperatoria es factible con esta nueva herramienta.

De esta forma se ha establecido un marco de referencia que puede ser utilizado por el
personal sanitario para promover la rehabilitacion cognitiva de forma remota y segura
(objetivo c). No solo se automatizan los procesos, lo cual permite tener informacion mas
precisa e inequivoca, sino que se proyecta a un futuro, donde la presencia fisica no sea
necesaria. Las ventajas que aporta este sistema son la simplicidad de uso, alta usabilidad y
sostenibilidad, entre otros. Esto promueve la mejora de los sistemas de salud, que
incrementan su eficiencia y superan las limitaciones geogréaficas (areas de dificil acceso o
con servicios de salud limitados) y temporales (reduccion de tiempos de espera y transporte).
De la misma forma, permite a los pacientes con movilidad reducida acceder a los

profesionales sanitarios desde la comodidad de sus hogares. Todos estos argumentos ratifican
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el enfoque ecoldgico que tiene la RV al combinarse con el acceso remoto que provee internet

en la actualidad.

Usabilidad de las aplicaciones de RV

Una vez que las aplicaciones han sido utilizadas en los experimentos, es importante
recibir retroalimentacién de los usuarios, con el fin de analizar la facilidad de uso, asi como

el grado de aceptacion por parte de los participantes de tales herramientas (objetivo g).

La herramienta AppLab se evalué usando el test USEQ (Gil-Gémez et al., 2017). Este
es un cuestionario reducido disefiado especificamente para evaluar la satisfaccion del usuario
en los sistemas de rehabilitacion de RV. Se obtuvieron puntuaciones del 94.5% (en media)
teniendo en cuenta los resultados de los 29 participantes. Por su parte, la aplicacion AppTele
fue evaluada usando el test SEQ (Gil-Gomez et al., 2013). Este es un cuestionario de 14
preguntas para la evaluacion de idoneidad disefiado especificamente para sistemas de
rehabilitacion virtual, obteniéndose una puntuacién media del 91.77%. En cuanto a las
diferencias entre los dos test utilizados, el test USEQ esta limitado a la evaluacién de la
satisfaccion del usuario, mientras que el test SEQ abarca la evaluacién de usabilidad,
aceptacion y seguridad. De esta manera, la evaluacion de la aplicacion AppLab estuvo
enfocada exclusivamente en la satisfaccion del paciente, debido a que la inmersion adin es
una tecnologia poco utilizada. Por el contrario, la evaluacion de la aplicacion AppTele se
enfocd en mas factores, debido a que cubre una necesidad real provocada por la pandemia
del COVID-19, por lo que tiene potencial de aplicacion directa en los centros médicos de
rehabilitacién cognitiva. En ambos casos, dichas calificaciones avalan la idoneidad de las

aplicaciones para un uso extendido.
Fog computing

Internet se ha convertido en un componente de vital importancia en el desarrollo de
sistemas tecnoldgicos de salud, que buscan como uno de sus objetivos arquitecturas que
optimicen los recursos disponibles. Los resultados obtenidos en el primer trabajo de
investigacion sobre un sistema basado en esta tecnologia de computacién en la niebla para el
seguimiento de pacientes con trastornos neurodegenerativos, se alinean perfectamente con

estos objetivos (Hu et al., 2017). Con este trabajo se demostré que una arquitectura basada
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en la computacion en la niebla puede lograr costes computacionales muy reducidos sin
apenas interferir con las comunicaciones de los hospitales, asignando la recopilacion de datos
a diferentes servidores, almacenando localmente la mayor cantidad de informacion, y

enviando Unicamente los resultados de la actividad.

Este enfoque fue aprovechado en el desarrollo de las aplicaciones AppLab y AppTele,
respectivamente (objetivo f). Por un lado, en la aplicacion inmersiva AppLab todos los datos
se almacenan en el dispositivo HMD portable, enviando al servidor Gnicamente los datos
histdricos del paciente. Por otro lado, en la aplicacion no inmersiva AppTele, la informacion
enviada entre las estaciones (cliente y medico) son Unicamente los resultados, las ordenes de
sincronizacion del EV y el audio de los usuarios para una minima latencia (Haouari et al.,
2018).

Limitaciones

Este trabajo de investigacion ha tenido algunas limitaciones. Una primera cuestion
que debe abordarse en investigaciones futuras es la validacion de las herramientas
desarrolladas en esta tesis con grupos de participantes mas numerosos y de mayor edad. De
esta manera tendremos una mayor evidencia para dilucidar si las tareas desarrolladas pueden
ser sensibles en la precision de las respuestas o en los tiempos de ejecucion, con el proposito
de diagnosticar de forma temprana las EN (Cavedoni et al., 2020). Esto permitira extraer
conclusiones interesantes y con ello reforzar la validez ecoldgica de las herramientas basadas
en RV para su aplicacion a una poblacion que esta sufriendo algin tipo de EN, tales como
EP, EA o esclerosis multiple (ES). Este tipo de herramientas ya estan demostrando su
importancia en la deteccion de disfunciones cognitivas que los tradicionales test no han sido
capaces de hacerlo (Ruet & Brochet, 2020). Las restricciones de la pandemia COVID-19 no
han permitido la inclusion de tales sujetos en nuestros estudios, por lo que se hace necesaria
la realizacion de estudios con intervenciones mas o menos dilatadas en el tiempo con este
tipo de sujetos, evaluando si dichas intervenciones aportan informacion a la hora de detectar

una pérdida de memoria y/o ralentizar el deterioro cognitivo (Cabinio et al., 2020).

4.2 CONCLUSIONES FINALES

En este apartado explicaremos las principales aportaciones (originales) de esta tesis.
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En primer lugar, esta tesis ha contribuido en la creacién y validacion (a través de herramientas
y test previamente validados y ampliamente utilizados) de herramientas basadas en RV para
la evaluacion cognitiva. Estas herramientas se han enfocado fundamentalmente en ofrecer un
servicio de rehabilitacion por medio de la utilizacion de tecnologias de bajo coste. Las
aplicaciones se han desarrollado aprovechando tanto las ventajas de las tecnologias de RV

no inmersivas como las inmersivas, respectivamente.

Por otro lado, se ha generado un marco para crear aplicaciones de asistencia remota (tele
rehabilitacién) que han demostrado ser igualmente validas para rehabilitacién cognitiva
como lo son los métodos tradicionales (objetivo b). Este marco tiene suma importancia por
la flexibilidad que presenta fundamentalmente en su uso en tiempos de pandemia, donde la
movilidad de las personas y la oferta de servicios sanitarios presenciales de ha visto

claramente reducida debido a la pandemia COVID-19.

Como aportacion también de esta tesis, destacamos la utilizacion del enfoque de computacion
en la niebla en el desarrollo de nuestras aplicaciones, con el fin de hacerlas 6ptimas en cuanto

al ancho de banda de red requerido.

4.3 TRABAJOS FUTUROS

En lo que respecta a los potenciales desafios a considerar en relacion con la RV como
herramienta de tratamiento cognitivo, destacamos a continuacion unas interesantes lineas de

trabajo para futuras investigaciones.

En primer lugar, son pocos los estudios que analizan la navegacion activa en un EV
y el efecto en el rendimiento de la memoria. Esta incluye la actividad fisica y la actividad
psicoldgica del usuario, es decir el control motor y toma de decisiones. De esta manera
tenemos el efecto de recreacion virtual (“virtual enactment”), que se define como la
influencia que proporciona la navegacion activa u otro componente en la recuperacion de la
memoria, en comparacion con la observacién pasiva virtual del EV (Tuena et al., 2019). Se
produce aqui una asociacion o analogia entre el efecto de representacion (Engelkamp et al.,
1994) y la navegacion virtual activa, ya que ambos impactan de forma selectiva en el
procesado especifico de objetos como el reconocimiento, pero no asi con el procesado

relacional (agrupacion semantica de conceptos, por ejemplo). Algunos estudios han
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demostrado que este efecto es capaz de mejorar el rendimiento de la memoria espacial
(Brooks et al., 1999) y la memoria episddica (Jebara et al., 2014). Sin embargo, estudios mas
recientes no encontraron diferencias significativas en el aprendizaje espacial al comparar
ambos métodos de navegacion (Barhorst-Cates et al., 2020). En el caso de la ME, la mejora
parece estar limitada a la participacion activa con poca exigencia cognitiva (Jebara et al.,
2014), ya que hay investigaciones que reportan incluso un peor rendimiento cognitivo al
incluir navegacion activa (Plancher et al., 2013). Otras tareas de memoria como agrupacion
semantica, recuerdo libre o interferencia proactiva, sin embargo, no se ven mejoradas
(Sauzéon et al., 2016). Es evidente que faltan estudios para aclarar estas incertidumbres, por
lo que trabajos futuros deben incorporar pruebas con maultiples niveles de actividad en la
navegacion y evaluar estos tipos de memoria para mostrar evidencias mas claras acerca de

dichos efectos de la recreacion virtual.

Otra interrogante que se nos plantea para el futuro tiene relacion en el tipo de entorno
de RV a utilizar (inmersivo vs. no inmersivo). Es la influencia de la inmersion en las
aplicaciones de RV para el entrenamiento de la memoria, la pregunta es si la precision en la
recuperacion de la memoria es mejor en los sistemas inmersivos respecto a las aplicaciones
de escritorio (no inmersivo). Algunos trabajos como el de Krokos et al. (2019) y Plechata et
al. (2019) han mostrado mejoras significativas cuando los ejercicios se han realizado en
entornos inmersivos (con respecto a su realizacion en entornos no inmersivos). En el primer
caso, se encontraron diferencias significativas en el rendimiento de una prueba de memoria
(mediante el método de Loci) por parte del grupo experimental (gafas de RV) frente al grupo
de control, que utilizé una aplicacion de escritorio (entorno no inmersivo). La mejora fue de
un 8.8% extra en la capacidad de recuperacién. Por el contrario, en el segundo estudio, los
resultados mostraron una mejora en el rendimiento de la memoria episodica en el grupo que
realizé el ejercicio de memoria en la condicion de aplicacion de escritorio. Asi pues, queda
camino por recorrer con el fin de dilucidar si el grado de inmersion garantiza un mejor

desempefio en las diferentes tareas de memoria.

Un término muy relacionado con la inmersion de los sistemas de RV e inherente a
ellos es la presencia. Reggente et al. (2020) desarrollaron una aplicacion de RV que
implementaba el método de Loci a través de dos variantes con diferente nivel de presencia.
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El grupo que utilizé la aplicacion con mayor nivel de presencia recordd un 28% mas de
objetos con respecto a la otra variante de la aplicacion, lo que podria implicar una relacion
positiva entre el grado de presencia y el rendimiento cognitivo en la prueba. Otros hallazgos
plantean la cuestion de si este beneficio solo se produce en los casos que la manipulacion de
la inmersidn afecta a elementos del entorno que son directamente relevantes en la evaluacion
posterior de la memoria (Smith, 2019). Consideramos interesante, pues, en indagar esta
cuestion, maxime cuando no hay una metodologia clara que permita evaluar los niveles de
presencia en los diferentes sistemas de RV. De momento, se han disefiado cuestionarios para
obtener dichos niveles (Lessiter et al., 2001; Slater, 1999; Usoh et al., 2000) , aunque también
hay estudios que sin usar cuestionarios, evalUan las respuestas de personas basandose en la
psicofisica (Slater, 2018; Slater et al., 2010).

Cada vez son mas los estudios basados en RV que introducen simulaciones de ADL’s
en la rehabilitacion de déficits cognitivos. Parece ser que su utilizacion en estos EV han
mostrado mejoras importantes en el funcionamiento general cognitivo con respecto a los
métodos tradicionales (Faria et al., 2016). Autores como Foloppe et al. (2015) encontraron
un caso en el que el entrenamiento en una cocina virtual permitié a un sujeto con EA
reaprender actividades relativas a la cocina y dicho aprendizaje se mantuvo estable con el
tiempo. Por su parte, el estudio de Liao et al. (2020) encontré que las funciones cognitivas
de un grupo de adultos con DCL mostraron una mayor eficiencia neuronal y mejoras en las
IADL mediante entrenamiento virtual. Todos estos antecedentes nos invitan a pensar en la
necesidad de un marco metodologico para el disefio de tareas de RV que involucren ADL
para la rehabilitacion de pacientes con diferentes niveles de deterioro cognitivo, maxime
dadas las diferentes condiciones clinicas que podemos encontrar en la poblacion objetivo.
Esta idea ya se ha desarrollado en el caso de aplicaciones mdviles para supervision de

supervivientes de cancer (Navarro-Alaman et al., 2020).

Otro campo en el que seria interesante actuar es el de los estimulos (cues o cueing)
que pueden incorporarse en las aplicaciones de RV. Dichos estimulos tienen influencia
directa en la representacion del entorno, y la forma en que el cerebro combina estas entradas
para la formacion del mapa cognitivo son todavia cuestiones sin resolver en la neurociencia

cognitiva. Por ejemplo, hay algin estudio como el de Faria et al. (2016), que incluyen la
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técnica de las “fading cues” (Riley & Heaton, 2000), consiste en reducir progresivamente los
estimulos proporcionados (normalmente a partir de la tercera seccion) en una tarea o
actividad cognitiva con el fin de ir incrementando el nivel de dificultad. Son pocas las
investigaciones que analizan estas cuestiones en EV y tampoco se han encontrado estudios
que contrasten los estimulos entre dispositivos inmersivos y no inmersivos, constituyendo

una oportunidad para trabajos futuros.

En linea con esta Ultima idea de incorporaciones a las aplicaciones de RV,
encontramos los elementos distractores. No hemos encontrado muchos estudios mostrando
evidencias de su efecto en el rendimiento cognitivo al incluirlos en las tareas. Castelhano &
Henderson (2005) concluyeron en su estudio que no hay diferencias significativas al
memorizar visualmente de forma intencional o incidental. Es decir, el rendimiento cognitivo
no se ve influenciado cuando el sujeto es informado sobre los objetos a memorizar frente a
los elementos distractores que aparecen en la escena y sobre los cuales luego se le pregunta.
Williams (2010) por su parte, aun asumiendo la teoria anterior, concluyé que el
procesamiento diferencial de los elementos a memorizar y de los distractores afiadidos (tanto
relacionados como no relacionados), hace que las tareas de codificacion puedan tener efecto
en la memoria visual. Es por ello que consideramos interesante sefialar esta linea de estudio
de la influencia de los distractores, determinando las ventajas y desventajas de incluirlos en
las herramientas de rehabilitacion cognitiva.
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6. APENDICE
6.1 APENDICE 1: Factor de impacto y Area tematica de las revistas

. Afo de Factor de < - :
Revista publicacion Impacto Area Tematica Cuartil
Peer-to-Peer
Networking and 2019 2.793 Telecommunications Q2
Applications
Iberian Journal of
Information 2019 0.14% Com_puter Science Q4
Systems and (miscelaneous)
Technologies
Engineering, Electrical & Q2
Sensors 2020 3576 Electronic
Instruments & o1
Instrumentation
Environmental Studies Q2
Sustainability ** 2021 3.251 Green & Sustainable Science Q3

& Technology

Nota: El factor de impacto y el cuartil corresponden al indicador Journal Citation Reports
(JCR) segun afio de publicacion.

*E| factor de impacto corresponde al indicador SClmago Journal Rank (SJR).

** En esta revista el factor del impacto y cuartil corresponden al afio 2020 debido a que los
datos referidos al afio de publicacion (2021) no se han hecho puablicos todavia.

127



José Varela-Aldas

6.2 APENDICE 2: Justificacion de la contribucion del doctorando

l. Garcia-Magarifio, I., Varela-Aldas, J., Palacios-Navarro, G., & Lloret, J. (2019).
Fog computing for assisting and tracking elder patients with neurodegenerative
diseases. Peer-to-Peer Networking and Applications, 12(5), 1225-1235.

El doctorando trabajo6 en la metodologia y el desarrollo de la aplicacion mévil de RV, en

la validacidn y analisis de los datos de simulacion, asi como en la redaccion del articulo.

1. Varela-aldas, J., Palacios-navarro, G., Garcia-magarifio, 1. (2019). Immersive
virtual reality app for mild cognitive impairment. Revista Ibérica de Sistemasy
Tecnologias de la Informacion, E19, 278-290.

La contribucion del doctorando en este segundo trabajo estuvo enfocada en la
conceptualizacion de la investigacion, el disefio y ejecucién de la metodologia, el desarrollo
de la aplicacion movil de RVi, la recoleccion de datos experimentales y la aplicacion del test
de usabilidad. También colabor6 en la realizacion del analisis estadistico y en la redaccion

del articulo, asi como en las correcciones requeridas por los revisores.

I1l.  Varela-Aldas, J., Palacios-Navarro, G., Amariglio, R., & Garcia-Magarifio, I.
(2020). Head-mounted display-based application for cognitive training. Sensors,
20(22), 6552.

El doctorando participé en la conceptualizacion de la investigacion, en el disefio y
ejecucion de la metodologia, el tratamiento de los datos experimentales junto con el analisis
estadistico. El disefio e implementacion de la aplicacion movil de RVi corrié a cargo del
doctorando en su totalidad. Igualmente, participd en la redaccion del articulo y en las

correcciones requeridas por los revisores de la revista.

IV. Varela-Aldas, J., Buele, J., Ramos Lorente, P., Garcia-Magarifio, I., & Palacios-
Navarro, G. (2021). A Virtual Reality-Based Cognitive TeleRehabilitation
System for Use in the COVID-19 Pandemic. Sustainability, 13(4), 2183.

Por ultimo, la contribucion del doctorando en este cuarto trabajo estuvo focalizada en el
disefio y ejecucion de la metodologia, asi como en el desarrollo de la aplicacion de RV no
inmersiva. Ademas, realizé el tratamiento de los datos y su analisis estadistico, junto con la

redaccion del articulo y en las correcciones solicitadas por los revisores de la revista.
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6.3 APENDICE 3: Articulos en conferencias

V. Virtual Reality-Based Memory Assistant for the Elderly
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Navarro, G., & Garcia-Magarifio, 1. (2018). Virtual reality-based memory assistant for the elderly. In

International Conference on Augmented Reality, Virtual Reality and Computer Graphics (pp. 269-
284). Springer, Cham.
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Abstract. Older adults experience several diseases related to the habits of their
daily lives, many times resulting in cognitive problems when they reach ages
that overcome eighty years. This work presents the development of an appli-
cation aimed at older adults, integrating scenarios in virtual reality to facilitate
the immersion of people with signs of memory loss. Through the application,
various tasks related to daily activities, professions, face recognition and
weekend games are proposed, all evaluated to show scores at the end of the
activities. As a result, the work presents real experiments executed to validate
the proposal, showing first and third person views within several built virtual
environments.

Keywords: Elderly - Virtual reality -+ Memory assistant
Third level immersion

1 Introduction

The human being goes through different stages during his development, initiating the
process of aging at 65 years of age [1, 2]. An older adult integrates one of the most
important groups within society, this consideration is determined given the tendency of
the distribution of the population pyramid, mainly considering the new indexes iden-
tified towards life expectancy and the decrease in the fertility rate. According to the
World Health Organization (WHO), the studies given in 2016 reflect that more than
22 countries exceeded on average 80 years of age, and in some cases exceeded
82 years. Furthermore, studies reveal that the growth of the adult population by 2050
will be 2000 million older adults, in contrast to the year 2000 where there were 605
million, estimating that soon the records of history will be surpassed with the greatest
number of octogenarian individuals [3]. Likewise, by the year 2050, it is estimated that
there will be a world population of approximately 395 million people in need of
assistance, due to bad habits and exposure to toxic substances such as cigarettes,

© Springer International Publishing AG, part of Springer Nature 2018
L. T. De Paolis and P. Bourdot (Eds.): AVR 2018, LNCS 10850, pp. 269-284, 2018.
https://doi.org/10.1007/978-3-319-95270-3_23
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alcohol and other narcotics which threaten the health of the population, having a direct
impact on their mental performance [4].

Aging does not necessarily lead to health problems. According to medical studies,
there are several ways to evaluate the consequences of the body’s aging through the
years, according to this, it can be identified some changes such as levels of con-
sciousness, orientation in time and space; intellectual retardation, dementia; energy and
motor function; attention horizon, sleep capacity; perceptions; emotions; high cognitive
level, language management, and so on. In the same way, it is relevant to identify the
changes given through sensory functions, in this sense, vision, hearing, balance and
even pain management are evaluated. Besides, physiological changes produced by
aging, i.e., cardiovascular functions, blood pressure, diabetes, hematology, immunol-
ogy, tendency to suffer hypersensitivity, allergies, fatigue, and respiratory affection
need to be taken into account [5].

The learning of new information, the ability to solve everyday problems, active
listening, reading and writing ability, arithmetic, financial calculation, and so on, are
developed given the conservation of memory and adequate cognitive conditions.
Personal care is part of the aforementioned conservation, therefore, grooming, feeding,
taking medication; that is, self-care can be affected when considering memory condi-
tions. However, literature identifies ways to maintain mental lucidity in order to pre-
serve personal interrelations and promote cognitive functions, often based on
technology [6, 7].

Technological advances directly impact the development of human activities.
Within the applications related to the conservation of health, the affections to memory
have had a great research niche, generating some applications called Serious Games.
Within this context, Table 1 identifies some of these applications [8].

Table 1. Support applications for the elderly

Nombre Objeto

Gradior Various exercises for cognitive functions

Rehacom Training, maintenance and stimulation of cognitive functions

Smartbrain Exercises of memory, language, calculation, orientation,
attention, recognition

Tweri Mobile application for distraction, ride in areas with security
limit

NeuronUp Neuropsychological rehabilitation

PSSCog Rehab

Rehabilitation system of cognitive therapy, memory
improvement

C. Enhancement Therapy

Therapy based on individual exercises from the visual to spatial
skills

Neuropsychonline

Cognitive multimodal rehabilitation, improvement of memory
and abilities

Challenging Our Minds
Cognitive

Rehabilitation parameterized in several stages according to the
patient’s requirement

(continued)
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Table 1. (continued)

Nombre Objeto

NeuroPersonal Trainer Originally designed for patients with brain trauma and memory
loss

CogniFit Includes scientific questionnaires with cognitive abilities of
patients

Lumosity Training tools for patients with critical memory loss

MindMate Fun and interactive games to improve the patient’s cognitive
skills

Elude In a clinical context, it supports acute depression and dangerous
conditions

RehaCom Cognitive training solutions in different institutional, clinical and
home environments

Under these conditions, this article focuses on identifying the support that infor-
mation and communication technologies represent in the preventive process of patients
with apparent memory loss. It is relevant to note that the applications identified have not
yet included the benefits of virtual reality [9]. Within the virtual reality interfaces, there
are applications which allow establishing activities around the management of the
activities for the elderly, considering some criteria contributed by several authors
[10, 11]. Additionally and under other perspectives, the following applications can be
mentioned: Talking Tom 2, My Reef 3D, Let’s créate! Pottery, Augment, FlowerGar-
den, MindMate, and so on [12].

As described in previous paragraphs, this work proposes the development of an
application based on virtual reality (VR) oriented to preventive and corrective processes
of memory loss. The proposed application mainly considers four interactive modules in
which both the virtual user-environment interaction and three level immersion are
considered: (i) Home Tasks, considers virtual environments related to home in order to
perform different daily activities, e.g., laundry, shopping, grocery shopping, and so
forth; (ii) Professional Tasks, poses tasks related to work activities in a factory; (iii)
Relatives recognition, evaluates the answers given by the user and compares them with a
pre-configured database for the recognition of people, and (iv) weekend games, provides
environments for the execution of entertainment activities.

This work is split into 6 Sections, including the Introduction. The proposal is
presented in Sect. 2; while the description of the application is presented in Sect. 3.
Section 4 describes the workflow of the proposed assistant, showing the experimental
results in Sect. 5. Finally, Conclusions are presented in Sect. 6.

2 Formulation Problem
According to several studies, three conditions required to consider cognitive problems

in an older adult are recognized: (i) progressive deterioration in at least two domains of
cognitive function, including memory, (ii) interference in a relevant way with natural
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behaviour in the person’s social and family field and, (iii) absence of an alternative
explanation for this disorder, for example, depression. The recognition of a problem
related to the progressive memory deterioration continues with the identification of
therapies to try to reduce the short or long term conditions of the diseases. Within these
considerations, factors such as costs, the place of rehabilitation and the professionals
involved must be taken into account prior to selecting an appropriate treatment.

In this context, the development of applications which work as support in the
cognitive rehabilitation of patients can act as an innovative and economically profitable
tool, where three fundamental categories can be considered to attract the user to this
type of applications: (1) modification of environments, (2) compensatory strategies and
(3) cognitive function restoration techniques. The present work focuses on the first two
categories, in order to provide an assistant to avoid future difficulties which can arise as
a result of memory problems. Figure 1 shows the simplified proposal of the application
to be implemented, involving recognition activities, simple answer questions and
various activities, where the execution results are evaluated to show the level of
coincidence between the information stored and the user’s response.

Application Start
T

!

Initial Menu

I

User Login

I

User Validation

Refuse suggestion to choose another one Suggested Adopt suggestion

activity

Weekend Relatives

Professions i
Games Recognition

Home Tasks

Results evaluation

|

Storage of historical data

Fig. 1. Application proposal to strengthen memory of older adults

This work considers an application aimed at the use of virtual reality as a way to
represent the daily environment of patients. Starting with the user’s login, the appli-
cation challenges the user to remember daily details through a validation question.
Overcoming the short question implies that the user can choose an activity to develop,
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of which four different types of tasks are proposed. Through scenarios built in Unity
3D, everyday tasks such as making purchases, washing clothes, and so on are raised.
In the same way, environments which recreate a factory for the execution of work tasks
or the recognition of relatives are options which the application raises to maintain the
user’s concentration. Additionally, several games are designed to distract the user,
where the set of input devices allow controlling the application. Considering that the
application consumes geo-referenced time information, the activities are suggested
depending on the day in which the older adult enters the system. Consequently, the
application integrates an evaluation of results to display the level of coincidence
between the expected responses and the generated responses and, finally, the data is
stored in a database to analyse the evolution of the user.

3 System Structure

The system structure developed consists of four groups including: game objects (Unity
Scenes), modules to control each game object (Scripts), information Input Devices, and
Output Devices. Figure 2 shows the general structure of the system, where it is
included all the components and how they are linked.

Profile Scene Selector
— 1 |
Home task Profession Relatl\{gs Weekend
Recognition games
GAME OBJECTS
: . User . )
UNITY VR device 3D Models Interface Environmental Audio
SCENES | T T T A
BN SteamYR | Device ID Interfcl(.:t and Ul Module Audio
plugin collisions Controllers
] l
Oculus Speech Database:
: peech 1 Word ID APP Controller Images,
Library recognition . i
information
SCRIPTS
L — I |
| | v v
HTCVIVE || GearVR MiC HTC Haptic Audio 3D
Headset Response
INPUTS OUTPUTS

Fig. 2. System general structure

The Unity scenes contain the elements to build the virtual environments, depending
on the selected scene. At this stage, characteristics such as gravity, haptic and audio
responses, and other physical properties are set in order to recreate real interaction
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based scenarios. In addition, menus are created for accessing the different environ-
ments, in this case: home tasks, profession activities, relatives recognition and relax-
ation games, as well as auxiliary windows with guide information to execute each task.
Each 3D model, virtual reality devices, interfaces and audio source are generically
defined as a game object, by means of which scripting modules can modify their
behaviour. All the elements of this stage are connected to modules and plugins to
specify the game objects within the scenarios.

The Scripts group is the block which allows communicating the Unity Scenes with
the input and output devices, perform mathematical calculations, control each of the
game objects and generate execution sequences. Depending on the input device, the
Oculus library or the SteamVR plugin can be activated to manage the resources pro-
vided by the hardware (Gear VR or HTC VIVE). Regardless of the connected device,
the Interact and Collision module allows the dynamic interaction between the hardware
and the game object modules, reusing the code of the n devices. In turn, the audio input
can be provided by the microphone integrated to the selected hardware, which is
connected to the speech recognition module to detect the user’s interaction with the
application through voice commands, where the speech fragment is analyzed by the
word identification module to recognize keywords. The information provided by the -
interact and collisions- modules and Word ID are administered by the APP controller,
defined as the main scripting module. In addition, the Ul module is called upon in order
to control the navigation throughout all the scenes of the application; while the audio
module manages the sound effects through a game object and in turn, it sends 3D audio
hardware as a final response to the user. Finally, a database containing user-specific
information is considered, which is used dynamically by the APP controller.

Remark 1: The scripting modules can be integrated by one or several scripts.

Remark 2: The application compatibility is developed for HTC VIVE and GearVR
platforms in order to take advantage of each one. In the first case, the work area of
4 x 3 meters is used in which the user can move; while in the second case, the ease of
execution without the help of third parties is exposed. In this way, the application can
be used in a care centre for the first case, and an individual use for the second one.

The scripting block consumes the raw data of the inputs, processes them and sends
results to the output module. In this way, the Input Block contains the HTC VIVE &
GEAR VR devices, which are objective platforms for the application. Meanwhile, the
Output Block contains three modules which receive dynamic visual, haptic, and audible
feedback from the interaction.

4 Virtual Environment Interface Development

For the creation of the application and the functionalities of each of the scenarios, it is
required to follow a set of steps, defined in this work as stages (Fig. 3). The stages are
split into four parts, in which the creation of models in computer-aided design software
is considered; the import of the models to Unity and the construction and programming
of each one of the scenes. In (i) the First Layer, it is considered that the objects required
to build each of the scenes are created by CAD software packages. These objects can be
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exported in a format compatible with Unity, but with the lack of necessary properties in
the feature axis of scenes. To supply those properties, (ii) the Second Layer allows
grouping objects by chains to form hierarchies, so that when executing movements of
pieces of an object, all the pieces which have a mechanical relationship move in
coordination with the displaced section. Additionally, this layer allows setting pivot
points at the origin to each of the pieces that make up a model, individually or grouped.
The result of this layer is an adaptable file format for 3D animation software (*.tbx),
which is a file fully compatible with Unity 3D.

Software CAD
Layer1 3D model

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ T

3D modifications

3DSMAX - Blender

Layer 2 . I : s
Object Configurations
Hierarchy, Set pivot, Orientation
point
““““““““““““““““““““““ T
UNITY 3D
Scripting and Texturization
Scenes Evaluator
Placementof 3D| [ Progress
Models evaluation
Layer 3 l
Texturization Help Module
Adding graphic Applicgation Guide
details to objects in Ul
1 I
Scripting process APP Controller
- Manage the
Addmg'control to Application
objects

I—l

VIRTUAL 3D ENVIRONMENT
Virtual Interaction

Fig. 3. Desarrollo de la interface de realidad virtual

Layer 3 runs completely in Unity 3D, allowing the textures assignment and eval-
uate the execution of the task to calculate results. In the configure inputs block, generic
algorithms are made to manipulate interacting objects regardless of the input hardware.
Next, the scenes are constructed using the 3D models resulting from the second layer
and a layout of all 3D environments is obtained to later perform the texturing task
(Fig. 4).

The texturization block includes the use of photorealistic colours, materials and
textures to provide detail to each of the objects in the scene, where third-party com-
plements can be used to achieve similarity in the colours recreation. In addition to this,
lightning is configured in each environment to provide realism, depending on whether
it is indoor or outdoor (Fig. 5). Although the so far elements have a close similarity to a
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Fig. 4. Environment layout
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Fig. 5. Application of texturing, colour and lightning to the stage

real environment and are distributed throughout the scene, they lack scripts which
allow to include some type of control.

The scripting process allows to control the objects depending on the inputs gener-
ated by the user (audio, buttons of the input devices, etc.), to program the sequence in
how the processes are executed, to perform mathematical calculations, to create ani-
mations, and so on (Fig. 6). The scripting process is directly related to the task evaluator,
in charge of validating the subtasks executed, as well as calculating the total number of
hits and the time spent by the activity to show results. Additionally, the Help module is
activated when the inactivity time exceeds a predetermined value, using this factor to
display help information if the user does not get hits or does not enter information into
the system. Finally, all the modules are managed by the user through the APP controller,
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Fig. 6. Use of scripting to control objects

allowing the sequence to converge in the interactive three-dimensional virtual envi-
ronment and granting a level of third-degree immersion to the user.

5 Results

The results presented in this Section show the performance of the developed appli-
cation. In order to reinforce self-identification, the first window identifies the user
through his name and validates it with one of short questions pre-recorded at the
beginning of the therapy. Short questions are parameters previously stored in a
repository, while names are part of a dynamic memory that is fed back every time there
is a new entry, so that the system can store profiles of users who previously used the
program. The use of a short name and simple answer questions facilitates the work of
the speech recognition module, where answers of less than 10 words are expected.
Figure 7 (a) presents the welcome window to the memory trainer (in which new users
can be included), continue with the session of the last user or search in the profile
repository. The user selection continues with the user’s validation (Fig. 7 (b)), where
questions such as the name of a childhood pet, home address, telephone number,
recognition of a family member, and so on, allow access to the exercises (Fig. 7 (¢)).

Remark 3: The application includes a passive time counter which is activated when
there is no response from the user or if the number of responses does not match the
correct answers stored. In this case, a help method is displayed to guide the user to
continue with the task (Fig. 6).

Depending on the day, the application suggests the execution of a specific task,
where the activities that require greater concentration have preference during the week,
while the tasks related to entertainment are suggested for the weekends (Fig. 8). Within
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Fig. 7. Welcome windows

Fig. 8. Recommended task by the application dependent on the day

these exercises there are several options: daily tasks, tasks related to professions,
relatives recognition, and entertainment tasks. Household chores, such as selecting a set
of objects in a market with an assigned amount of money, cloths washing or repairing a
piece of furniture, are referred to daily tasks, while tasks related to professions allow
choosing a task that may be related to professional activities that the user played in
previous years. On the other hand, face recognition is based on information stored in a
database, where tagged photographs of people are enclosed to the patient’s profile with
the objective of the user citing his name and kinship.
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This system will allow you
to work on your memory.
To practice with any task,

pronounce your favourite
one (e.g. Proffessions),
otherwise, say "EXIT"

Fig. 9. Selectable task menu

Finally, the entertainment tasks are a complement to a set of exercises that may be
difficult to execute. Unlike the rest of activities, the tasks of entertaining are based on
exercises that the user can execute with the help of the arrangement of cameras and the
HTC VIVE that the devices provide, such as tennis, target shooting, dancing, and so
on. Figure 9 shows the menu of tasks to be selected, where messages are presented that
are placed with the intention of guiding the user throughout the execution of the
program.

The results shown are based on two experimental cases, which show the selection
of two tasks: face recognition and related to a profession. Both show the execution of a
specific task until obtaining results to determine the level of coincidences between the
desired and the executed by the patient. In this way, the first experiment receives the
activity suggestion, while the second one shows the selection of an additional task to
that suggested by the application.

Fig. 10. Welcome message to the relative recognition application.
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5.1 First Experiment

The First experiment is developed after the suggestion of the application, using the
database which contains preloaded photographs of people related to the user’s profile.
The photographs are labeled to know the relationship between the user and the person
shown in the photo, appearing in the application at random. Figure 10 shows the
welcome message to the application, providing instructions for a successful execution.
At random, the application requests either the name of the person shown on the
screen or the degree of kinship with the user (Fig. 11 (a—c)). The level of coincidences
between the expected response and the responses generated by the user are counted by
the application, showing the results once the questions are concluded (Fig. 11 (d)).

\WASHINGTON VICTOR \VASHINGTON ViCTOR
PATRICIO FERNANDO PATRICIO FERNANDO

GZORE= CRISTIAN GZORE= CRISTIAN

\\ HAT IS YOUR KINSHIP \VITH HER/HIM?

AUNT

COUSIN MOTHER

, w \ DAUGHTZR SISTER-IN-LAW

FAULTS

¢) Relative’s kinship response d) Results of responses

Fig. 11. Execution the relative recognition task.

Remark 4: Given the ease of response in the first acknowledgments, the application
increases the level of difficulty if the number of hits is high, showing faces of more
distant relatives or non-updated photographs of people when selecting the next level.

5.2 Second Experiment

Figure 12 shows the text displayed by the graphic engine when selecting work
activities. The options are oriented to activities that the user can execute with the help
of guides and examples included in the application. In this case, the tannery profession
is shown, where the total work scenario is introduced and the places where the
machinery, controls, elements, and material necessary to carry out the daily task are
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Fig. 12. Selection of work activities

indicated (Fig. 13). It is important to emphasize that both this and the first experiment
seek to demonstrate the functioning and applicability of the proposed system, but it
does not demonstrate results on rehabilitated persons, therefore, the tests are developed
by internal collaborators. Future works based on this research will propose to prove the
effectiveness of the application.

Fig. 13. Tannery scenario

As an example, the objective of the task is to place a quantity of leather inside a
drum and wash it. For this, the task is divided into seven stages, executed successively:
(a) open the drum to place the material inside the drum, where a door which can be
opened through the HTC VIVE controllers is presented; (b) pick the leather pieces up
and place them inside the drum; (c) close and secure the drum door to start the washing
process; (d) move to the control panel of the machinery and press the power button;
(e) verify the operation of the process and wait a short time for the washing process;
(f) turn the drum off and wait until it stops completely, and finally, (g) take out the
processed leather pieces. The execution of all subtasks are shown in Fig. 14.
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Vi g

First Person View

First Person View

 First Person View

Fig. 14. Execution of the activity related to professions

Remark 5: Based on Literature [13, 14], it has been reported cases of aggressive
behaviour in older adults with memory problems who cannot perform basic activities.
In order to evaluate the reaction of these users, different avatar are placed in the work
environment. Parallel to the main execution, avatars are programmed to develop
specific and repetitive tasks, turning the work environment into a natural space that is
easy to assimilate.
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Fig. 15. Results of the task of the second experiment

Finally, a summary of results is shown, where recommendations to improve per-
formance in future executions can be deployed. In this case, Fig. 15 shows a satisfactory
execution of the user, at an appropriate time and without major recommendations.

6 Conclusions

An application to strengthen the memory of older adults through virtual reality is
presented. In order to maintain the level of information retention of a person with
memory problems, various environments are programmed, considering scenarios for
recognition of relatives, domestic tasks, activities related to professions, and weekend
games.

Each of the scenarios includes elements designed in CAD software, which are
textured and coloured to recreate real environments, and can be controlled to generate
the proposed tasks. Both sound and visual feedback try to achieve an immersion of
third level in the user, where the older adult can interact with each of the elements
distributed in the scenes. Additionally, speech recognition libraries are included to
facilitate access to applications, as well as task evaluators to rate the development of the
exercises. Finally, two experimental results are presented, showing the steps to execute
the tasks satisfactorily.

Acknowledgements. The authors would like to thanks to the Corporacion Ecuatoriana para el
Desarrollo de la Investigacion y Academia — CEDIA for the financing given to research,
development, and innovation, through the CEPRA projects, especially the project CEPRA-XI-
2017-06; Control Coordinado Multi-operador aplicado a un robot Manipulador Aéreo; also to
Universidad de las Fuerzas Armadas ESPE, Universidad Técnica de Ambato, Escuela Superior
Politécnica de Chimborazo, Universidad Nacional de Chimborazo, and Grupo de Investigacién
en Automatizacion, Robotica y Sistemas Inteligentes, GI-ARSI, for the support to develop this

paper.

144



284

F. A. Chicaiza et al.

References

10.

11.

12.

13.
14.

Inouye, S.K., Westendorp, R.G., Saczynski, J.S.: Delirium in elderly people. Lancet 383
(9920), 911-922 (2014)

Organization World Health, “World report on ageing and health 2016,” Ageing and life-
course, September 2016. http://www.who.int/mediacentre/factsheets/fs404/en/. Accessed 25
Mar 2015

. World Health Organization, “Interesting facts about aging,” Media centre, September 2015.

http://www.who.int/ageing/about/facts/. Accessed 25 Mar 2018
World Health Organization, Mental health of older adults, Media centre, December 2017.
http://www.who.int/mediacentre/factsheets/fs381/en/. Accessed 26 Mar 2018

. Sotolongo, P.C., Carrillo, P.C., Carrillo, C.C.: Cognitive impairment in the third age. Rev.

Cuba. Med. Gen. Integral 20(5-6), 10-15 (2004)

. World Health Organization, International Classification of Functioning, Disability and

Health, ICF. World Health Organization, vol. 1, no. 1, pp. 1-15 (2001)

. Gu, J., et al.: Multimorbidity and health-related quality of life among the community-

dwelling elderly: a longitudinal study. Arch. Gerontol. Geriatr. 74, 133-140 (2018)
Barbosa, H., Castro, A.V., Carrapatoso, E.: Serious games and rehabilitation for elderly
adults. GSJ 6(1), 275-280 (2018)

Andaluz, V.H., Pazmifio, A.M., Pérez, J.A., Carvajal, C.P., Lozada, F., Lascano, J., Carvajal,
J.: Training of tannery processes through virtual reality. Augmented Reality Virtual Reality
Comput. Graph. 10324(1), 75-93 (2017)

Naranjo, C.A., Ortiz, J.S., Alvarez, V.M., Sanchez, J.S., Tamayo, V.M., Acosta, F.A.,
Proafio, L.E., Andaluz, V.H.: Teaching process for children with autism in virtual reality
environments. Educ. Technol. Comput. 2017(1), 4145 (2017)

Andaluz, V.H., Guaman, S., Sanchez, J.S.: Autonomous March control for humanoid robot
animation in a virtual reality environment. Comput. Kinematics 50, 70-78 (2017)

Pang, H., Kwong, E.: Considerations and design on apps for elderly with mild-to-moderate
dementia. Inf. Networking (ICOIN) 2015(1), 348-353 (2015)

Brodaty, H., Low, L.: Aggression in the elderly. Eur. PMC 64(4), 36-43 (2016)

Power, K.: Experiences of aggression and violence across dementia and adult acute
psychiatric facilities. University of Warwick, England (2016)

145



José Varela-Aldas

V1. Effects of immersive virtual reality on the heart rate of athlete’s warm-up.

Referencia:

Varela-Aldas, J., Palacios-Navarro, G., Garcia-Magarifio, 1., & Fuentes, E. M. (2019). Effects of
immersive virtual reality on the heart rate of athlete’s warm-up. In International Conference on
Augmented Reality, Virtual Reality and Computer Graphics (pp. 175-185). Springer, Cham.

146



Effects of Immersive Virtual Reality
on the Heart Rate of Athlete’s Warm-Up

José Varela-Aldas'>®9 , Guillermo Palacios-Navarro?
Ivan Garcia-Magarifio® @, and Esteban M. Fuentes'

b

' Grupo de Investigacion en Sistemas Industriales, Software y Automatizacion
SISAu, Facultad de Ingenieria y Tecnologias de la Informacion y la
Comunicacién, Universidad Tecnoldgica Indoamérica, Ambato, Ecuador
josevarela@uti. edu. ec, tebanfuentes@gmail. com
2 Department of Electronic Engineering and Communications,
University of Zaragoza, Zaragoza, Spain
guillermo. palacios@unizar.es
3 Department of Software Engineering and Artificial Intelligence,
Complutense University of Madrid, Madrid, Spain
igarciam@ucm. €s

Abstract. An adequate warm-up prior to intensive exercise can bring benefits
to athletes, these requirements may vary depending on the physical activity and
the training needs. The immersive virtual reality could have benefits in the
warm-up and it can be determined by physiological data of the athlete. This
work presents a mobile virtual reality application to stimulate the warm-up of an
athlete using a standard treadmill, where the developed application is composed
of a pleasant and stimulating environment. A Smartphone and the Gear VR are
used as an HMD device, and wireless headphones are placed in the users, in
addition, the heart rate of the athletes is monitored using a Polar H7 sensor.
Experimental results are obtained in athletes with similar characteristics and
conditions, identified a direct relation of the virtual environment with the pul-
sations per minute (ppm), denoting pulsations greater than usual in case of the
stimulating environment and lower pulsations for the pleasant environment.
Finally, a usability test is performed that shows the level of sociability of the
system.
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Immersive virtual reality offers the possibility of comparing the human response in
activities and processes within virtual environments with respect to situations presented
in the real world, in order to analyze the perception, preference, and behavior of the
user. The concurrent areas in the use of this technology are medicine, psychotherapy,
and education, advantageously these immersion systems are available to almost all
researchers [1]. In medicine, the user can improve the learning processes of the human
anatomy, reviewing the internal composition of human parts, including complex
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elements of the brain [2]. It is also possible to study decision-making processes by
applying subjective and objective evaluation techniques [3]. On the other hand, virtual
neurological rehabilitation allows the patient to improve their cognitive functions even
when the lesion is in the subacute period [4] and in motor rehabilitation when the
patient has lost mobility, the positive effects of these applications have been demon-
strated using different methods [5]. In addition, virtual reality has allowed diagnosing
physical and psychological states; studies determine the consumption of metham-
phetamines through social virtual environments and analyzing neurophysiological
signals [6]; stress levels are qualified by the variability of the heart rate in situations of
tension within immersive virtual environments [7]. The development of these appli-
cations requires a correct insertion of the immersion components, as well as an ade-
quate coherence to the responses of the virtual environment, studies show that
discomfort occurs in the user due to lack of coordination [8].

To determine the benefits and usability of a virtual reality system, it is necessary to
rely on surveys and physiological data that validate this information. Current tech-
nology has facilitated acquiring sensory information from the user, reducing the size of
the sensors, new communication devices, and connectivity, allowing the use of mul-
tiple contact devices which are widely used in medicine [9]. The data commonly
recorded are heart rate, systolic blood pressure, diastolic blood pressure, electroen-
cephalography, core temperature, eye movement, and so forth. [10], These data allow
to measure states of relaxation and stress, especially in situations of great pain and
discomfort [11]. Several proposals manage to quantify the concentration of the user
through real-time information and some works manage to design telemetric monitoring
systems for patients [12, 13].

Sport is a human activity with a high degree of influence on the quality of life, for
this reason there are multiple virtual reality games to encourage exercise and study the
user’s physical responses, thus, Exergame includes the virtual tracking of the body
movements of the user, combining physical activity and visual feedback, achieving
favorable responses according to studies [14]. Soccer experts have evaluated first-
person immersive virtual training systems [15], recommending its use. To study the
daily exercise or any sport activity, several data of the user-application system are
required, from knowing the movements made in real time to measuring the physio-
logical conditions affected [16], where it had seen that the more immersive the
application of virtual reality, the greater stimuli are generated in the human body and
reactions similar to those produced by real exercises are achieved [17]. An element of
incidence are the landscapes which appear in the virtual environment, because physical
activities are usually carried out in confined places, virtual training allows to improve
the comfort of the user and highlight the benefits of exercising in spaces of reality
virtual [18]. The intensity of exercise in active virtual reality games has been studied by
oxygen consumption and heart rate, obtaining important data to determine the meta-
bolic rate of the activity and making decisions by specialists according to the
requirements [19]. Finally, the users of a football training software with immersive
virtual reality presented performance improvements of up to 30% in 3 days of eval-
uation [20].

This work performs the analysis of warm-up on a treadmill using visual stimulation
using immersive virtual environments. The purpose is to stimulate the walk by
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presenting landscapes and measuring the heart rate in each case, the application is
developed using the Gear VR and the raw data is acquired using the Polar H7 sensor.
The document has been organized in the following manner: (ii) formulation of the
problem, the problem to be solved is analyzed and a proposed structure is presented;
(iii) Proposed system, the components of the system are detailed; (iv) Virtual envi-
ronment development, the implementation of virtual environments is described; (v)
Results, the results obtained through experimentation and applying a usability test are
presented; (vi) Conclusions, the final proposals are presented.

2 Formulation of the Problem

In physical training, the first step recommended before running exercises is warm-up,
where the purpose is to prepare the muscular system for more violent or forceful
movements. Technically, most athletes do not have control of the level of warm-up
required for their training and the components of gyms and sports areas do not motivate
the proper development of this stage of training. In professional sports, a careless
warm-up can cause serious injuries and affect the health of the athlete. On the other
hand, an inadequate warm-up could generate discomfort in the later phase, affecting
performance. For these cases, improving the environment surrounding of the athlete
could generate changes in their performance, and it is possible to influence him/her.
The level of involvement of the immersive virtual reality in the warm-up phase of an
athlete depends on the recreated virtual components and the devices used, this influence
could be positive or negative in the user, so it is important to design properly the virtual
environments to be used.

The effect produced by the virtual environment in an athlete while performing
physical warm-up on a treadmill can be analyzed through a survey or using physio-
logical data. This information can be used by specialists who make the decisions that
best suit the athlete. In this context, it is proposed to develop a virtual reality appli-
cation to stimulate warm-up using a treadmill while acquiring heart rate data in the
user, as shown in Fig. 1. The HMD device works by means of a smartphone, using
additionally a waterproof belt type sensor called Polar H7.

Storage of Analysis
1
| Smartphone |
HearI Rate VirtuallReality
Sensor
i |
Physiology Athlete
l
Test

Fig. 1. Proposed structure
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The implementation of virtual environments aims to stimulate the athlete through a
landscape of relaxation and excitement, influencing the heart rate and motivating the
mood of the user. The application can be used on a treadmill or controlled trips in fully
structured areas. Finally, the information collected is compared to normal warm-up to
determine the variations.

3 Proposed System

The structure of the proposed system is split into three groups: the game objects
inserted in Unity, the control scripts for the virtual elements, and the external input and
output devices. Figure 1 shows the structure of the system, where each component is
presented (Fig. 2).

Sneces |+ Selector T 1 l l
Scene 1 Scene 2 Scene 3 Scene n
GAME OBJECT S e,
VR device 3D Models Environmental Audio

§ il B il

Device ID Interact Audio
; Controllers
| Oculus Library |
EXTERNAL
Gear VR Audio 3D

Fig. 2. System components

In Unity there are the scenes of the virtual reality environment, depending on
whether it is necessary to stimulate the state of relaxation or excitement. In this stage,
the 3D models which make up the landscape observed by the athlete are inserted, the
scenes are independent and have their respective models; likewise, the virtual reality
device is defined by a game object which allows its operation, and finally, there are
game objects linked to spatial audio sources.

On the other hand, scripts allows communication between Unity scenes and
external devices (HMD and headphones); they coordinate the functions of the game
objects and the actions of the game; and the oculus libraries manage the Gear VR
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recourses. The input devices are the internal sensors of the Smartphone and the output
devices are the mobile virtual reality glasses and the wireless headphones.

For the acquisition of heart rate data, an additional mobile application which
receives the sensor information is used. The device used is the polar H7, this sensor is
characterized by its robustness and resistance to conditions of almost any sports
activity, including swimming. Figure 3 illustrates the heart rate sensor used.

Fig. 3. Heart rate sensor

4 Virtual Environment Development

Two types of environments are developed to implement the application and the
functions of the virtual elements. The scene of relaxation consists of sunny days and
dense vegetation, and the stimulating environment with dark scenes.

Fig. 4. Scene of Relaxation
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Figure 4 shows the images of the relaxation place, a trail-like environment for the
athlete’s walk surrounded by relaxing attractions. The components have been entered
using prefabs from multiple assets and have been placed in the scene by position
parameters and rotation parameters of the scene inspector.

Figure 5 shows the images of the stimulating environment, an abandoned place
which is in flames. The components have been entered in a similar way to the relax-
ation area and fire effects have been inserted using the Unity particle system.

Fig. 5. Excitement environment

Regarding the movement of the user, a control script is created which allows the
movement of the virtual camera in the walking area, and through player.transform.-
position, the displacement has been designed in a cyclical manner, that is, when the
player reaches the end of the route, he/she is located again at the beginning.

5 Results

Next, the results obtained using immersive virtual reality in the physical warm-up
phase of athletes using a treadmill are presented. The results are evaluated using the
data acquired by the Polar H7 sensor and applying a usability test of the application.
Given the random and constant movement due the sport activities, for the visual output
is used a Galaxy S8+ Smartphone with Gear VR, while for the output are used the Z8
wireless headphones. Figure 6 shows an experienced user the virtual reality system.
The experiments are carried out in 4 athletes who regularly attend the gymnasium
of the Universidad Tecnologica Indoamérica, all male between 22 and 24 years old.
The tests are performed on a standard treadmill at a constant speed of 2.5 km/h and
with a duration of 10 min. In the first test, the users perform the exercise without the
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Fig. 6. Athlete testing the system

Gear VR, and their cardiac responses are monitored, obtaining the data of Fig. 7, where
it is observed that the athletes reach maximum peaks of 143 ppm in this period,
maintaining a range of pulsations between 128 and 143 ppm in the stationary stage.
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Fig. 7. Heart rate without virtual environment

Evaluating the scenes of relaxation, the individuals generated the cardiac pulses of
Fig. 8, observing a maximum heart rate of 136 ppm, and maintained a range of pul-
sations between 122 and 136 ppm in the stationary phase, which indicates a reduction
of heart rate respect to normal exercise conditions, due to the effect of relaxing place on
the walk.
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Fig. 8. Heart rate with virtual scenes of relaxation

From the experiment with the stimulating virtual environment, the heart rate signals
of Fig. 9 were obtained, showing a maximum heart rate of 154 ppm, and a range of
heart beats between 131 and 154 ppm in a permanent period, which indicates an
increase in average heart rate with respect to normal walking conditions.
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Fig. 9. Heart rate with virtual excitement environment

Figure 10 shows a comparison of the previous experiments, observing a greater
heart rate in the case of experiencing a virtual environment of excitement, and lower
pulsations when individuals visualize the virtual environment of relaxing. Demon-
strating a clear influence of the immersive virtual reality in the physical warm-up with
the conditions exposed in this work.

To evaluate the usability of this application, a SUS test is applied, widely used in
mobile applications, for which the procedures detailed in [21] are used. Table 1 shows
the results of the test applied in the 4 test subjects, obtaining a total of 27.25 and
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Fig. 10. Comparison of heart rate responses
Table 1. Test SUS results
Question Score Score Score Score Mean | Operation
1 2 3 4
I think I would like to use 2 3 2 2 2.25 1.25
this system frequently
I find this system 1 1 2 1 1.25 3.75
unnecessarily complex
I think the system is easy to | 4 4 4 4 4 3
use
I think you would need 1 2 2 3 2 3
technical support to make
use of the system
I find the various functions 3 4 2 3 3 2
of the system quite well
integrated
I have found too much 2 1 1 2 1.5 3.5
inconsistency in this
system
I think most people would 4 3 4 4 3.75 2.75
learn to make use of the
system quickly
I found the system quite 2 2 2 1 1.75 3.25
uncomfortable to use
I have felt very safe using 2 2 2 1 1.75 0.75
the system
I would need to learn alot | 1 1 1 1 1 4
of things before I can
manage the system
Total 27.25
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multiplying by the factor 2.5, a final assessment of 68.125 is obtained, which can be
considered as in the acceptance limit, indicating that improvements are required for the
recurrent use of the system. The test shows resistance to the use of the application on a
frequent basis by users, they also consider that virtual reality functionalities have not
been well integrated, and they do not feel safe using the system.

6 Conclusions

The work presents the influence of an immersive virtual reality application in the
physical warm-up phase of an athlete using a standard treadmill. For this purpose, a
virtual environment of relaxation and another virtual scenario of excitement are
implemented, the Gear VR is used to perform the experimental tests and the heart rate
is monitored by a specialized sensor. The virtual environments are developed using the
basic characteristics of Unity, considering that the user experiment in first person,
where wireless sports headphones are used to increase the level of immersion.

The results obtained show notable differences in the heart rate of the athletes,
starting from the analysis under normal training conditions which allow to compare the
effects of the system on the user. The virtual environment of relaxation maintains a
heart rate lower than the normal and the exciting virtual environment produces a higher
heart rate, conditions which can be used by a specialist to obtain the desired effects in
the subsequent intensive training. In addition, the usability of the applications is
evaluated, demonstrating that some shortcomings in the system can be improved,
mainly related to comfort and user satisfaction.
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Abstract. An immersive virtual reality application was developed as a serious
game to support children on their decisions about food, the system was com-
posed by the Gear VR (Viewer and controller), and a phone which contains the
mobile application developed in Unity, providing the immersive environment,
the platform was based on a path where the player has to go through it choosing
between different sort of meals and also between different physical activities, the
effect of balanced diet plus adequate physical activity seems reflected on the
avatar previously chosen by the user, the app was tested on 12 children between
8 and 10 years old during one week, children participated on the study after
receiving an informed consent, analyzing the tendencies of food choice on
children before and after, a notorious positive effect could be seen on the users
according to the avatar analyzed at the end of the round, besides a System
usability ore was also applied to evaluate the degree of usability of the app,
reaching a ore of 88.33% which rates the app as very usable, this results were
even better than what was planned at the beginning of the experience.

Keywords: Virtual reality + Nutrition + Children + Serious game
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Food intake nowadays it’s been taken in count as a very important part of public health
even on developed countries due to the influence which has with the creation of tissues
along the children growing up process, besides the influence over the metabolism which
can have the food intake with a huge caloric content, we have to take in count that one of
the major health problems that the world deals with is obesity or some problems linked
to the diet habits. Lack of physical activity plus a very rich carbohydrate, sugar or fat
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food intake through fast food, junk food, sweets or pastries are the perfect recipe to
develop health troubles and even worse if it is between young ages [1-5].

The best way to deal with health troubles such as obesity or children diabetes is
education, but taking in count that technology is all the way around us, why not to take
advantage of it and its positive proved effects over young population and to use is as a
support tool, for example the Virtual Reality which is one of the new tendencies and
has converted on a main trend specially when talking about video games or different
sorts of therapy, so it is been widely applied on different topics than nutrition mainly on
cerebral palsy [6, 7], but could have an amazingly positive effect over children at the
moment of making food choices [8—14].

This work describes an immersive virtual reality application to encourage healthy
eating in children on a friendly way, using the Gear VR as a head-mounted display
(HMD) device. The results present the virtual environment developed and the chil-
dren’s response.

2 Materials and Methods

For the development of the present study a previous informed consent was requested to
the parents of the participant children, the immersive virtual reality application was
performed on 12 children between 8 and 10 years of both genders, to whom a ques-
tionnaire of food preferences was applied before and after using the virtual reality
system, for a week, the motivation for the participation was mainly the use of tech-
nology and the novelty of the device for the children use.

The objective was to develop a serious game which allows the user, to make
decisions about food intake and relate it to its effects over an avatar, the user in this case
was focused on children and the platform let the child to choose between two food
options, consequently, the avatar seems to be affected physically and emotional
according to the food intake or even related to the physical activity that is another
variable which affects the state of the avatar such as the old virtual pets

The Fig. 1 presents the system components, where the child interacts with the
virtual reality application using the Gear VR (Viewer and controller), in addition, a
phone contains the mobile application developed in Unity which is going to provide the
immersive environment.

Virtual Environment
(Unity)

User

I
% I Mobile device
[
I
I
I
|
T
I

I
]
I
I
| Controller
I
I
I

Fig. 1. Components of the Immersive virtual reality application
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The game consists of a corridor platform to be followed while encountering the
different feeding options, the user’s interaction with the virtual environment was car-
ried out using a handheld controller and the movements of the user are made on first
person using the touchpad, when the user finds the foods, a selection laser is enabled
which allows to point towards the desired food, and is finally chosen by pulling the
trigger of the hand controller; as explained before the choice can be taken from two
types of meals, one characterized as healthy food such as vegetables, fruits and dishes
with balanced proportions of nutrients (carbohydrates, vitamins, proteins) that can be
understood at simple eye, on the other side we can find junk food, such as French fries,
pizza, hamburgers and hyper caloric foods.

As a plus we can find through the path some physical activities characterized by
games where children can have body movement and some fun, then the realization of
these activities will be reflected also on the avatars shape and mood.

The avatar is presented in the upper right of the user’s view as an image of a boy or
girl (according to the previous configuration), and changes its appearance with the
user’s decisions along the course of the tour. Principal effects when choosing junk
food, can be seen as illness symptoms over the child avatar, nuanced by overweight by
the shape of the avatar, sadness expressed by facial expressions and darkness on the
environment, progressively; on the other side, when choosing healthy foods, the avatar
has a robust strong shape, healthy and happy appearance related with the facial
expression of the avatar and a shiny environment. Additionally, the avatar image uses
red, orange and green background colors to highlight in health status; bad, regular and
good, respectively.

A System Usability ale (SUS) was employed to each child with the help of their
own parents, SUS was applied to verify or in our case, to define the usability of the
Immersive Virtual reality application for the use of children [15-17].

3 Results

System tests were performed over children between 8 to 10 years, Fig. 2 presents a girl
using the application (left) and the virtual reality environment (right).

//z// ,/" ? ,'””3,,’ A
/; ’j’?‘x /QA A

Fig. 2. Immersive virtual reality test application
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The proposal was evaluated by 12 children with an average age of 9 years, to whom
a questionnaire of food preferences was applied before the use of the application where
was clear the preference for non-healthy foods and low interest for physical activities
was notorious (Table 1).

Table 1. Responses collected before de Immersive virtual reality test application

Question 'Scl|2{3/4/5/6/7/8 9[10]11]12]Count| %
When you are hungry, ;What do you think is healthier?:

Plate of meat, salad, rice, sauce | 1 1 8
Hot dog, French fries 1{1/1f1j1/1f{1/1/1 |1 |1 |11 92
When you are thirsty ;What would you prefer?

Fruit juice/water 1 11 1 4 33
Cola, powder juice, ice tea 1 111 1yr |1 |1 |8 67
When you will get a snack, ;What do you think is better for your health?

Fruit 1 1 1 3 25
Potato chips, cookies 1 11 1(1]1]1 1 1 9 75
On your Spare Time ;What would you prefer?

Stay in Bed/watch TV 1 1 1 1 1 5 42
Go to exercise, play sports 1111 1 11 1|7 58

To analyze the effect after using the virtual reality system for a week, the data
collected is presented in the Table 2. where a highly notorious change can be seen, in a
good way children accept and differentiate between what is tasty but certainly not that
healthy as nutritive food specially o the snack where the 100% decided to choose a fruit.

Table 2. Responses collected after de Immersive virtual reality test application
Question 'Sc1(2(3/4(5/6/7/89/10 11 12| Count| %
When you are hungry, (What do you think is healthier?

Plate of meat, salad, rice, sauce | 1 1{1{1]1]1 1 1|1 |1 |10 83
Hot dog, French fries 1 1 2 17
When you are thirsty ;What would you prefer?

Fruit juice/water 1 11 1 1 1|1 7 58
Cola, powder juice, ice tea 1 1 1 1 1 5 42
When you will get a snack, ;What do you think is better for your health?

Fruit 1 Li1|r|rf{1rfrf{rj1yr |1 |1 |12 100
Potato chips, cookies 0 0
On your spare time, ;What would you prefer?

Stay in Bed/watch tv 1 1 1 3 25
Go to exercise, play sports 1 1/1(1]1]1 11 1 9 75
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In addition, application data was obtained regarding the selection of food in the
game. The results showed a tendency to choose healthier foods as they use the
application, although at first they preferred the most harmful foods for health related to
good taste and lack of interest by physical activities (Table 3).

Table 3. Differences on the children choices before and after the Immersive virtual reality test

application

Question Before After Dif.
(%) (%) (%)

When you are hungry, (What do you think is healthier?

Plate of meat, salad, rice, sauce 8 83 75

Hot dog, French fries 92 17 =75

When you are thirsty, ;What would you prefer?

Fruit juice/water 33 58 25

Cola, powder juice, ice tea 67 42 -25

When you will get a snack, { What do you think is better for

your health?

Fruit 25 100 75

Potato chips, cookies 75 0 =75

On your spare time, {What would you prefer?

Stay in Bed/watch tv 42 25 -17

Go to exercise, play sports 58 75 17

The application of the SUS showed results even better than expected, being an
Immersive virtual reality application characterized as very usable (88.33%) data was
collected and presented on the Table 4, which includes the Scores for every user, the
application of the SUS was made with the help and presence of the parent of every
child and confirmed that the application was very friendly with the user and generated a

good impact.

Table 4. Scores obtained by the SUS application and the estimated SUS.

Question Scl|2|3|4(5|6|7|8 10| 11|12 | Mean | Operation
1. I think I would like to use this |5 |4 (3|4 |5|3|3|5 4 (4 |3 1392 2,92
system frequently
2. I find this system 1 211(2(111(2]2 2 11 |2 1,5 3,5
Unnecessarily complex
3. I think the system is easy to |5 5/4/5/4|5/415 4 (4 |5 4,5 3,5
use
4. 1 think you would need 1 I/1)1f1)1]1]1 1|1 |1 1 4
technical support to make use of
the system

(continued)
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Table 4. (continued)

Question Scl |2 41516 8(9/10| 11|12 | Mean | Operation
5. I find the various functions of | 4 5 41415 4 |4 |4 14,25 3,25
the system quite well integrated
6. I have found too much 1 1 111 1 (1 |1 1 4
inconsistency in this system
7. 1 think most people would 5 |5 5/5|5 5 5 15 |5 5 4
learn to make use of the system
quickly
8. I found the system quite 1 1 1/1(2 1 2 /1 |1 |[1,33 3,67
uncomfortable to use
9. I have felt very safe using the |5 |4 5146 4 4 |5 |5 | 45 3,5
system
10. I would need to learn a lot of | 1 2 112 3 312 |1 2 3
things before I can manage the
system
Add [3533
Factor 2,5
SUS | 88,33

4 Conclusions

Due to globalization, trends on food intake are going favorably to the consumption of
hyper caloric diets. The current food trend is to consume fast food foods harmful to
health, so it is important to develop technological tools that promote healthy eating.
The immersive virtual reality application developed helps instruct children in the
consequences of poor nutrition, promoting changing food tastes in a fun way. The
results obtained through the application and the questionnaire indicate a positive

influence on food preference.
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Abstract. Memory loss is a problem that affects the majority of older adults
worldwide. Making an early diagnosis allows specialist doctors to carry out
rehabilitation programs as a preventive measure against cognitive problems.
This has motivated the development of the present application for the diagnosis
of memory, based on the already existing Face-Name Associative Memory
Exam (FNAME). The test counts the number of correct answers when matching
the face with the corresponding name, using the associative memory. In this
way, a process that is previously carried out manually is automated, prioritizing
having a more accurate measurement of the response times of the participants. In
addition, a self-test is presented that allows having a second criterion on the
user's diagnosis. Both tests are presented in an interactive interface that has been
designed using MATLAB software, using the uicontrol tool. The experimental
tests carried out corroborate the correct operation of this proposal, the results of
which show scores and response times.

Keywords: Associative memory - Memory diagnosis - Early detection -
Automated testing

1 Introduction

Memory is one of the most developed cognitive functions that humans have compared
to animals [1, 2]. It is a basic element of the learning process, since it allows the person
to store all kinds of information [3, 4]. Cognitive psychology and neuropsychology, as
part of the study, have described different types of memory, among which stand out:
the episodic, short and long term, semantic, procedural and associative [5]. These
associations can be simple, like relating a known face to its respective name, but most
of the time it is more complex and each memory is linked to many others. For this,

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
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various brain regions are used: the visual cortex and occipital for access and image
interpretation, frontotemporal regions for the organization and identification of features,
the hippocampus to access memories related to the people patient see and the poles
temporary to access the name [6].

Remembering a face is quite important in the social bond of the human being [7].
This process seems simple, since various faces are memorized throughout life,
including several of the details. But the reality is that several factors intervene that
enhance or reduce this capacity, for example, emotional aspects: remembering some
faces more than others. There are also racial factors: the faces of individuals of the own
race and geographic position are better recognized and remembered [8]. The memory
of faces has been the subject of study by several researchers as can be seen in
manuscripts [9] and [10]. These have studied the characteristics of face memory and its
interaction with long and short-term memories, respectively.

In order to know the state of this cognitive capacity, it is important to use diagnostic
tools to quantify its performance [11], with the help of technology it is possible to
improve the characteristics of these tools [12—15]. In response to this, Rentz et al.
designed in 2011 the Face-Name Associative Memory Test (FNAME) [16]. In some
studies this intermodal associative memory test includes 16 face-name pairs and 16
face-occupation pairs, with a total of 32 pairs to remember [17]. Faces and names are
presented and then asked to use the memory to recognize the pair (name-face). After its
application, it is established whether the result is correct or incorrect, the number of hits
and the reaction times for each execution.

This test has been applied as part of the treatment of various diseases. A work
described in [18] evaluates the validity and reliability of the FNAME test in adults, to
diagnose Parkinson’s disease. The research carried out in [17] describes the studies that
have explored the FNAME as a tool to establish the early diagnosis of Alzheimer’s
disease. This study highlights the Memory Capacity Test, FNAME Test and The Short-
Term Memory Binding test. In addition to the original version, an adaptation to the
Spanish language of the FNAME test has been made as presented in the works [19] and
[20]. These investigations were applied to evaluate Alzheimer’s patients from
Colombia and Spain respectively. In [19] an adaptation has been made to 24 questions
depending on the needs of the research, which is valid based on the need.

As has been presented in the bibliography, this diagnostic tool is commonly applied
in older adults to define the percentage of the cognitive problems. In this work it is
proposed to apply it to adults of different ages, as a preventive measure for the mental
health and to have an early diagnosis. Usually, the test is done manually, presenting the
images and names in presentations and the times are taken with a timer. This has
motivated the present investigation and for this reason an interface has been developed
in which this test can be applied in a more interactive way. The design is carried out in
the MATLAB mathematical software and the tests are carried out on a personal
computer. In addition to applying the FNAME test, a self-test is performed, which
allows for more results; all this as part of an investigation of associative memory.

This document consists of 4 sections, where Sect. 1 is the introduction. Materials
and methods are described in Sect. 2. The results of the experimental tests are pre-
sented in Sect. 3 and the conclusions in Sect. 4.

168



Memory Diagnostic Application Using the FNAME 43

2 Materials and Methods

2.1 Application Design

The FNAME application has some variations in the characteristics and the number of
questions, in its case it uses 30 pairs of names and faces. Generally, this test is applied
using digital slides that are manually controlled by the evaluator, this makes it difficult
to take the user response time accurately, and even affects the evaluation results. On the
other hand, the development of applications for the diagnosis and treatment of neu-
rodegenerative diseases is very common at present, these tools are important to agitate
and improve medical processes, specifically to respond promptly to the disease. The
objective of the application implemented in this work is to automate the FNAME test
application, to this three stages have been designed as shown in Fig. 1.

The training stage - the user memorizes the faces and names presented on the
screen, these data appear for a certain time and advance automatically until finishing
the options.

The evaluation stage - the user must identify all the memorized faces, one at a time,
relating the image to its respective name, choosing the correct name from four options
presented on the screen.

The results stage - the results obtained are presented, this includes the score reached
in the evaluation and the response times of the user. The results allow a medical
diagnosis to be made and are saved in a file compatible with Excel, to generate a user
history.

User

Training stage

User

Evaluation stage

Results

m B

xIsx

Fig. 1. Diagram of the stages that make up the application.
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2.2 Programming

The application is developed in MATLAB. This is flexible software with useful tools to
implement the requirements of this proposal. To generate user interfaces, the software
has two ways of working, by means of an assistant (GUIDE) and using structured code
(uicontrol), in its case it uses the uicontrol command that offers greater control of the
elements in the user interface. Figure 2 shows the algorithm used for the proposed
application initially the user enters the data, such as: name, age and whether or not she
has a history related to memory problems. The data is then loaded for evaluation,
reading the names and images of the faces from a database (dataset and imread).
Proceeding with user training, presenting the 30 pairs sequentially, for each face-name
6 s are given to memorize the data (imshow). It continues with the evaluation, asking
the user the names of each face presented in the training, in each question the user can
take the time required and this value is continuously timed (style: radioButton, tic-toc).
At the end of the test, the final score is generated in percentage of correct answers and
all the data is saved in an XLSX file (xlswrite).

Enter user data

l

Read face-name

Photos
and names

Time

Match face-name

Calculate score

Save results (.xlsx)

Show face-name

Fig. 2. Application flow chart.

2.3 Participants

To recruit volunteers, an open call to the public is carried out, obtaining a total of 33
registrants of different ages. As an exclusion criterion, the Mini-Mental State Exami-
nation MMSE test is applied, which allows detecting mental problems, discarding 3
participants who had a score lower than 26/30. The rest of the participants passed the
exam and gave informed consent to carry out the experiments. In addition, all the
ethical standards established in the regulations of the sponsoring University are
followed.
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This research is based on the quasi-experimental method, since it cannot have
absolute control of all situations. Therefore, they are not using randomly chosen
patients, but a previously constituted group. Techniques of this method are also used,
such as questionnaires and standardized tests.

To test the application, participants of different ages have been selected and the
characteristics are presented in Table 1. In total, there are 30 volunteers to evaluate the
app, of these 17 are men and 13 are women, which describes that there is a higher
percentage of males (57%). In relation to age, two groups are created: 6 participants
aged 60 years and over and 24 volunteers under the age of 60; the average age of the
entire group is 33 years, with a standard deviation (SD) of 10 years. Of all the par-
ticipants, 77% did not have a history related to cognitive diseases or memory problems.

Table 1. Demographics of the participants.

Characteristic | Kind | Number | % Mean | SD
Gender
Male |17 57%
Female | 13 43%
Age 33 10
>60 6 20% | 61 1
<60 24 80% | 29 7
History
Yes 7 23%
No 23 77%

In addition, participants complete a self-test, this exam contains 6 questions to
quantitatively rate the perception of the state of the memory. These questions are
obtained from an online test endorsed by Psychology Today [21]. Each question has 5
possible answer options valued as follows: 1- Almost never, 2- Rarely, 3- Sometimes,
4- Frequently and 5- Almost always. This exam is scored as a percentage according to
the total score and with respect to the maximum possible score. The self-test is made up
of the questions presented below:

1. Do you have difficulty in remembering phone numbers?

2. How often do you forget the location of everyday items?

3. How often do you have to replace passwords because you don't remember the
original one?

4. How often do you forget what you were going to do next?

5. How often do you organize two or more plans for the same hour by
forgetfulness?

6. How often do you have to ask someone to repeat what they said because you
don't remember it?
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3 Experimental Results

3.1 Functional Testing

The tests with the participants are carried out individually and supervised by a tech-
nician to attend any problem. In all cases there are no difficulties in using the appli-
cation and the participants expressed satisfaction in the development of the
experiments. Figure 3 shows images of the application's user interface.

EXAMEN ROSTRO - NOMBRE EXAMEN ROSTRO - NOMBRE

Ester ¢Quien es?

ORita
O Marina
O Ester

OElisa

ENTRENANDO | CONTINUAR,, |

Fig. 3. Application of the FNAME test in operation.

3.2 Application Results

Figure 4 presents the final results of the application used in the 30 participants. The
scores obtained in the FNAME test and the evaluation times in each participant are
observed, this information being valid for a quick diagnosis of the patient. In general,
the scores are very diverse and the average is 50%, none exceeds 77% correct answers,
and there are no scores less than 20%. On the other hand, the total response time has an
average of 4.4 min, with a maximum time of 7.6 min and a minimum time of 2.4 min.
In the correlation analysis between the FNAME score and time, there is a negative
correlation of —0.47, which is not conclusive regarding the relationship between these
variables, but there is some inverted influence of time with the score obtained.

In this way, the scores and response times of the participants are automatically
obtained. The Face-name test is normally applied manually, this implies that the
researcher must show the slides containing the training data one by one, trying to
maintain an equitable time in each presentation. Furthermore, the only data acquired in
the manual process are the scores obtained in the evaluation stage, and this informatics
tool accurately provides the patient’s response time for a more in-depth analysis of the
cognitive state.
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Fig. 4. Results of the scores and times obtained in the FNAME test.

3.3 Comparison with the Autotest

In the Autotest results, data apparently similar to the FNAME test results are obtained,
as can be seen in Fig. 5. In the self-test there is an average of 64%, the maximum score
is 82% and the minimum is 14%. The correlation results indicate a coefficient of 0.1,
this value indicates a minimum positive correlation, which does not support a con-

nection between the self-criteria of the participants and the results generated in the
application.

100 i : FNAMEIvs Autotest

FNAME
Autotest

Score [%]

5 10 15 20 25 30
Number of Participant

Fig. 5. Results of the FNAME vs Autotest.
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3.4 Discussion

Aging is a normal process in the life cycle of all living beings and that is why it is
necessary to be able to evaluate certain cognitive functions that are gradually deteri-
orating. Both in [17] and [18] the use of FNAME is demonstrated as an early diagnostic
tool for the treatment of Alzheimer’s disease in older adults. This context is important
because it strengthens the purpose of this research and also allows a contrast to be made
when using participants who are young and older adults, obtaining different results.
With respect to the works [19] and [20] they represent a basis for this document, since
they allow to corroborate the use of this test for Spanish-speaking people. Although
each proposal has different parameters of evaluation and tabulation of results, it can be
seen that the results vary according to the population being studied (Colombia, Spain)
and Ecuador in this research.

4 Conclusions

Memory in a higher mental process that in the light of cognitivism has made it possible
to understand that it is not a unitary and independent function but that it presents
several types of memory whose terminology may vary according to some researchers,
its functionality is given by the interaction of multiple neural networks that link areas of
the cortex and subcortex, being complex their study and diagnosis through various tests
proposed over time, the development of technology can offer better opportunities for
their study.

The FNAME test is a widely used tool in the diagnosis of neurodegenerative
diseases in prone or elderly patients, as shown in the literature. This document presents
a computer application to apply the FNAME test, automating the training process,
evaluation and generation of results. The application is implemented in MATLAB
software and is applied to 30 participants of different ages. The results show total scores
and time of each test performed, obtaining parameters for early diagnosis and pre-
vention of cognitive problems related to memory. Besides, a self-test is applied that
generates results that are not consistent with the application's results, evidencing the
need for this application to contrast with the patient's own perception of his memory
capacity. Although conducting a quasi-experimental investigation could skew the
results obtained, performance tests have shown that this proposal is practical and can be
applied to users.

As it is done in this application, other conventional procedures can be automated,
using technology in the field of medicine and psychology. As part of this research, the
aim is to use this application and compare it with new methods of diagnosis and
treatment, involving new tools such as virtual and augmented reality and analyzing its
effects on the participants.
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