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2.5. ARTICULOS DE INVESTIGACION

La presente tesis se ha realizado como compendio de publicaciones. En concreto, de cinco trabajos
cientificos que han abordado investigaciones en distintas areas de conocimiento conectadas: medicién del
equilibrio, trastornos del equilibrio, aplicacion de modelos predictivos en salud y la generacion de
informacidn objetiva para los facultativos sanitarios. Sus referencias son las siguientes:

ARTICULO 1

De la Torre, J.; Marin, J.; Marin, J. J.; Auria, J. M.; Sanchez-Valverde, M. B. Balance study in asymptomatic
subjects: Determination of significant variables and reference patterns to improve clinical application.
J. Biomech. 2017, 65, 161-168, doi:10.1016/j.jbiomech.2017.10.013.

ARTICULO 2

De la Torre, J.; Marin, J.; Polo, M.; Marin, J.J. Applying the Minimal Detectable Change of a Static and
Dynamic Balance Test Using a Portable Stabilometric Platform to Individually Assess Patients with
Balance Disorders. Healthcare (S.I. Ageing Effects on Kinematics, Kinetics and Balance) 2020, 8, 402,
https://doi.org/10.3390/healthcare8040402.

ARTICULO 3

De la Torre J, Marin J, Polo M, Gémez-Trullén EM, Marin JJ. 2021. MCQ-Balance: a method to monitor
patients with balance disorders and improve clinical interpretation of posturography. Peer) 9:e10916
https://doi.org/10.7717/peerj.10916

ARTICULO 4

De la Torre, J.; Marin, J.; llarri, S.; Marin, J.J. Applying Machine Learning for Healthcare: A Case Study on
Cervical Pain Assessment with Motion Capture. Appl. Sci (S.I. Medical Informatics and Data Analysis)
2020, 10, 5942, doi: 10.3390/app10175942.

ARTICULO 5

De la Torre, J.; Bonnet, V.; Mauti, R.; Chabaud, P.; Robert, T. Implementing a test to assess reaction,
attention and inhibition capacity in elderly. Computer Methods in Biomechanics and Biomedical
Engineering, 2020, vol. 23 (sup1), S294-5296, doi: 10.1080/10255842.2020.1815313.

Se presenta en la Tabla 1 la relacidon entre los objetivos expuestos anteriormente, y los articulos donde se
han llevado a cabo.
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Tabla 1. Relacidon entre los objetivos y los articulos de investigacion de la tesis doctoral.

Objetivos Articulos

1 2 3 4 5

1. Proporcionar informacion objetiva sobre el estado de pacientes que presentan x X X - X
trastornos del equilibrio.

1.1. Verificacion de estandares para uso en clinica de la plataforma. X - - - -
1.2. Disefio pruebas de evaluacion funcional del equilibrio. X - - - X
1.3. Viabilidad de las pruebas en entornos clinicos. X X - - X
1.4. Adaptacion de la informacidn al lenguaje médico. X - X - -
1.5. Desarrollo prueba para evaluar la percepcidn, ejecucidn, atencion e inhibicion. - - - - X
2. Monitorizar la progresion de patologias del equilibrio en pacientes inmersos en - X X - -

tratamiento.

2.1. Deteccidn de las variables mas significativas a efectos de diagndstico. X X - - -
2.2. Test-retest en sujetos asintomaticos. - X - - -
2.3. Aplicabilidad en pacientes con trastornos del equilibrio. - X X - -
2.4. Desarrollo de un método para monitorizar el equilibrio y los sistemas sensoriales. - - X - -
2.5. Aplicacién del método en pacientes con trastornos del equilibrio. - - X - -

2.6. Contraste de los resultados del método con la evaluacién de un facultativo. - X X - -

3. Generar modelos predictivos para mejora del diagndstico en el ambito de lasalud. - - - X -

3.1. Desarrollo de metodologia de ML aplicable en el campo de la salud. - - - X -
3.2. Particularidades de aplicar técnicas de ML en el campo de la salud. - - - X -

3.3. Aplicacién de metodologia en un caso de estudio con pacientes. - - - X -
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ARTICULO 1

De la Torre, J.; Marin, J.; Marin, J. J.; Auria, J. M.; Sanchez-Valverde, M. B. Balance study in asymptomatic
subjects: Determination of significant variables and reference patterns to improve clinical application. J.
Biomech. 2017, 65, 161-168, doi: 10.1016/j.jbiomech.2017.10.013.

Antecedentes y objetivos

El control postural resulta esencial para llevar a cabo las actividades cotidianas, y los posibles trastornos
del mismo tienen un impacto muy significativo en la autonomia personal. La investigacion de los
mecanismos del equilibrio y del control postural ha despertado el interés de profesionales de diversos
campos, sin embargo, dichos profesionales emplean diferentes técnicas de medicidn y evaluacién que a
menudo generan resultados desiguales, existiendo divergencia sobre diferentes cuestiones.

Dado el interés de proveer de medios que proporcionen informacion objetiva sobre la capacidad real del
equilibrio de un individuo, asi como, la necesidad de crear sistemas de evaluacidn utiles y sencillos de
utilizar por parte de los profesionales de la salud, en este estudio se evalué el equilibrio de una muestra
de personas sanas a través de una nueva instrumentacién, aplicando pruebas inspiradas en la literatura.
Con ello, se perseguia el objetivo de generar conocimiento acerca del protocolo de uso, proveer de valores
preliminares de referencia de personas sanas, y seleccionar la informacion mas util para evaluar el control
postural, mejorando asi la aplicabilidad clinica tanto en entornos asistenciales, como médico - legales o
periciales.

Ante este objetivo, las etapas llevadas a cabo en el presente estudio fueron: 1) verificar que la
instrumentacién aplicada cumple los estandares establecidos de la International Society for Posture and
Gait Research (ISPGR) sobre plataformas estabilométricas en relacidn a las caracteristicas metroldgicas y
antropométricas, las condiciones ambientales y la adquisicién de datos; 2) realizar un analisis y una
valoracion de los resultados de las pruebas de equilibrio a una muestra de sujetos asintomaticos, al objeto
de obtener datos de referencia, y comprobar la idoneidad de los procedimientos y protocolos para su
aplicacién clinica; asi como 3) proponer las variables mas utiles y significativas a efectos del diagndstico
mediante plataforma estabilométrica.

Materiales y Métodos

El conjunto de pruebas de valoracién del equilibrio fue aplicado en una muestra de 30 sujetos voluntarios
(12 mujeres, 18 hombres) cuyas edades estaban comprendidas entre 18 y 30 afios. En las pruebas se utilizd
la plataforma estabilométrica MoveHuman-Dyna disefiada y fabricada por el grupo de investigacion
IDERGO. Dicha plataforma estd constituida por dos placas de aluminio, con 4 cuatro células de carga tipo
S de 100 Kg situadas en las esquinas. La informacién trasmitida por dichas células es transformada de
voltios a Kg-fuerza acorde a los pardmetros de calibracién de cada célula de carga a una frecuencia de
60Hz. El procesado de dichos datos de fuerza, y acorde a la posicidn relativa de las células, permite calcular
en tiempo real la posicidon de la trayectoria que describe la posiciéon del COP, aplicando la férmula de
calculo utilizada en diversos estudios.

Se comprobd que la plataforma estabilométrica utilizada cumple los estandares establecidos por el ISPGR
para su aplicacion clinica. Los parametros medidos y contrastados fueron: caracteristicas metroldgicas
(precision, exactitud, resolucién vy linealidad), sistemas de referencia, rangos antropométricos de uso y
muestreo.

Cada sujeto realizd un total de seis test de equilibrio: cuatro variantes del test estatico de Romberg: 1)
superficie rigida ojos abiertos, 2) superficie rigida ojos cerrados, 3) superficie blanda ojos abiertos y 4)
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superficie blanda ojos cerrados; una prueba para valorar los limites dinamicos de estabilidad (LOS) y otra
de control ritmico direccional (RWS).

Entre las variables inicialmente consideradas, se seleccionaron aquellas variables mas significativas de
acuerdo con la literatura.

Resultados

Se propusieron las siguientes variables como las mas significativas a efectos de diagndstico del equilibrio:
velocidad media del COP, raiz de la media cuadratica (RMS), rango de desplazamiento del COP y area. El
analisis de los resultados verifica que las variables evaluadas han arrojados valores similares a otros
estudios. Se comprobd la consistencia de valores entre pruebas (ver Figura 1), y se obtuvieron unos valores
preliminares de referencia para sujetos asintomaticos.

40 1
35 -+
33.90
30 1 29.82
25 26.78
n == Mean Speed COP [mm/s]
i 20 - AP Displacement [mm]
t 15 - === ML Displacement [mm]
s 9.49 12.60 ==3¢=RMS COP [mm]
10 -
6.77 7.79 Area [cm2
6.08 7.42 [ ]
5453 6.59
1.50 A 2.13
o J 093 e 197

RSOE Vs RSCE  RSOE Vs SSOE  RSOE Vs SSCE

Comparison By Tests
Figura 1. Comparacion entre pruebas del test de Romberg.
Significancia y Conclusion

Como resultado de la investigacidon, se ha verificado que la instrumentacién utilizada cumple los
estandares establecidos para su aplicacion clinica, asi como se considera de interés tanto en el ambito
clinico-asistencial como forense-pericial, para valorar el control del equilibrio y el grado de colaboracion
durante las pruebas. La seleccidn de variables propuesta y los datos de referencia obtenidos de los mismos
en la muestra de sujetos asintomaticos participantes, puede favorecer la aplicaciéon de esta tecnologia al
estudio del equilibrio en el ambito de la salud.
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ARTICULO 2

De la Torre, J.; Marin, J.; Polo, M.; Marin, J.J. Applying the Minimal Detectable Change of a Static and
Dynamic Balance Test Using a Portable Stabilometric Platform to Individually Assess Patients with Balance
Disorders. Healthcare (S.I. Ageing Effects on Kinematics, Kinetics and Balance) 2020, 8, 402,
https://doi.org/10.3390/healthcare8040402

Antecedentes y objetivos

Los trastornos del equilibrio tienen cada vez mas prevalencia entre la poblacién mayor en los paises
desarrollados, y las caidas que resultan de los mismos implican altos costes al sector de la salud. Por ello,
es necesario disponer de herramientas e indicadores para evaluar la respuesta a tratamientos de
patologias del equilibrio. En relacién con este punto, las plataformas estabilométricas pueden
proporcionar informacién objetiva relativa a las patologias del equilibrio; sin embargo, para integrar los
tests donde se utilizan estos dispositivos se deben solventar ciertas limitaciones y dificultades. Por otra
parte, el minimo cambio detectable (MDC) representa la variabilidad de las medidas de cada variable; es
decir, si se obtiene que un cambio de una variable es mayor que su valor de MDC, seria un cambio
relevante, que podria ser causado por el efecto del tratamiento y no por la variabilidad intrinseca de la
prueba.

En relacidon a lo expuesto, el objetivo del presente estudio es detectar cambios relevantes a partir de los
valores de MDC en pacientes con trastornos del equilibrio, con vértigo como sintoma cardinal. Para tal
propdsito, se propusieron las siguientes acciones/etapas de investigacion: (1) realizar un test-retest de una
prueba de evaluacién del equilibrio estatico y dindmico en una muestra de sujetos sanos para identificar
las variables mas sensibles con los valores de MDC mas bajos. (2) Analizar si se detectan cambios relevantes
entre los resultados de la prueba del equilibrio, antes y después de la aplicaciéon de un tratamiento, en
ocho pacientes con trastornos del equilibrio con vértigo de origen vestibular, contrastando los resultados
con la evolucién observada por un médico especialista.

Materiales y Métodos

Se realizd un test-retest de un conjunto de pruebas para evaluar el equilibrio estatico y dindmico en 34
sujetos jovenes voluntarios y sanos. Posteriormente, para mostrar la aplicabilidad del MDC, ocho pacientes
diagnosticados con trastornos del equilibrio por un médico especialista del Departamento de Medicina
Fisica y Rehabilitacion del Hospital Alcaiiiz, realizaron las pruebas del equilibrio antes y después de un
tratamiento (con un intervalo de 3 meses entre sesiones), contrastando los resultados con la evaluacién
realizada por un médico especialista.

El equipo utilizado fue la plataforma estabilométrica portatil MoveHuman-Dyna. La prueba de equilibrio
consistid en cuatro tareas del test de Romberg para evaluacién del equilibrio estatico, mientras que el
equilibrio dindmico fue evaluado a través de los limites de estabilidad.

El indice MDC se calculd para cada una de las variables resultantes del estudio test-retest. Para medir los
efectos de un tratamiento en un paciente especifico, es necesario evaluar el estado del tratamiento en
diferentes momentos. Para ello, el enfoque a nivel del paciente propuesto por Hopkings et al. (2017) se
aplicé para obtener resultados personalizados para cada paciente.
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Resultados

Los resultados obtenidos en el test-retest muestran que la reproducibilidad del sistema es similar o mejor
que los resultados encontrados en la literatura. Con respecto a las variables de equilibrio estatico con el
valor MDC mas bajo, destacamos la velocidad promedio del COP en todas las tareas y el RMS, el area y el
desplazamiento mediolateral en |a tarea de superficie blanda con ojos cerrados. En el test de LOS, destacan
todos los limites de COP, la velocidad promedio del COP y el RMS.

Tomando a un paciente como ejemplo, la mayoria de las variables estaticas disminuyeron y la mayoria de
las variables dinamicas aumentaron. Segun la evaluacion del médico especialista, antes y después de los
tres meses de la administracion del tratamiento, se observé que la sintomatologia clinica asociada
disminuyd y no se produjeron episodios vertiginosos tras la administracién del tratamiento. Se detectd
una mejora objetiva en las pruebas funcionales clasicas realizadas por el médico especialista (test up and
go, Unterberger test, y test de apoyo unipodal con ambas piernas). Asimismo, el paciente informé mejoria
en la anamnesis post-tratamiento. La evaluacion realizada por el médico especialista (que emitid evolucion
positiva del paciente) y los resultados objetivos de las pruebas previas y posteriores (disminucion de las
variables estaticas, y aumento de las dinamicas; lo cual indica mejoria) coincidieron.

De los ocho pacientes evaluados, existe concordancia entre la evaluacién del médico y los resultados de la
prueba del equilibrio en seis de ellos; en los dos pacientes restantes, el médico no informd evolucion,
mientras que la prueba del equilibrio mostré empeoramiento en el equilibrio de los pacientes.

Significancia y Conclusion

En el disefio de la experimentacion del calculo del MDC, se priorizd que este deberia apuntar a estudiar y
limitar cuantitativamente la variabilidad entre los resultados de las pruebas pre y post, especificamente,
de aquellos factores intrinsecos al protocolo aplicado y a la instrumentacion utilizada. El objetivo era que
estos factores se aislaran del ruido asociado a otros factores como la patologia, el tratamiento aplicado, la
progresion de la propia enfermedad, etc. Asi, se selecciond una muestra de sujetos sanos y jovenes, ya
que permitié estudiar la variabilidad provocada por factores como la variabilidad intrinseca del ser
humano, las condiciones de las pruebas (posicion del cuerpo y del pie, duracién de la prueba, condicion
visual y propiocepcion, etc.), el factor de aprendizaje, incidentes normales durante el transcurso de las
pruebas, o la propia comprension del participante de cémo realizar la prueba.

Derivado del analisis de los resultados de los pacientes, se extrajeron ciertas pautas "légicas" de interés
para valorar el grado de cambio como positivo o negativo, a la hora de interpretar los resultados de
estudios individuales como este. Una reduccién de las variables relacionadas con las tareas de equilibrio
estdtico se asocid con una mejora en el equilibrio. Un aumento en las variables de LOS refleja una mejora
en el equilibrio dindmico y un mayor control del COP.

Los pacientes mostraron cambios en las variables analizadas que excedian los valores de MDC, siendo
comparados con los resultados informados por un médico especialista. Se concluye que, al menos para
estos ocho pacientes, ciertas variables fueron lo suficientemente sensibles como para detectar cambios
relacionados con la evolucién del equilibrio. Con ello se pretende mejorar la toma de decisiones y la
monitorizacién individual de pacientes.
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ARTICULO 3

De la Torre J, Marin J, Polo M, Gémez-Trullén EM, Marin JJ. 2021. MCQ-Balance: a method to monitor
patients with balance disorders and improve clinical interpretation of posturography. Peer) 9:e10916
https://doi.org/10.7717/peerj.10916

Antecedentes y objetivos

A nivel mundial, aproximadamente del 20 al 30% de la poblacién ha sufrido un episodio vertiginoso, y de
este grupo, el 20% no recibié un diagndstico claro. El diagndstico del vértigo requiere medir el grado de
alteracion, de forma aislada o en combinacién, de cada uno de los sistemas sensoriales que sustentan el
equilibrio. Un episodio vertiginoso, los mareos o un episodio traumatico pueden afectar a estos sistemas
en mayor o menor medida y, en consecuencia, al equilibrio del paciente. Por lo tanto, es necesario tener
indicadores y métodos para evaluar los BSS, especialmente, durante los tratamientos; por ello, los
pacientes con trastornos del equilibrio deben ser monitorizados para detectar cambios a nivel individual,
recopilando informacidn objetiva. La posturografia es una herramienta que puede aportar informacion
objetiva del equilibrio de un paciente, sin embargo, existen problemas que deben abordarse, tales como
la dificultad de su uso asiduo en clinica, la falta de estandarizacién de puntuaciones que dificultan la
interpretacion de resultados, la falta de profundidad de los informes resultantes, etc.

Para abordar las inquietudes planteadas, en relacién con la necesidad de proporcionar informacion
objetiva y facilmente interpretable sobre el equilibrio de los pacientes especificando el origen de la
patologia, se propuso el método de evaluacion MCQ-Balance. Mediante una plataforma estabilométrica,
este método detecta cambios relevantes entre dos pruebas de equilibrio consecutivas (monitorizacién) en
pacientes con trastornos del equilibrio, proporcionando informacién objetiva sobre el origen del
desequilibrio. El método MCQ-Balance comprende tres etapas separadas en las que se mide, luego se
clasifica y finalmente se califica la progresion del equilibrio de un paciente. En este estudio, la evaluacion
MCQ-Balance se aplicé a pacientes con trastornos del equilibrio con vértigo como sintoma cardinal.
Posteriormente, los resultados obtenidos se compararon con la evaluacién de un médico especialista.

Materiales y Métodos

El método se aplicd a 42 pacientes (15 hombres y 27 mujeres) con trastornos del equilibrio de origen
periférico o central. Los pacientes fueron incluidos en el estudio por el servicio de rehabilitacion del
hospital de Alcaiiiz tras haber sido evaluados previamente.

El equipo utilizado fue la plataforma estabilométrica portdtil MoveHuman-Dyna con la que se realizé una
prueba para medir el equilibrio estatico y dindmico. La prueba de equilibrio consistié en cuatro tareas del
test de Romberg para evaluacion del equilibrio estatico, mientras que el equilibrio dinamico fue evaluado
a través de los limites de estabilidad (LOS).

El método de evaluacion MCQ-Balance se ejemplifica a través del esquema de aplicacion presentado en la
Figura 2), el cual consta de tres etapas en las que se mide, clasifica y califica la progresion del equilibrio de
un paciente. La entrada del método son las variables proporcionadas por el conjunto de pruebas de
equilibrio en dos instantes temporales (variables en la sesién pre y post). El esquema de aplicacién muestra
las entradas y salidas de cada etapa, asi como los procesos (P1-P5) aplicados a ellas. También incluye el
tipo de informacidn que se maneja y los cambios interpretativos durante el proceso.

Los resultados del método, para los 42 pacientes y en el transcurso de tres meses donde se les aplicd un
tratamiento de rehabilitacién de acuerdo a su patologia del equilibrio, fueron comparados con la
evaluacidn de un médico especialista. Asimismo, se realizé un estudio estadistico a modo de comparativa
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para determinar el coeficiente estadistico Kappa de Cohen para medir la fiabilidad entre evaluadores de
medidas categdricas.

MCQ-BALANCE ASSESSMENT METHOD OF BALANCE PROGRESSION
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Figura 2. Método de evaluacion MCQ-Balance: procesos, entradas y salidas de las diferentes etapas.
Resultados

Se presentaron los resultados para cada paciente y prueba como una escala gradual de progresion positiva,
nula o negativa; asi como el desglose de variables para su clasificacion.

El método MCQ-Balance mostré una precisién del 83,4% y un coeficiente Kappa de Cohen de 0,752 en
comparacion con la evaluaciéon de un médico especialista.

Significancia y Conclusion

El método MCQ-Balance facilita la monitorizacidn del equilibrio del paciente y proporciona informacion
objetiva que tiene el potencial de mejorar la toma de decisiones médicas y el ajuste de los tratamientos a
nivel individual.
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ARTICULO 4

De la Torre, J.; Marin, J.; llarri, S.; Marin, J.J. Applying Machine Learning for Healthcare: A Case Study on
Cervical Pain Assessment with Motion Capture. Appl. Sci (S.I. Medical Informatics and Data Analysis) 2020,
10, 5942, doi: 10.3390/app10175942.

Antecedentes y objetivos

En el campo de la salud, el aumento exponencial de los datos que los centros de salud producen y
gestionan es cada vez mas significativo. Por ello, ha surgido la necesidad de desarrollar procedimientos
que faciliten estos procesos y que aprovechen todos los datos generados, detectando informacion
desconocida y valiosa. El volumen de datos generados es tal, que su procesamiento y analisis por métodos
tradicionales resulta demasiado complejo y abrumador. Para afrontar este desafio, el DM y las técnicas de
ML pueden jugar un papel clave, ya que permite el descubrimiento de patrones y tendencias a partir de
conjuntos de datos grandes, ruidosos o complejos, asi como la extraccion de informacidn oculta para
ayudar en la toma de decisiones en el campo de la salud.

Consecuentemente, MLy DM estan generando un interés creciente en el campo de la salud, motivado por
sus posibles aplicaciones tales como evaluar la efectividad de los tratamientos, detectar fraudes y abusos
en seguros médicos, descubrir patrones de tratamiento a partir de registros médicos electrdnicos, etc. Sin
embargo, para aprovechar al maximo los beneficios que ofrecen las técnicas de ML en el campo de la
salud, son necesarias diversas consideraciones: la informacidon debe estar correctamente estructurada y
organizada, llevando a cabo el procesamiento y la transformacién apropiados en variables; se debe
considerar el tratamiento de datos sensibles de los pacientes, asegurando la privacidad de los mismos
aplicando las técnicas necesarias; se debe considerar la existencia de diferentes costes de aplicar técnicas
de ML en el campo de la salud respecto otros campos de aplicacion en cuanto a los posibles fallos
originados (presencia de falsos negativos), etc. Todo ello motiva la necesidad de definir las particularidades
de la aplicacion de técnicas de ML en el campo de la salud, donde las diferentes etapas en el flujo de
trabajo de ML deben estar correctamente definidas y estructuradas.

En funcién de lo expuesto, los objetivos de este estudio fueron los siguientes: (1) mostrar y desarrollar las
particularidades de la aplicacion de técnicas de ML en el campo de la salud, detallando todas las fases que
comprenden este proceso, desde la adquisicién de datos en bruto, hasta toma de decisiones derivada de
un modelo predictivo; y (2) demostrar y mostrar su aplicacidn practica en un caso real. Especificamente,
el proceso de ML se aplicé en un estudio de evaluacidn del dolor cervical con pacientes afectados por
patologias de latigazo cervical derivadas de accidentes de trafico y otras causas. Este caso de estudio
muestra la metodologia propuesta en accién para resolver un problema relevante especifico. Ademas, el
procedimiento aplicado ha pretendido constituir una guia de aplicacion de ML para otros estudios
similares en el campo de la salud.

Materiales y Métodos

El procedimiento para aplicar las técnicas de ML en el campo de la salud, considerando sus particularidades
inherentes, se ejemplifica a través de una guia practica. Ademas, para ilustrar las particularidades de uso
de este tipo de técnicas en este campo, se presenta un caso de estudio con un conjunto de datos
recolectado mediante la evaluacidon del movimiento de la columna cervical en 151 pacientes (60 sujetos
asintomaticos, 42 con dolor cervical resultante de un accidente de trafico, y 49 con molestias en el cuello
debido a otras causas). El objetivo es tratar de estimar automaticamente la presencia de dolor cervical, lo
qgue puede ayudar a objetivar un diagndstico y aclarar problemas en caso de proceso judicial. Los pacientes
eran sujetos colaboradores, evitando asi alteraciones producidas por sujetos no colaboradores inmersos
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en un proceso judicial con una compafiia de seguros. La prueba de evaluacion del movimiento cervical se
realizd utilizando el sistema de captura de movimiento MH-Sensor. Los participantes realizaron una
secuencia de pruebas de rango funcional cervical (ROM) de los siguientes movimientos: flexién-extensidn,
rotacion y lateralizacion.

Se ha considerado el proceso completo de ML, con las particularidades de aplicacidon en un proyecto del
campo de la salud. Dicho proceso se basa en siete etapas que van desde la definicién del objetivo de disefio
hasta el uso clinico del sistema, todo ello ejemplificado a través de un procedimiento de gestién de
proyectos (Figura 3). En el estudio se han desarrollado todas las fases, proporcionando ejemplos y
referencias para su replicacidon en otros estudios, asi como se presenta su aplicacion integra en el caso de
estudio anteriormente citado.

01 02 03 04 05 06 07
CLINICAL TARGET DATA ACQUISITION DATA DATA PREDICTIVE MODEL INTERPRETATION OPERATING PROFIT
DEFINITION AND UNDERSTANDING ~ TRANSFORMATION SELECTION GENERATION AND EVALUATION  AND MODEL SELECTION AND CLINICAL USE
L

Choose the most
appropriate algorithm
using cross validation

and a parameter tuning
of each algorithm.

Identify the source of
information, classify the data
available, and coliaborate
with experts to understand
the data

Transform the data Carry out a variable

into suitable selection applying
variables through qualitative and

feature engineering, quantitative filters.

Identify the
variable/s to be
predicted. Use
clinical criteria.

Check the correlation Apply the model to
between the clinical make decisions based

target defined and on the patient-level
the results obtained predictions.

Suitable
models
Source of Qualitative
forma validatic
nformation ross alidation
Validation
Initial
database

Filtered
database Parameter
tuning

Figura 3. Propuesta de gestion de proyectos para la aplicacion de Machine Learning en salud.
Resultados

Se presentan los resultados del caso de estudio para mostrar la aplicabilidad del estudio. Se han generado
varios modelos predictivos, destacando el random forest, support vector machine, redes neuronales y
gradient boost algorithm como aquellos que mejores resultados arrojaron en funcidn de las métricas
inicialmente establecidas (accuracy, precision y recall por encima del 85%) con el objetivo de detectar la
presencia de dolor cervical. Asimismo, y de manera previa a la obtencidn de los resultados definitivos, se
realizd un ajuste de parametros de todos los algoritmos considerados inicialmente.

Significancia y Conclusion

Como resultado del estudio se ha realizado una tabla resumen de “aspectos claves” sobre la aplicacién de
DMy ML en el campo de la salud, categorizando cada aspecto clave en una clasificacidon general, seguido
de una descripcién, la situacién real ejemplificada en nuestro estudio de caso, y algunas referencias
importantes relacionadas. Asimismo, se han ampliado y destacado los siguientes aspectos por
considerarse fundamentales en el estudio que nos ocupd: estructuracion de datos, seleccion de variables,
seleccion del modelo predictivo, variabilidad de las medidas adquiridas, recoleccion de datos en
produccién, multidisciplinariedad, explotacion de los datos de los sensores y uso de recursos.

El enfoque y los resultados obtenidos pretende ayudar a objetivar los diagndsticos, mejorar la eficacia de
tratamientos y ahorrar recursos en los sistemas de salud. El procedimiento, que se ha aplicado a los datos
derivado de un estudio de evaluacién cervical para verificacion y evaluacién, también es apropiado para
cualquier ambito sanitario independientemente del origen de los datos.
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ARTICULO 5

De la Torre, J.; Bonnet, V.; Mauti, R.; Chabaud, P.; Robert, T. Implementing a test to assess reaction,
attention and inhibition capacity in elderly. Computer Methods in Biomechanics and Biomedical
Engineering, 2020, vol. 23 (sup1), S294-5296, doi: 10.1080/10255842.2020.1815313.

Antecedentes y objetivos

Las caidas y las lesiones relacionadas corresponden a problemas importantes de salud publica
especialmente, entre las personas mayores. Para evitar una caida, se requiere la percepcién de una
amenaza a nivel postural, la seleccidon de una respuesta correctora adecuada y la ejecucién adecuada de
dicha respuesta. La prueba Choice Stepping Reaction Time (CSRT) es una prueba integrada que es un buen
indicador del riesgo de caida y se relaciona con funciones cognitivas deterioradas.

El objetivo de este estudio fue complementar el CSRT con tareas adicionales para evaluar mejor en las
personas mayores la capacidad de percepcidn y ejecucidn de respuesta, atencidn e inhibicion. Para ello,
se propuso una prueba con diferentes tareas. Se probé en dos muestras diferentes, jévenes y mayores,
con el fin de determinar diferencias entre ellas y anticipar conclusiones relevantes.

Materiales y Métodos

Se realizd una prueba que consta de cuatro tareas diferentes para medir el tiempo de paso, en dos
muestras de sujetos sanos. Un grupo joven, formado por once sujetos, y un grupo de nueve personas
mayores. El dispositivo utilizado fue una plataforma de fuerza multimodal de analisis postural, la cual
consta de seis sensores de presion de bajo coste, fabricados con una lamina de plastico cuya resistencia
eléctrica varia con la presion. Hay cuatro areas en las que se puede pisar como objetivos en las cuatro
direcciones cardinales; los pies se colocan en las dos zonas restantes donde se detecta si se ha levantado
un pie (Figura 4).

t1itt

“,...
A) Q)
Figura 4. A) Plataforma multimodal. B) Interfaz de las pruebas. C) Interfaz del test de Flanker.

Las cuatro tareas realizadas se han disefiado en base a la literatura. En todas las tareas, el sujeto debia dar
un paso lo mas rapido posible sobre un objetivo designado. Las tareas fueron: Tiempo de reaccién simple
(SRT: el sujeto era consciente de la direccion objetivo a pisar; esta prueba evaltia principalmente las
capacidades de ejecuciéon de percepcidn y respuesta), el CSRT (tarea similar a la prueba anterior, pero los
objetivos son aleatorizados; requiere atencién e involucra procesos de decisidn), test Go / No Go (enfatiza
el control inhibitorio) y tarea de Flanker (introduce estimulos congruentes y no congruentes; evalla
principalmente la atencion selectiva y la inhibicion perceptual).
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Resultados

Se realizd un analisis descriptivo para cada tarea y grupo. Los resultados del analisis descriptivo y
estadistico para cada grupo se muestran en la Figura 5. Como era de esperar, el grupo de personas mayores
muestra valores de tiempo de paso significativamente mas altos que el grupo de jovenes en todas las
tareas, debido a la disminucidn de las capacidades cognitivas y funcionales con la edad. En relacién con
este punto, ambos grupos fueron muy bien discriminados por el CSRT.

La comparacién entre condiciones congruentes y no congruentes se ha llevado a cabo dando como
resultado diferencias significativas en ambos grupos. Parece que la atencién selectiva no se ve
especificamente afectada en este grupo particular de personas mayores.
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Figura 5. Andlisis descriptivo y estadistico.
Significancia y Conclusion

Los resultados confirmaron que el CSRT es muy discriminatorio para ambos grupos y parece
particularmente relevante para evaluar el riesgo de caida. Sin embargo, también mostré que la prueba
SRT agrega informacidn relevante sobre la capacidad para realizar un paso rdpido. Parece un complemento
relevante al CSRT para evaluar mejor el riesgo de caida y resalta deficiencias especificas. Las tareas
adicionales propuestas, en la forma en que fueron disefiadas, no aportaron mucho al CSRT o al SRT. Sin
embargo, se han propuesto vias para mejorar estas tareas y deberian estudiarse en estudios futuros. La
perspectiva consistiria en comparar los resultados de esta prueba con el estado clinico de los sujetos, con
un seguimiento prospectivo de las posibles caidas. Asi, el objetivo final seria obtener una prueba que
pudiera complementar los datos clinicos dando como resultado un indicador fiable del riesgo de caida en
personas mayores para llevar a cabo acciones preventivas que mejoren la toma de decisiones médicas.
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Postural control is essential when carrying out everyday activities and its possible disorders have a very
significant impact on personal autonomy. To provide the means to accurately measure postural control in
the clinical environment, this study checks and discusses the suitability of procedures for a new balance
assessment system with a stabilometric platform (MoveHuman-Dyna © UZ-IDERGO), which meets the
criteria of clinical stabilometric standardisation established by the International Society for Posture
and Gait Research (ISPGR) at the Bologna meeting (2009). The study was applied to a sample of 30
healthy volunteers (12 women, 18 men) aged between 18 and 30 years. A total of six balance tests were
performed: four variations of the Romberg test, one test for a study of the limits of stability (LoS) and one
test for rhythmic weight shift (RWS). Analysis of the results confirms that the variables assessed yielded
similar values to other studies, the consistency of values between tests was checked, and preliminary ref-
erence values were obtained for asymptomatic subjects. We propose the following variables as the most
significant for balance diagnosis: CoP mean speed, RMS, Range of CoP displacement and area. As a result of
the study, the system is considered of interest in the medical/legal and forensic settings to assess the bal-
ance control and degree of collaboration during the tests.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Postural control is essential when carrying out everyday activi-
ties and its possible disorders will have a very significant effect on
personal autonomy, being indicative of possible incipient physical
or neuronal pathologies (Garcia et al., 2012). These disorders are
common dysfunctions encountered by both general practitioners
and specialists alike (Baydal-Bertomeu et al.,, 2004). Included
among these conditions are vertigo and dizziness which, together
with gait disorders, represent the second leading cause of falls after
accidents (Rubenstein and Josephson, 2002). Falls and fall-related
injuries correspond to major, global, public health problems.
Around 30% of people aged over 65 years and more than 50% of
individuals in health centres or care homes will suffer one or
more falls per year (Tinetti, 2003). Ageing, sensory changes,
musculoskeletal or neurological disorders, cardiovascular diseases,
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infections or metabolic disorders (Ma et al., 2016), are closely
related to balance disorders.

A balance assessment involves measuring centre of pressure
(CoP) displacement and quantifies postural control during stand-
ing, sitting and walking. Different non-invasive evaluation tests
can be used that allow objectifying the degree of control of static
and dynamic balance (Duarte and Freitas, 2010). In static balance
control methods (Romberg test), subjects must maintain their
CoP within the support base throughout the assessment period.
Assessments of dynamic postural balance, which is vital for motor
control, involve measuring the limits of stability (LoS), correspond-
ing to the maximum voluntary angle or distance in which an indi-
vidual can regulate their CoP in a given direction without losing
balance (Ku et al., 2016). These are tests that can diagnose, mea-
sure the evolution of a treatment, or even serve as a means of pos-
tural re-education therapy (Garcia et al., 2012). Additionally, the
combination of tests was conducted because it allows consistency
to be assessed and, consequently, the patient’s degree of collabora-
tion when completing the tests, which is relevant in medical/legal
and forensic settings (Ramirez et al., 2014).
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Research into mechanisms involved in balance and postural
control has sparked the interest of professionals from several
fields, including physical therapy, sport, engineering, physics,
biomechanics, medicine, psychology (Duarte and Freitas, 2010)
and entertainment and leisure (Weaver et al.,, 2016). However,
these professionals also use a range of measurement and assess-
ment techniques that often generate different results, with diver-
gent opinions regarding questions such as: the duration of the
test, position of the feet, which variables are included or surround-
ing conditions (Kapteyn et al., 1983; Scoppa et al., 2013; Pinsault
and Vuillerme, 2009; Solovykh et al., 2011; Cvecka et al., 2014).

The International Society for Posture and Gait Research (ISPGR)
at the Bologna meeting (2009) (Scoppa et al., 2013), has achieved
some unification of criteria. The ISPGR addressed the problem of
clinical stabilometric standardisation, establishing certain criteria
to obtain appropriate accuracy and sensitivity in the measure of
the CoP.

There have been subsequent meetings of the ISPGR (Vancouver
in 2014 and Seville in 2015) as well as different proposals and rec-
ommendations, such as the Japanese standardisation of the evalu-
ation of clinical stabilometry. However, there are still issues
without agreement, such as the posture to be adopted by the
patient or the most significant clinical parameters.

Given the interest in providing the means to supply objective
information about the real balance ability of an individual as well
as the need to create useful and simple user assessment systems
for health professionals, this study evaluates the balance of a sam-
ple of healthy people through a new instrumentation, applying
tests based on the literature. The objective is to generate knowl-
edge about the protocol of use, to provide preliminary reference
values in healthy people, and to select the most useful information
to evaluate the postural control, thus improving the clinical appli-
cability in health care, and forensic environments.

With this objective, the steps carried out in the present study
were (1) to verify that the applied instrumentation complies with
established standards (Scoppa et al., 2013) (ISPGR) on stabilomet-
ric platforms in relation to metrological and anthropometric char-
acteristics, environmental test conditions, and data acquisition, (2)
to perform an analysis and assessment of the results of the balance
tests on a sample of asymptomatic subjects to obtain preliminary
reference data and check the suitability of the procedures and pro-
tocols for its clinical application, and (3) to propose the most useful
and significant variables for stabilometric diagnosis.

2. Methods
2.1. Ethics and participants

The series of balance assessment tests object of this study were
applied to a sample of 30 volunteers (12 women, 18 men) aged
over 18 years (mean age = 23.9 years (4.14); mean body weight:
67.52 kg (11.8); mean height: 172.13 cm (6.92)) (Table 1). Of all
the volunteer participants, for the purposes of this study, the group
whose ages ranged from 18 to 30 years was selected.

Table 1

Participant anthropometric characteristics, mean (SD).
Characteristics Men (n =18) Women (n=12)
Age (yr) 23.16 (4.02) 25.1 (4.23)
Weight (kg) 73.22 (9.17) 59.4 (10.52)
Height (cm) 174.84 (5.78) 167.83 (6.56)
Body fat index (%) 13.62 (5) 22.69 (7.33)
Foot length (cm)? 26.14 (1.05) 23.73 (0.93)

¢ Foot Length measurements were taken between the proximal and distal points
on the foot outline (Pawar and Dadhich, 2012).

The following inclusion criteria were established for study par-
ticipation: (i) aged between 18 and 30 years, (ii) no prior history of
neurological, visual, vestibular or balance alterations, (iii) no
record of musculoskeletal or neurological disorders in the last 12
months, (iv) no prior history of surgery on the lower limbs or
which could affect balance, (v) ability to walk normally, (the sub-
ject's lifestyle does not represent an obstacle). The study was pre-
viously approved by the Government of Aragon’s Human Research
Ethics Committee. Before starting the tests, the volunteers signed a
form that meant they consented to undergo the tests and under-
stood the aim of the study.

Subjects completed a practice run of each test so that the tester
could verify they understood how it worked, assumed the correct
posture and executed the tests correctly. This also gave the sub-
jects the chance to get used to the platform and environment,
which are considered relevant factors in some balance studies
(Taylor et al., 2015).

After finishing the tests, subjects were asked to complete an
evaluation questionnaire regarding their performance: muscle
aches (and their location), possible feelings of instability, dizziness
or vertigo, degree of difficulty of the test, and a functional evalua-
tion of the tests and the resources used, both software and hard-
ware. The questionnaire was designed to detect any deficiencies
while carrying out the tests and any points for improvement.

2.2. Description of the instrumentation

The tests made use of the force platform (MoveHuman-Dyna
©UZ) designed and manufactured by the IDERGO research group
(the Aragon Institute for Engineering Research, I3A, at the Univer-
sity of Zaragoza). The platform consists of two aluminium plates
(Al-6062). The wupper plate is square-shaped, measuring
415 x 415 mm; the lower plate is a circular ring with an outer
diameter of 555 mm; both plates are 15 mm thick. There are four
100 kg, S-type load cells located between the two plates; they
are positioned in the corners, separated by 332 mm and connected
to a PhidgetBridge 4-Input (Phidgets, 2017). The result is a monoax-
ial force platform (Postolache and Postolache, 2017) that can mea-
sure vertical forces (Fig. 1b and c).

The PhidgetBridge interface board was connected directly to a PC
featuring the software that controls the device and gathers data
from the load cells. The information transmitted by these cells is
converted from volts to kg-force in accordance with each load cell’s
calibration parameters at a frequency of 60 Hz. Processing the force
data in function of the cells’ position means we can calculate the
real-time position of the trajectory that describes the position of
the CoP by applying the appropriate formula (Ma et al., 2016;
Lopez and Calidonio, 2009). A foam rubber “balance pad”, with
characteristics in line with those employed in the literature
(Baydal-Bertomeu et al., 2004), was used in the tests that had to
be conducted with a soft surface on top of the force platform
(Fig. 1e).

2.3. Verification of instrumentation according to standards

It proved that the stabilometric platform (SP) meets the stan-
dards established by the ISPGR for clinical application (Scoppa
et al., 2013). Regarding the metrological characteristics, the param-
eters were calculated according to the calibration data of each load
cell supplied by the manufacturer (Phidgets, 2017), using the error
propagation law. Based on the CoP calculation (Lépez and
Calidonio, 2009), the following values have been obtained:

e Accuracy: 0.0619 mm (better than 0.1 mm) (Scoppa et al,
2013). An error due to non-linearity and hysteresis in the most
unfavourable situation has been considered in each cell.
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(a)

(d) (e)

Fig. 1. Force platform and body position established for the tests. (a) General view of the body position, force platform and working environment. (b) Detailed view of one of
the four load cells that make up the platform. (c) General view of the force platform. (d) Detailed view of the position of the feet at 30° and with heels together. (e) Detailed

view of the foam rubber balance pad.

e Precision: 0.02878 mm (better than 0.05 mm) (Scoppa et al.,
2013).

e Resolution: 0.005 mm (better than 0.05 mm) (Scoppa et al.,
2013). Calculated from the registration data of the cells under
conditions of maximum load.

e Linearity: 99.98% (more than 90% recommended) (Scoppa et al.,
2013).

The origin of the (X, Y) coordinates of the CoP is normally in the
left back corner of the platform with reference to the position of
the subject during the test (Scoppa et al., 2013). In our SP, another
reference system is applied (as will be justified later), specifically,
the (X, Y) position of the CoP at the beginning of the test.

In relation to the anthropometric ranges, permissible weight is
up to 300 kg working at 75% of the load cells (recommended: 20-
200 kg) (Scoppa et al., 2013), subject height without limit (80-250
cm) (Scoppa et al., 2013), and foot length up to 40 cm (recom-
mended not less than 35 cm) (Scoppa et al., 2013). The sampling
rate was 60 Hz, which is higher than the minimum recommended
rate of 50 Hz (Scoppa et al.,, 2013; Yamamoto et al., 2017).

2.4. Environmental test condition and body position

The environment conditions have been defined according to
some papers (Kapteyn et al., 1983; Scoppa et al., 2013). The subject
should remain in the same standing position during all the tests,
erect body, arms held closely to the body (Yamamoto et al.,
2017), neck in a neutral position, without any shoes (Terrier and
Reynard, 2014) and with feet abducted at 30° and heels together
(Fig. 1d). There are discrepancies between authors, but this feet
position is the most employed and because of this, authors recom-
mend it (Baydal-Bertomeu et al., 2004; Kapteyn et al., 1983;
Pinsault and Vuillerme, 2009; Scoppa et al., 2013; Yamamoto
et al., 2017).

2.5. Experimental protocol

Each study subject completed a total of six balance tests: four
variations of the static Romberg test, one to assess the dynamic
LoS and another for the rhythmic weight shift test (RWS).

2.5.1. Romberg test

The Romberg test (Khasnis and Gokula, 2003), during which
subjects had to remain as still as possible, was devised specifically
for assessing static balance control and studying the influence of
the three sensory systems involved in balance: vestibular, proprio-
ceptive and visual (Patricia Paludette et al., 2015; Toledo and
Olivera, 2012; Vanmeerhaeghe et al., 2009; Wolf et al., 2008). This
was done by completing four consecutive tests to evaluate CoP tra-
jectory (Fig. 2a); subjects had to stay still in an upright, neutral
position (Fig. 1a) for as long as possible and according to the fol-
lowing situations:

e On the platform’s rigid surface: (i) “rigid surface, eyes open”
(RSEO) and (ii) “rigid surface, eyes closed” (RSEC). In (ii), sub-
jects were deprived of visual input.

e On an unstable surface, created by placing a foam rubber pad on
the platform, which altered the proprioceptive input: (iii) “soft
surface, eyes open” (SSEO) and (iv) “soft surface, eyes closed”
(SSEC) (Baydal-Bertomeu et al., 2004; Peydro de Moya et al.,
2005; Gil-Agudo et al, 2006). In (iv), subjects were also
deprived of visual input and so they only received vestibular
input.

We established a 40-s period in which subjects must remain
motionless for each of the cited situations; while there is some
controversy in the literature regarding this period, we chose an
intermediate period from among those found in different articles
(Kapteyn et al., 1983; Scoppa et al., 2013; Cafa-Pino et al., 2015;
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Fig. 2. (a) Centre of pressure (CoP) trajectory in Romberg test. (b) Limits of stability directions defined as 1: forward; 2: forward-rightward; 3: rightward; 4: backward-
rightward; 5: backward; 6: backward-leftward; 7: leftward; 8: forward-leftward. (c) The rhythmic weight shift test. (d) Stabilogram. (e) Statokinesiogram.

Peydro de Moya et al., 2005; de Sa Ferreira and Baracat, 2014;
Taylor et al., 2015; Parreira et al., 2013; Yamamoto et al., 2017).
At the start of the tests, the tester instructed the subjects how to
stimulate abdominal toning since it has an influence on stability
and balance (Ayll6n and Fernandez, 2006). The Romberg tests were
designed and executed so that there was no biofeedback; during
the tests performed with the eyes open, subjects were asked to
focus on a fixed point thereby promoting postural control (Taylor
et al., 2015).

2.5.2. Limits of stability (LoS)

The LoS assessment test, as well as the RSW test, described
below, was based on protocols found in the literature (Peydro de
Moya et al., 2005). The purpose of these tests was to complete a
dynamic balance assessment and, in contrast to the Romberg test,
they were designed around a biofeedback approach. These tests
were also carried out in the position indicated in Fig. 1a.

LoS aims to study each subject’s maximum reach when moving
their CoP along the radii of an octagon. The octagon’s first radius
corresponds to north (in front of the subject when they are looking
towards the monitor) and the others occur every 45° in a clockwise
direction (Fig. 2b).

In Fig. 2b the CoP is represented by a bullseye that moves
around according to the body’s movements. The red ball, called
the target ball, indicates the position the subject must try to reach
with the bullseye (CoP) by controlling their body movements.

This red target ball moved from the central position to the
external positions (1-8, indicated with blue reference marks)
whose locations were predefined according to typical reach dis-
tances and then adjusted to each subject’s height. The red target
ball moved at a moderate, constant speed and travelled consecu-
tively between positions (from 1 to 2, 2 to 3, etc.), having previ-
ously passed through the central position. Every time the red
target ball reached the end of its trajectory along one axis, it

paused for 8 seconds while the subjects had to maintain the posi-
tion they had reached for their CoP.

2.5.3. Rhythmic weight shift (RWS)

The RWS test was designed to analyse each subject’s control in
terms of managing CoP displacement, but rhythmically and while
following linear trajectories. In this case a red target ball moved
around while its speed increased progressively, first in an antero-
posterior direction and then in a mediolateral direction (Fig. 2c).

During the test, subjects also had to try to follow the red target
ball with the bullseye, ensuring they were superimposed at all
times, but this time with the added difficulty of a ball travelling
at an ever-increasing speed each time it passed along an axis.

2.6. Statistical analysis

We used the statistical software Minitab Version 17 (Minitab Inc
NYST, Pennsylvania) for the statistical analysis of the data. We
applied methods used in the literature within the same context
as the current area of interest (Gonzalez et al., 2014).

To analyse the results statistically, first, it is necessary to con-
sider which variables are most significant. In this way, in the Rom-
berg tests, the group of variables given in Table 2 was initially
calculated in accordance with the literature. Nevertheless, after
the analysis performed in the present study and the recommenda-
tions proposed by the ISPGR (Scoppa et al., 2013), we selected the
following variables as the most significant (marked with an aster-
isk in the table): Range of CoP displacement in anteroposterior (AP)
and mediolateral (ML) directions (Baydal-Bertomeu et al., 2004;
Pinsault and Vuillerme, 2009; Solovykh et al., 2011; Maze et al,,
2016; Corazza et al., 2016; Bruniera et al., 2015; Sample et al.,
2016; Patricia Paludette et al., 2015; Borges et al., 2016; Duarte
and Freitas, 2010, Cuozzo Lemos et al., 2016; Garcia et al., 2012;
Dorneles et al., 2014), area (Pinsault and Vuillerme, 2009; Lépez
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Table 2
Variables initially considered in the balance tests.
Variable Applicable Description
in tests
Range of CoP displacement (mm)* Romberg/ The distance between the max and min CoP displacement for each direction. The greater the values, the worse the
LoS/RWS postural stability. Represents a global measure that allows to estimate overall postural performance. It provides
the maximum displacements in the Z-axis (anteroposterior) and in the X-axis (mediolateral)
Area (cm?)? Romberg/ The surface area covered by the trajectory of the CoP with 90% confidence interval. Area is a measure of the COP
LoS/RWS spatial variability (Garcia et al., 2012)
CoP mean speed (mm/s)* Romberg/ The total distance covered by CoP divided by the duration of the sampled period and constitute a good index of
LoS/RWS the amount of activity required to maintain stability (Garcia et al., 2012)
RMS (mm)® Romberg/ It is the root of the quotient of the sum of the squares of the distances of the samples to the mean value of these
LoS/RWS samples and the number of samples (Dorneles et al., 2014)
Total CoP displacement (mm) Romberg/ The total distance travelled by the CoP. Calculated by multiplying the mean speed by the capture time
LoS/RWS
Mean CoPx (mm)/Mean CoP, (mm) Romberg/ Mean value for the point cloud of CoP coordinates along the X and Z axes respectively. Represents the mean
LoS/RWS position of the CoP during the test
Coefficient distance-area (mm/cm?) Romberg/ Ratio between the total distance travelled and the area. A measurement of the energy required to maintain
LoS/RWS balance. A larger value represents less efficiency and implies worse energy management by the patient
CoG height (mm) Romberg/ Height of the patient’s CoG. Calculated by multiplying subject height by coefficient 0.55
LoS/RWS
CoG angle axis Z (°)/CoG angle axis Romberg/ Taking into account the height of the patient’s CoG, this corresponds to the angle, in both the anteroposterior and
X (°) LoS/RWS mediolateral planes, whose arc is the maximum CoG displacement in this plane
CoP foot axis Z (%) Romberg/ Percentage of the CoG movement with respect to foot size
LoS/RWS
CoP limits (mm)® LoS/RWS Maximum displacement reached along each axis of the octagon radii
“Success” (%)* LoS/RWS Percentage of points registered in which the CoP coordinates were situated within the red target ball (Nok) in
relation to the total number of points for each axis (N), i.e., all data points considered to represent a success.
“Success” (%) = Nox/N - 100
Directional rhythm ability (DRA) RWS This quantifies the average of the distances between the red target ball and the bullseye (CoP) at each instant
(%)? recorded (50 Hz). It is a dimensionless value, wherein a lower value denotes greater control along this axis
Control and effectiveness of RWS This quantifies the subject’s involuntary movement in a direction perpendicular to the red target ball’s axis of

movement (CEM) (mm)?

movement. A lower value denotes better control along this axis

"CG: Centre of Gravity. RWS: Rhythmic Weight Shift. CoP: Centre of Pressure.
¢ Variables selected in the present study.

and Calidonio, 2009; Solovykh et al., 2011; Bruniera et al., 2015;
Duarte and Freitas, 2010; Garcia et al., 2012; Dorneles et al.,
2014), CoP mean speed (Pinsault and Vuillerme, 2009; Cvecka
et al., 2014; Solovykh et al., 2011; Bruniera et al., 2015; Sample
et al., 2016; Borges et al., 2016; Duarte and Freitas, 2010; Garcia
et al., 2012; Dorneles et al., 2014; Taylor et al., 2015) and root
mean square (RMS) (Kapteyn et al., 1983; Lépez and Calidonio,
2009; Duarte and Freitas, 2010; Cafa-Pino et al., 2015; Weaver
et al., 2016).

The variables selected in both the LoS and RWS tests were based
on those proposed in the literature (Baydal-Bertomeu et al., 2004),
as shown in Table 2.

A descriptive analysis of the results was performed in different
tests. In the Romberg test, the dependence of the results on the fac-
tors of gender, height, and foot length has been verified. To perform
the test by gender in each of the five variables in the four situations
of the Romberg test, a comparison of means with independent
samples was conducted. After the division of the sample by gender,
the size of the subgroups was less than 25, so a normality test has
been performed in each group. In cases in which both groups are
normal, a contrast is performed using the student’s t-test (with
equal or different variances depending on the variance test
results). When absence of normality was detected, a Mann-
Whitney test was performed. To check whether the results are
related to height or foot length, the significance of the correlation
coefficient was obtained. The possible differences between the
RSOE test and the other three situations of the Romberg test were
analysed using a repeated-measure analysis of variance (ANOVA).

In relation to the LoS test, the symmetry of the axes has been
analysed in terms of reach and success obtained with the ANOVA
with repeated measurements, Tukey paired comparison test, and
paired data contrasts using student’s t-test. The alpha value used
is the usual 0.05.

3. Results
3.1. Romberg test

The results of the Romberg test are presented in Table 3. We
observed a growing trend in the values recorded for each of the
variables as difficulty of the tests grew.

To verify whether there was a relationship between the selected
variables and gender, the corresponding comparisons were made
using student’s t-test. The absence of normality of one of the
groups (variables were area and RMS in the RSCE test) required
the use of Mann-Whitney’s non-parametric contrast in only two
cases. No difference was detected by gender since a p-value of less
than .05 was obtained in only two of the variables (in the SSOE
test: RMS, with p-value =.014 and anteroposterior displacement,
with p-value =.025).

We used the Pearson correlation coefficient to determine
whether there was any correlation between height/foot length
and the selected variables. As expected, in all the variations of
the Romberg test, we did not observe any correlation between
variables (p-value >.05), with the exception of certain variables
in the SSEO test:

e Comparing height: RMS (p-value =.001) and area (p-value =
.004).

e Comparing foot length: RMS (p-value =.000) and anteroposte-
rior displacement (p-value =.003).

Once the independence of the results was verified with the fac-
tors of gender, height, and foot length, we evaluated the mean of
the differences for the other three Romberg tests with respect
to the RSEO test for all five variables in the study. Fig. 3 shows
the relations between tests, highlighting a growing trend of the
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Results of the main variables selected in the four variations of the Romberg test, mean (SD).

Variable

Rigid surface, eyes open

Rigid surface, eyes close

Soft surface, eyes open

Soft surface, eyes close

CoP mean speed (mm/s)

RMS (mm)

Area (cm?)

Anteroposterior displacement (mm)
Mediolateral displacement (mm)

7.788 (2.111)
4.842 (1.230)
1.435 (0.629)
17.653 (4.349)
14.003 (4.102)

12.413 (3.648)
5771 (1.581)
2.938 (1.624)
23.729 (6.965)
20.777 (5.401)

14.379 (3.139)
6.975 (1.604)
3.261 (1.163)
27.146 (6.149)
20.996 (5.023)

33.281 (7.639)
12.266 (2.222)
14.034 (5.258)
51.552 (10.348)
43.825 (8.268)

resulting values that followed the increasing difficulty of the tests.
The plots for all the variables display comparably increasing
gradients.

3.2. Limits of stability (LoS)

The data obtained for the CoP limits and the “success” in the dif-
ferent directions are presented in Table 4. We can see that the
maximum values reached for the LoS were in the anterior zone,
specifically in the left-anterior axis. The minimum values recorded
correspond to the posterior zone, the lowest value was observed in
the right-posterior axis.

The analysis of variance (repeated measures ANOVA) revealed
significant differences in a collective comparison of the limits
reached along the eight axes (p-value =.000). The Tukey pairwise
comparison pooled the data according to the values obtained for
each axis. The axes were grouped as follows: 1-2-8/7-3/3-6/6-5-
4. Symmetry analysis, studied by other authors (Korhonen et al.,
2010), was carried out with respect to the anteroposterior axis
and did not reveal any significant differences, apart from between
axes 4 and 6 (p-value =.023).

Results for the LoS success obtained after analysing the variance
(repeated measures ANOVA) are noteworthy as they do not
demonstrate any significant differences following a simultaneous
comparison along the eight axes (p-value =.110). The Tukey pair-
wise comparison supports these results considering that all the
values belong to the same “pool”. Thus, the average total success
is 79.5% (12.3).

3.3. Rhythmic weight shift (RWS)

Table 5 presents some values for the directional rhythmic abil-
ity (DRA) parameter that were notably higher in the posterior
direction than in the anterior one; there was also symmetry
between the mediolateral directions. This lack of uniformity in
the anteroposterior direction compared to the symmetry in the
mediolateral direction translated into a greater reach capacity in
the mediolateral movement. Regarding the RWS test, anteroposte-
rior sway was notably greater than mediolateral sway, which is
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Fig. 3. Comparison of the differences in the Romberg tests.

consistent with other, similar studies (Baydal-Bertomeu et al.,
2004; Kapteyn and Wit, 1972).

In contrast, higher values for the control and effectiveness of
movement (CEM) parameter contained in the mediolateral direc-
tion compared to the anteroposterior direction indicated a higher
level of control over mediolateral movements.

4. Discussion

In this study, we have analysed a sample of healthy people, with
a new balance platform using tests based on the literature. Follow-
ing the results, we discuss the instrumentation, selected variables,
relationship between the results with the characteristics of the
sample (height, age, and foot length), consistency of the results,
and study limitations.

The platform used in the study fulfils the criteria established by
the ISPGR; however, in relation to the position of the coordinate
origin, another criterion has been applied. The ISPGR states that
the origin of the (X, Y) coordinates of the CoP is in the left back cor-
ner of the platform (Scoppa et al., 2013). However, if that position
were chosen, the resulting coordinates would depend on the
dimensions of the platform and the initial position of the subject
at the beginning of the test, which makes it difficult to compare
different tests, especially in the stabilogram and statokinesiogram
graphs. The comparison between tests is especially necessary with
the Romberg RSOE test of the same subject performed in the same
session and is useful among different subjects.

To facilitate such a comparison, it was proposed that the refer-
ence system of the (X, Y) coordinates of the CoP corresponds to its
position at the beginning of the test. That is, the (X, Y) coordinates
of the CoP are initialised to zero at the beginning of the capture and
immediately after the ‘adaptation phase’, which should not be less
than 5 s (Taylor et al., 2015), and once the operator has checked
that the subject is in a stable position. Adopting this approach pro-
vides the following advantages:

e The (X, Y) coordinates of the CoP are normalised with the sub-
ject itself (from the initial position of stability), regardless of the
dimensions of the platform and its initial position on it. In this
way, the graphs will show the patient’s evolution during the
test from the initial position and thus facilitate the clinical
interpretation.

e The stabilogram (Fig. 2d) shows positive and negative values.
This is especially useful for visualising possible asymmetries.

o In the same way, the statokinesiogram (Fig. 2e) shows an origin
point with positive and negative values, which makes it easy to
distinguish movements of the CoP in the four quadrants of the
area described by the same from the starting position of the
test.

o It does not affect classical parameters (Scoppa et al., 2013) since
these do not depend on the established origin.

However, in the initial instant where this coordinate adjust-
ment is performed at zero, it is recommended, as in our experi-
mentation, to save the displacement of the CoP with respect to
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Table 4
Centre of pressure (CoP) Limits and “success” in limits of stability, mean (SD).
Variable Forward Forward- Rightward Backward- Backward Backward- Leftward Forward-
rightward rightward leftward leftward
CoP limits (mm)  85.23 89.58 (12.27) 71.23 (7.49) 60.52 (10.69) 61.64 64.11 (10.84) 74.09 (8.70)  91.61 (13.65)
(13.03) (11.97)
Success (%) 77.05 77.98 (13.53) 77.32 78.65 (10.52) 83.30 80.39 (12.52) 81.95 77.89 (13.25)
(12.11) (12.50) (12.51) (11.72)
Table 5
DRA and CEM in the rhythmic weight shift test, mean (SD).
Variable Forward Backward Rightward Leftward
DRA (%) 17.39 (3.39) 26.18 (6.97) 23.35 (4.85) 22.61 (5.61)
CEM (mm) 5.23 (1.26) 5.33 (0.97) 8.07 (2.55) 6.90 (1.70)

DRA: Directional Rhythm Ability. CEM: Control and Effectiveness of Movement.

the central point of the platform. This allows undoing the reference
change and using the criterion established by the ISPGR.

The proposed change of CoP coordinate origin is considered to
facilitate the clinical interpretation of the stabilometric graphs.
With this same objective, identifying the variables that produce
the most significant diagnostic data is considered vital in order
to help practitioners interpret and evaluate balance test results.
A review of the literature revealed a wide range of variables
(Table 2) that correspond with those implemented in the series
of balance tests used in the present study. An analysis of the
results of these tests, and in accordance with relevant references
(Baydal-Bertomeu et al., 2004), allowed us to identify the most
representative variables (Table 2), which simplifies and facilitates
the assessment process.

Regarding the variables suggested for the diagnosis, note that
the CoP mean speed and total CoP displacement are of course
mathematically related. Although the displacement variable is
easier to interpret and used on a frequent basis, we preferred to
select the CoP mean speed to help compare the results of the Rom-
berg test (40 s) against those of authors who set a different immo-
bility period, since the CoP mean speed does not depend on the
duration of this period.

As expected with the sample of subjects selected between the
ages of 18 and 30, including both genders and similar anthropo-
metric measures, no correlation was found between foot length
and height with the selected variables. At this point, the result of
our work differs from other authors with a sample of greater vari-
ability in height. These authors found slight correlation as a func-
tion of height (Alonso et al., 2012).

To evaluate the consistency of the obtained results, we used
patterns consulted in the literature related to the forensic field.
As a diagnostic test, the proposed series of balance assessment
tests can provide information about the degree of patient collabo-
ration by detecting possible exaggerations (Ramirez et al., 2014) of
the pathology (inconsistent physiological patterns), whether due
to fear, anxiety or other reasons; a relevant point of interest in
expert and forensic settings. Regarding this point, other studies
(Peydro de Moya et al., 2005; Goebel et al., 1997) have identified
non-physiological patterns that potentially indicate a lack of col-
laboration by observing CoP displacement in different tests. Specif-
ically, according to the literature, it would be inconsistent if better
results were observed in the more difficult tests (Baydal-Bertomeu
et al., 2004; Peydro de Moya et al., 2005), i.e., better results in the
SSEC Romberg test than in the RSEO Romberg test.

Therefore, these patterns and the coherence analysis have
served to measure the consistency of the tests performed on the
sample of asymptomatic subjects and consequently check the
suitability of the established protocols for their clinical application.

In fact, as observed in other studies (Baydal-Bertomeu et al.,
2004), we did actually observe an increase in postural sway as
the difficulty of the static Romberg tests increased, both when
vision was deprived and proprioception was distorted with a foam
rubber pad; when these two impediments were combined, the
postural sway was even greater (e.g., the area defined by the CoP
is eight times greater in the SSEC test than in the RSEO test).

In the LoS test for dynamic assessment, another consistent pat-
tern is obtaining a greater reach in the anterior zone compared to
the posterior one. This is because the posterior zone is more criti-
cal, since the area supporting the feet is smaller (Baydal-Bertomeu
et al., 2004). In the cases studied here, there is a difference of 25-
30 mm between the anterior and posterior zones. Furthermore, we
did not detect any significant differences in the “sucess” variable
for the eight different directions (mean of 79.3%). Therefore, we
can state that the results for the success variable in healthy sub-
jects are independent of the direction of the stability axes.

Analysis of the LoS test results reveals significant differences (p-
value =.023) in the reaches achieved along the left and right poste-
rior axes (64.1 and 60.5 mm, respectively). We believe this is due
to the “experience factor” detected during data analysis. This
occurred because subjects adapted to the test as they were per-
forming it, thus resulting in greater CoP reaches along the axes
examined towards the end of the test, which corresponded to those
on the left-hand side of the octagon. We suggest future studies ran-
domise the order in which the red target ball travels along the axes
to avoid this “experience factor”.

Note that certain limitations have been found in the study. A
larger evaluated population sample (although the sample was suf-
ficient) would be advisable. With this population increase, the
accuracy of the study could be improved and would allow extend-
ing the studied age range as well as allow consolidation of the data.

In view of the results of the study, the adequacy of the instru-
mentation used and the procedures and protocols for clinical appli-
cation are highlighted, emphasising the importance of generating
information about the postural behaviour of healthy individuals.
Additionally, participants evaluated the study positively, as shown
by information collected during questionnaires; all subjects under-
stood the test instructions correctly.

5. Conclusion

It has been verified that the instrumentation meets the stan-
dards established (Scoppa et al., 2013) for its clinical application.
As a result of this study, we have managed to elaborate and for-
malise a series of tests to assess balance in a standing position,
based on literature, which is of interest in healthcare and forensic/-
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expert settings. These tests measure the level of balance control
and the limits of stability of the subjects as well as the degree of
consistency and collaboration implemented during the tests. The
selection of proposed variables and the reference data obtained
from them in the sample of asymptomatic participants may favour
the application of this technology to the study of balance in the
health field.
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Figure 1 (A) Stabilometric platform and (B) test work environment.
Full-size Eal DOI: 10.7717/peerj.10916/fig-1

platform data, as well as the format and method of exporting them, have been carried out
according to the procedure used by De la Torre et al. (2017).

Likewise, in accordance with the aforementioned study, the stabilometric platform
‘meets the standards established by the International Society for Posture and Gait Research
(ISPGR) for its clinical application’ (Scoppa et al., 2013) in relation to various parameters,
such as accuracy, precision, linearity, dimensions, resolution, sampling, and so on. The
precision parameters (accuracy, precision, linearity, dimensions and resolution) were
obtained through a reliability experiment in which the metrological characteristics of
the platform were tested with a gold standard force platform, as well as the error of
measurement De [a Torre et al. (2017). Processing the force data in function of the cells’
position means we can calculate the real-time position of the trajectory that describes the
position of the COP by applying the appropriate formula (Ldpez ¢ Calidonio, 2009; Ma
et al., 2016). The stabilometric platform has been used in several research projects with
patients in different hospitals since 2018, both public (hospital Miguel Servet and university
hospital Lozano Blesa (Zaragoza, Spain)) and private (hospital MAZ (Zaragoza, Spain));
all the research projects have been approved by the CEICA Committee. In addition, the
characteristics of the platform and its portability make it suitable for clinical use where, for
example, the medical office space is limited (Scoppa et al., 2013; De la Torre et al., 2017).

Protocol

Patients were evaluated by clinician 1 on two different days (sessions) spaced three months
apart (first session: pre-session; second session: post-session). After the pre-session,
clinician 1 prescribed the rehabilitation treatment according to the specific balance disorder
of each patient. Patients with vertigo of peripheral or central origin performed vestibular
rehabilitation exercises (Boomisaad, Telian ¢ Patil, 2017). For patients with a specific
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diagnosis of benign paroxysmal peripheral vertigo (BPPV), the Epley manoeuvre was
performed in addition to vestibular rehabilitation exercises (Orejas et al., 2020; Hansson,
Persson ¢& Malmstrom, 2013).

After the evaluation by clinician 1, in each session (pre and post), the patients conducted
a set of balance evaluation tests with a stabilometric platform (three months apart between
the pre- and post-session). The tests were performed by the PM&R of the Alcaniz Hospital
between February and July in 2019. The fieldwork was performed by a team of a clinician
(clinician 2), a nurse, and a technician in the same hospital.

The static and dynamic balance were both assessed with a set of tests previously applied
in other studies (De la Torre et al., 2020b; De la Torre et al., 2017).

Static balance control was assessed with a test based on the Romberg test and the
Modified Clinical Test of Sensory Interaction in Balance (CTSIB-M). In the test patients
must maintain their COP within the support base throughout the assessment period - 40 s
(De la Torre et al., 2017). Static balance control was assessed in four different conditions,
examined consecutively: (1) rigid surface with eyes open (RSEO), (2) rigid surface with
eyes closed (RSEC), (3) soft surface with eyes open (SSEO), and (4) soft surface with eyes
closed (SSEC).

On the other hand, the dynamic postural balance, which is vital for motor control, was
assessed measuring the limits of stability (LOS) that a patient is able to reach and with it, the
management capacity of COP (Ku, Abu Osman & Wan Abas, 2016). The inclusion of the
LOS, complementary to the assessment of the static balance control, provides additional
value to the balance assessment protocol (Lin ef al., 2008; Tesio et al., 2013; Salehi et al.,
2010).

The specific protocol applied in the tests: the position of the body, arms and feet during
the test (De la Torre et al., 2017), environmental conditions (e.g., noise, space, etc.) and
the additional instrumentation used as a foam rubber for soft surface or instruments
for anthropometric data collection, is the same that (De la Torre et al., 2020a; De la Torre
et al., 2020b) used for this stabilometric platform (Fig. 1). This protocol fulfils certain
clinical conditions (Swanenburg et al., 2008; Hoving et al., 2005; Benvenuti et al., 1999;
Doyle, Newton ¢ Burnett, 2005; it must be fast and should not require multiple repetitions
to issue a definite, consistent result (Swanenburg et al., 2008).

At the start of the tests, clinician 2 provided patients with instructions on how to perform
the tests, according to similar studies (De la Torre et al., 2020a; De la Torre et al., 2020b).
The patients were instructed on how to place their feet on the platform according to the
mark placed in the stabilometric platform shown in Fig. 1A. The patients had to be in
a standing position, with the arms extended and close to the body. The patients were
instructed to keep as still as possible in the static tests; in the LOS, they were instructed to,
using only the movement of the ankles without lifting the feet, follow a moving target LOS
as explained by De la Torre et al. (2020a). Clinician 2 also provided instructions on how to
stimulate abdominal toning, since this has an influence on stability and balance (Ayllon ¢
Ferndndez, 2006). Patients completed a practice run of each test so that clinician 2 could
verify that they understood the procedure, assumed the correct posture, and executed the
tests correctly. This also gave the patients the opportunity to get used to the platform and
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environment, which are considered relevant factors in some balance studies (Taylor et al.,
2015).

Variables

The variables selected for the present study were those determined by De la Torre et al.
(2020a). to be more significant in balance assessment studies, which details, and method
of obtaining are also explained in the same study. The variables selected for the assessment
of the static and dynamic balance were the range of displacement in the anteroposterior
and mediolateral directions in mm, area in cm? (surface area covered by the trajectory of
the COP), average speed of the COP in mm/s, and RMS position in mm. Additionally,
in the LOS test, two more variables were assessed: the COP limits in mm (maximum
displacement reached along each axis of the octagon radii), and the “success” variable in
percentage (quantification of the management and coordination of the COP along each
axis of the octagon radii), both defined in previous studies (De la Torre et al., 2020a; De la
Torre et al., 2020b).

MCQ-Balance assessment method

Figure 2 presents the application outline of the MCQ-Balance assessment, which consists of
three stages in which the progression of a patient’s balance is Measured (M), Classified (C),
and Qualified (Q). The method input is the variables provided by the set of balance tests in
two temporal points, that is, the values of the variables in the pre-session and post-session.
The variables are analysed individually until stage two, where they are grouped at the test

level until the end of the assessment. The application outline shows the inputs and outputs
of each stage, as well as the processes (P1-P5) applied to them. It also includes the type of
information that is handled and the interpretative changes during the process.

Stage 1: Measure

The first stage of the method involves measuring the progression of each variable of the
balance tests set by detecting relevant changes between two measures of each variable
recorded at different temporal points (e.g., a measure of 26.4 for one session and 27.2 for
another session). For this purpose, the process (P1) used in this stage is the statistical method
MBD, as described in the Spreadsheet for Monitoring an Individual’s Changes (Hopkins,
2017) (formerly known as magnitude-based inferences) (Hopkins, 2019). According to the
MBD method, some inputs are required for each analysed variable:

e Xdif: difference between the measures taken in two temporal points: pre-value (pre-
session) and post-value (post-session) (Eq. (1)).

Xdif = Xpost — Xpre (2)

e MBD threshold: for this method, a threshold (numerical value) must be defined from
which a change is considered relevant. In our case, we selected the minimal detectable
change (MDC) (Eq. (2)). The implications of this election are explained in the discussion

section.

MDC = 1.96+/2SEM ; SEM = SDpool~/1—ICC (3)
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Where the standard deviation (SDpool) is the pooled average between the standard
deviation of the test and retest, ICC is the intraclass correlation coefficient (specifically,
the calculated coefficient was ICC3, k (similar to ICC2.1) (Ruhe, Fejer ¢~ Walker, 2010);
the statistical software used for the ICC calculations was the IBM SPSS statistics
(IBM Corp, 2017) and the ICC results were classified according to Cicchetti (1994), who
provided the following intervals to characterize the ICC inter-rater agreement measures;
and SEM is the standard error of measurement. Following the exposed calculation
procedure, ICC, SEM and MDC values were obtained in a previous test-retest study
(De la Torre et al., 2020a; De la Torre et al., 2020Db).

e Short-term typical error (STTE): this represents the error/deviation in the subject’s
repeated measurements in a short period for a sample of measurements instead of
just one measurement per session, without any substantial change between them (as
an intervention, for a long time between measurements, etc.) As proposed by Hopkins
(2000) and Hopkins (2017), this input was obtained with a previous short-term reliability
study of the balance test set; similar study to the calculation of variables for the MDC
(De la Torre et al., 2020a; De la Torre et al., 2020Db).

To detect whether the change is relevant between two recorded measures, clinical MBD
is followed (Hopkins ¢ Batterham, 2016). This allows us to determine whether the detected
progression is positive (beneficial), negative (harmful) or inconclusive.

First, with the value and sign (positive or negative) of Xdif, we determine the tendency
of the change towards a positive or negative progression. In the MCQ-Balance assessment
method, we follow the following criteria based on (De la Torre et al., 2020a; De la Torre
et al., 2020b): for the static balance group, a positive progression is considered if Xdif has
a negative sign, and for the dynamic balance group, a positive progression is considered if
Xdif has a positive sign.

Subsequently, following the calculation method set forth by Hopkins (2017), the
probability of change (PoC in %) is obtained, which can be defined as the probability
that the difference between the two values is relevant. This probability corresponds to the
percentage of the confidence interval of the difference (calculated using the Xdif and STTE)
that is outside of the range (+MDC, -MDC).

Once the PoC is calculated in the method, criteria must be established to consider a
positive, negative, or null (unclear) progression of each variable. In a case study following
the clinical MBD, a positive PoC that is greater than or equal to 25% corresponds to
a relevant positive change, whereas a negative PoC that is greater than or equal to 5%
corresponds to a relevant negative change in the patient. In contrast, if the positive PoC
is less than 25% or the negative PoC is less than 5%, the change is considered ‘unclear’.
The asymmetry between the two intervals is because, in ‘Clinical MBD the effects have an
unacceptable risk of harm’ (Hopkins ¢ Batterham, 2016).

Stage 2: Classify

The second stage of the method consists of classifying the progression of each patient using
a scoring. First, a specific score for each variable is calculated individually. Subsequently,

from the scores of each variable, a score is obtained for each test. Finally, the test score is
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MCQ-BALANCE ASSESSMENT METHOD OF BALANCE PROGRESSION
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Figure 2 MCQ-Balance assessment method: processes, inputs, outputs from the different stages.
Full-size Gal DOI: 10.7717/peer;j.10916/fig-2

simplified, and a homogenised score (a discrete variable with the values -2, -1, 0, +1 and
+2) is calculated for each of them, making it possible to compare the tests with different
numbers of variables.

To determine the specific score for each variable (Score.v.mor the score of the variable
m), Eq. (3) (P2) was used:

Score,,, = PoC +CQ (4)

e PoC: Probability of change for one unit (calculated in 2.4).

e CQ: Quantification of the change that represents the dimensionless difference between
the pre- and post-sessions (for one unit) calculated using Eq. (4), in which Xdif is
divided by the maximum value of the pre- or post-session. If Xdif is very large (tending
to infinity), CQ approaches 1:

Xdif

Q= Max(X post; X pre)

(5)

Considering Eqs. (2) and (3), the range of Score,,, is0 to +2 (positive progression) or -2
to 0 (negative progression). The score per variable is a continuous quantitative variable.

As mentioned above, the present study included five tests (four variants of the Romberg
test and the LOS test); therefore, through a calculation based on the variable scores (P3),
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we obtained five values referred to as Scoreres, . In the static balance tests, four situations
were considered in which five variables were obtained in each one. In the LOS test, 20
variables were obtained. Equation (5) shows how to calculate the value for Scorerest, .

Ntest
Scorerest, = E Score,,, (6)

m

where Ny is the number of variables per test. Likewise, in Eqgs. (6) and (7), the maximum
and minimum scores that the Scorere, can reach are shown.

MaxScoreres;, = 2Nyest (7)

MinScoreres, = (—2) Niest (8)

For the static balance tests, the maximum and minimum scores were +10 and -10,
respectively. For the LOS test, the maximum and minimum scores were +40 and -40,
respectively.

Due to the different ranges of scores for each test, it is necessary to perform a classification
that homogenises and simplifies the scores independently of the number of variables
selected in the previous phases. For this, a process (P4) is conducted in which the global
scores are transformed into a discrete quantitative variable through categorisation (Gonzilez
et al., 2020), establishing a classification of five scores between -2 and +2. The proposed
intervals are shown in brackets, which were defined based on statistical criteria, the
processing and analysis of the data and the view of the clinician 2 involved in the present
study:

-2: high negative progression from Test,, (30% MinScoreres, >Scorerest, ).
-1: negative progression from Test,, (30% MinScoreres, <Scoreres, <10%MinScorerest, ).
0: no progression from Test, (10% MinScorer,s;, <Scoreres;, < 10%MaxScoreres, ).

+1: positive progression from Test, (10% MaxScoreres, <Scoreresr, < 30%
MaxScoreres,).
e +2: high positive progression from Test, (30% MaxScoreres, <Scorerest, ).

Stage 3: Qualify
The third and final stage involves using established criteria to qualify the progression based
on the resulting scores from stage two. For this purpose, rules based on a decision tree
model (see Fig. 3) are proposed to qualify the progression of the balance in a patient and
the influence of the involved BSS.

As mentioned above, balance is supported by the visual, proprioceptive and vestibular
systems. Consequently, in the set of tests presented in Section 2.2, the patient was deprived
successively of one or more BSS:

RSEO: no BSS altered.

RSEC: ES altered. The balance depends on the VS and PS.
SSEO: PS altered. The balance depends on the VS and ES.
SSEC: ES and PS altered. The balance depends only on the VS.
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RULES TO QUALIFY THE BALANCE PROGRESSION OF A PATIENT AND THE INFLUENCE OF

Rule 1. Overall progression of Static
balance

RSEO=0 — S1
RSEO = +1/+2 — S2

RSEO =-1/-2 — S3

THE SENSORY SYSTEMS

Rules of direct obtaining

Rule 2. Overall progression of Dynamic

Rule 3. Progression of balance due to

balance Vestibular system

LOS =100 —{Di
LOS =+1/+2 — D2

Los ==1/228 —{D3

Rules of obtaining by combination

SSEC=0 — V1

SSEC = +1/42 — V2

SSEC=-1/2 — V3

Rule 4. Progression of balance due to

Eyesight system
SSEO - 01 —(E]l
SSEC=0 — SSEO = +1/42 ——————— E2
L SSEOQ =-1/-2 ——————E3
SSE0=0 ——— FE4
SSEC = +1/+2 — SSEO = +1/+2 —————————— E5
L SSEQEC1/-2 —————(E6!
SSE0=0 ——F—F———E7
SSEC =il/-2 —SSEQI= /b —(E8

L SSEQO=-1/-2 —— XXX E9

Rule 5. Progression of balance due to
Proprioceptive system

RSEC=0 ————P1
SSEC=0 — RSEC=+1/42 — P2
RSEC=-1/2 —P3

RSEC=0 ———— P4

SSEC = +1/42 — RSEC = +1/42 —— P§
L RSEC=-1/2 —— P

RSEC=0 ————— P7

SSEC=-1/2 — RSEC=+1/42 — P8

L RSEG|= /-2 e P9

Conclusions for each situation assessed

$1: No progression in the overall static balance.
$2: Positive progression in the overall static balance.

Rule 1

$3: Negative progression in the overall static balance.

D1: No progression in the dynamic postural balance.
D2: Positive progression in the dynamic postural balance.
D3: Negative progression in the dynamic postural balance.

Rule 2

V1: No progression in the balance due to the VS.
V2: Positive balance progression due to the VS.
V3: Negative balance progression due to the VS.

Rule 3

E1: With the PS altered, without demonstrable changes in the VS: no balance
progression due to the ES are demonstrated.

E2: With the PS altered, without demonstrable changes in the VS: positive
balance progression is due to the ES.

E3: With the PS altered, without demonstrable changes in the VS: negative
balance progression is due to the ES.

E4: With the PS altered, the improvement of the VS is compensated for by the
deficit of the ES: negative balance progression due to the ES.

ES: With the PS altered, considering the improvement of the VS: no balance
progression are demonstrated due to the ES.

E6: With the PS altered, the improvement of the VS is compensated for by the

Rule 4

significant deficit of the ES: very negative balance progression is due to the ES.

Rule 4

Rule 5

E7: With the PS altered, the deterioration of the VS is compensated for by the
improvement of the ES: positive balance progression due to the ES.

E8: With the PS altered, the deterioration of the VS is compensated for by the
significant improvement of the ES: very positive balance progression is due to the ES.
E9: With the PS altered, considering the deterioration of the VS: no balance
progression are demonstrated due to the ES

P1: With the ES altered, without demonstrable changes in the VS: no balance
progression due to the PS are demonstrated.

P2: With the ES altered, without demonstrable changes in the VS: positive balance
progression is due to the PS.

P3: With the ES altered, without demonstrable changes in the vestibular system:
negative balance progression is due to the PS.

P4: With the ES altered, the improvement of the VS is compensated for by the deficit
of the PS: negative balance progression is due to the PS.

P5: With the ES altered, considering the improvement of the VS: no balance
progression are demonstrated due to the PS.

P6: With the ES altered, the improvement of the VS is comp i for by the
significant deficit of the PS: very negative balance progression is due to the PS.

P7: With the ES altered, the deterioration of the VS is compensated for by the
improvement of the PS: positive balance progression is due to the PS.

P8: With the ES altered, the deterioration of the VS is compensated for by the
significant improvement of the PS: very positive balance progression is due to the PS
P9: With the ES altered, considering the deterioration of the VS: no balance
progression are demonstrated due to the PS.

Figure 3 Rules to qualify the balance progression of a patient and the influence of the balance sen-
sory systems. RSEO: Rigid Surface, Eyes Open; RSEC: Rigid Surface, Eyes Closed; SSEO: Soft Surface, Eyes
Open; SSEC: Rigid Surface, Eyes Closed. VS: vestibular system; ES: visual system; PS: proprioceptive sys-
tem. E1-E3: conclusions for the progression of static balance; D1-D3: conclusions for the progression of
dynamic postural balance; V1-V3: conclusions for the progression of balance due to VS; S1-S9: conclu-
sions for the progression of balance due to ES; P1-P9: conclusions for the progression of balance due to

PS.

Full-size Gl DOI: 10.7717/peerj.10916/fig-3
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e LOS: no BSS altered. Unique dynamic postural balance test.

Thus, five rules are proposed that lead to their corresponding conclusions (see
‘Conclusions for each situation assessed’ in Fig. 3). The clinicians of the present study
developed these conclusions. In addition, the rules are divided into two groups: those
directly obtained (1, 2, and 3) and those obtained in combination (4 and 5).

Rules 1 and 2 allow to obtain a global assessment of the progression of the static
balance control and the dynamic postural balance of a patient from the RSEO and LOS
tests, respectively. Rule 3 allows to obtain an assessment of the influence of the VS on
the progression of a patient’s balance, analysing the SSEC test. Rules 4 and 5 assess the
influence of the ES and PS, respectively, on the progression of a patient’s balance. These
rules result from the combination of SSEC with SSEO (Rule 4) and with RSEC (Rule 5),
first analysing the SSEC test and then the corresponding one according to the rule.

Comparison between the MCQ-Balance assessment and clinician
judgment

To analyse the application of the MCQ-Balance assessment, the patient results provided
by this method have been compared with the assessment of a clinical expert (clinician 3).

The pre- and post-session data collected by clinician 1 (history and physical examination,
diagnosis and functional assessment tests) were assessed by clinician 3 at the end of the field
work, which allowed an assessment of the balance progression of each of the 42 patients.
To avoid the results being influenced or contaminated by the interaction between the
clinicians, there was no contact between them during the research.

The assessment of clinician 3 established three possible categories to evaluate patient
progression: positive, null or negative progression (represented by “+”, “=" and “-,
respectively). Regarding the MCQ-Balance assessment, the RSEO variant of the static
balance test and LOS test was chosen to make the comparison. This decision was motivated
by the fact that, in the RSEO test, the subject has all the BSSs necessary to maintain stability,
which corresponds to the standard situation where all BSSs are intact; it is a more favourable
test and more consistent with the performance of daily living activities. In addition, in the
LOS test (where the capacity or stability limits of patients are measured), the patient is also
not deprived of any BSS; therefore, both tests are performed under the same conditions,
which we consider in favour of the assessment used in this study (between the results of
the pre-treatment and post-treatment session).

Likewise, and since clinician 3 could only establish a classification in three categories, the
MCQ-Balance assessment scores have been simplified to a positive (+2 and +1 simplified
to ‘+°), null (0 simplified to ‘=") and negative (-2 and -1 simplified to ‘-’) progression in
order to properly conduct the comparison.

Statistical analysis

We used the statistical software IBM SPSS statistics Version 25 (IBM Corp, 2017) for
the statistical analysis of the data. To make the comparison between the MCQ-Balance
assessment results and the assessment of clinician 3, the Cohen’s Kappa statistical coefficient
(k) was chosen (Cantor, 1996), which is used to measure inter-rater reliability for qualitative
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(categorical) items. Likewise, the confusion matrix was calculated to obtain the accuracy
and percentage of false negatives.

Regarding the results of the comparison, it would be reasonable to obtain a Cohen’s
Kappa coefficient of a moderate or higher category (index above 0.4), as well as an accuracy
of more than 70% to minimize the number of false negatives.

RESULTS

The results of the statistical analysis of the comparison between the MCQ-Balance
assessment and the evaluation of clinician 3 are presented below.

Stage 1

Regarding phase 1, the average PoC is presented for each patient’s tests (see Table 3). The
motivation for the choice of PoC is the main output of phase 1 and, therefore, the most
representative variable. Due to the volume of information handled, it was not possible
to include the information at the variable level as explained in the method; however,
the information of each variable from the pre- and post-sessions (pre-value, post-value,
difference, MDC, STTE, PoC, CQ and the scores of each variable) of the patients’ tests has
been calculated and compiled as supplementary material.

Stage 2

The results related to stage 2 correspond to the homogenised scores of the five tests of the 42
patients, as presented in Table 4. This score is a discrete value between -2 and +2; negative
values (-2 and -1) indicate negative progression, null values (0) indicate no progression
and positive values (1 and 2) indicate positive progression.

Stage 3

Qualification of the scores of each patient, a process conducted in stage 3, is presented
in Table 4 with the same identifying code detailed in Fig. 3, where the conclusions are
presented based on the scores obtained.

Comparison between the MCQ-Balance assessment and

clinician judgment

The results of the comparison between the MCQ-Balance assessment and the assessment

of clinician 3 for the RSEO and LOS tests are presented in Table 5 and 6, respectively. They
include the confusion matrix, Cohen’s Kappa coefficient with its significance (p-value) and
the number of false negatives.

As shown in Table 6, for the RSEO test, Cohen’s Kappa coefficient is 0.752 (between
0.61-0.80 as substantial (McHugh, 2012), the accuracy is 83.4% between the two assessments
and there are no false negatives.

As shown in Table 6, for the LOS test, Cohen’s Kappa coefficient is 0.581 (between 0.41—
0.60 as moderate (McHugh, 2012)), the accuracy is 72.9% between the two assessments
and there are four false negatives, including three cases where the method did not detect
changes and the clinical expert estimated worsening as well as one case where the method
detected positive progression and the clinical expert estimated worsening.
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Table 3 Stage 1 results: Probability of change of each patient and test.

ID Def RSEO RSEC SSEO SSEC LOS ID Def RSEO RSEC SSEO SSEC LOS
01 P 0.12 0.79 0.16 0.40 0.11 22 P 0.22 0.29 0.26 0.70 0.72
02 P —0.06 —0.12 —0.17 —0.38 —0.08 23 P 0.58 0.02 0.06 0.35 0.16
03 P 0.19 —0.03 0.15 —0.05 0.09 24 C 0.09 0.77 0.69 —0.74 0.01
04 P —0.21 —0.80 —1.00 —0.52 —0.23 25 P —0.30 —0.40 —0.60 —0.37 0.05
05 P —0.49 —0.49 —0.30 0.06 —0.10 26 C 0.21 —0.06 —0.06 0.22 0.19
06 P —0.14 —0.26 0.02 —0.62 —0.14 27 P —0.15 —0.39 0.48 —0.31 —0.15
07 P 0.39 —0.02 0.46 0.18 0.34 28 P 0.00 —0.19 —0.03 0.35 —0.07
08 P 0.13 —0.31 0.21 —0.22 0.15 29 P 0.18 1.00 0.58 0.23 —0.07
09 P —0.66 —0.02 0.15 —0.46 0.13 30 C 0.62 0.40 0.76 0.26 —0.21
10 P —0.57 —0.02 0.15 —0.93 0.15 31 P 0.05 —0.15 —0.34 —0.13 0.06
11 P —0.05 —0.05 —0.03 0.04 —0.07 32 P —0.78 0.09 —0.23 —0.94 —0.32
12 P —1.00 n/a n/a n/a n/a 33 P —0.04 —0.73 0.19 —0.06 0.00
13 P 0.25 —0.06 —0.39 —0.52 0.16 34 C —0.80 —0.69 0.28 n/a n/a
14 C —1.00 —0.98 n/a n/a n/a 35 P 0.23 —0.19 0.26 0.18 0.17
15 P —0.14 —0.64 —0.90 0.98 —0.05 36 P 0.10 —0.43 0.22 —0.14 —0.16
16 P 0.19 0.94 0.59 0.99 0.16 37 P 0.13 1.00 —0.03 0.29 0.16
17 C 0.17 0.00 —0.07 0.75 0.43 38 C —0.86 —0.32 0.07 —-0.71 0.00
18 P —0.07 —0.30 0.84 —0.26 0.13 39 P 0.15 0.55 —0.06 —0.08 0.17
19 P —0.40 —0.25 0.50 0.04 —0.26 40 C —1.00 n/a n/a n/a n/a
20 C —0.20 —0.22 —0.64 —0.43 0.58 41 C —0.68 —0.63 —0.84 n/a n/a
21 P 0.07 0.05 —0.38 —0.08 0.11 42 P —0.19 —0.11 —0.11 —0.03 0.01
Notes.

ID, patient identifier; Def, vertigo deficit; P, peripherical deficit; C, central deficit; n/a, test not performed; RSEO, rigid surface eyes open; RSEC, rigid surface eyes closed;
SSEO, soft surface eyes open; SSEC, soft surface eyes closed; LOS, limits of stability.

DISCUSSION

In this study, the MCQ-Balance assessment showed an accuracy of 83.4% compared to
evaluation by an expert clinician for the detection of relevant changes in balance in patients
with balance disorders. The methodology used in this study is easily reproducible, given
the wide availability of the resources used.

Few studies have focused on the clinical utility of posturography at the individual patient
level (Visser et al., 2008). Likewise, although posturography is considered the gold standard,
limitations exist regarding its use as a functional assessment (Climent Barbera, 2003). Thus,
MCQ-Balance assessment method proposed, focuses on the individualised monitoring of
patients, try to respond to this problem. Indeed, the transformation of information from
continuous quantitative variables to conclusions in medical language facilitates the clinical
interpretation of the results, providing greater intelligence to posturography devices (which
is a limitation detected in posturography reports) (Climent Barbera, 2003).

Stages two and three of the method are adapted to clinical needs because they are the
result of multidisciplinary work involving clinicians and technicians. This highlights the
relevance of the conclusions that the MCQ-Balance method can generate from the results
of the balance tests, which have been defined and written by the clinicians involved in the
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Table 4 Stage 2 results—homogenised scores—and stage 3 results—conclusions—of each patient.

STAGE 2: CLASIFY

STAGE 3: QUALIFY

ID VO CA RSEO RSEC SSEO SSEC LOS R1 R2 R3 R4 R5
01 P = 0 2 0 1 S1 D1 V2 E4 P5
02 P = 0 0 —1 —1 S1 D1 V3 E9 pP7
03 P + 1 0 0 0 1 S2 D2 Vi E1l P1
04 P - -1 =2 -2 -2 —1 S3 D3 V3 E9 P9
05 P - -2 -2 —1 0 -1 S3 D3 Vi E3 P3
06 P = -1 -1 0 -2 0 S3 D1 V3 E7 P9
07 P + 2 0 2 1 1 S2 D2 V2 E5 P4
08 P = 0 -2 1 -1 0 S1 D1 V3 E8 P9
09 P + -2 1 —1 1 S3 D2 V3 E8 pP7
10 P - -2 1 -2 0 S3 D1 V3 E8 pP7
11 P + 0 0 0 0 S1 D1 V1 E1l P1
12 P - -2 n/a n/a n/a n/a S3 n/a n/a n/a n/a
13 P + 1 0 —1 -2 1 S2 D2 V3 E9 pP7
14 C - -2 -2 n/a n/a n/a S3 n/a n/a n/a n/a
15 P + -1 =2 -2 0 S3 D1 V2 E6 P6
16 P + 1 2 1 S2 D2 V2 E5 P5
17 C + 1 0 0 1 S2 D2 V2 E4 P4
18 P = 0 -1 —1 0 S1 D1 V3 E8 P9
19 P = -2 -1 0 -1 S3 D3 V1 E2 P3
20 C - -1 -1 -2 —1 2 S3 D2 V3 E9 P9
21 P = 0 0 —1 0 S1 D1 Vi E3 P1
22 P + 1 1 2 S2 D2 V2 E5 P5
23 p + 2 0 0 1 1 S2 D2 V2 E4 P4
24 C = 0 2 2 -2 0 S1 D1 V3 E8 P8
25 P - —1 -2 -2 —1 0 S3 D1 V3 E9 P9
26 C + 1 0 0 1 1 S2 D2 V2 E4 P4
27 P - —1 -1 2 —1 -1 S3 D3 V3 E8 P9
28 P = 0 —1 0 1 S1 D1 V2 E4 P6
29 P + 2 2 1 S2 D1 V2 E5 P5
30 C + 1 2 1 -1 S2 D3 V2 E5 P5
31 P = 0 —1 0 0 S1 D1 V1 E3 P1
32 P - -2 0 -1 -2 -1 S3 D3 V3 E9 p7
33 P = 0 -2 1 0 0 S1 D1 V1 E2 P3
34 C - -2 -2 1 n/a n/a S3 n/a n/a n/a n/a
35 P -1 1 1 1 S2 D2 V2 E5 P6
36 p = 0 -2 1 -1 —1 S1 D3 V3 E8 P9
37 P + 2 0 1 1 S2 D2 V2 E4 P5

(continued on next page)
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Table 4 (continued)
STAGE 2: CLASIFY STAGE 3: QUALIFY
ID VO CA RSEO RSEC SSEO SSEC LOS R1 R2 R3 R4 R5
38 C - -2 -1 0 -2 0 S3 D1 V3 E7 P9
39 P + 1 2 0 0 0 S2 D1 Vi E1l P2
40 C - -2 n/a n/a n/a n/a S3 n/a n/a n/a n/a
41 C = -2 -2 -2 n/a n/a S3 n/a n/a n/a n/a
42 p + -1 0 0 0 0 S3 D1 V1 El P1
Notes.

ID, patient identifier; Def, vertigo deficit; P, peripherical deficit; C, central deficit; n/a, test not performed; RSEO, rigid surface eyes open; RSEC, rigid surface eyes closed;
SSEO, soft surface eyes open; SSEC, soft surface eyes closed; LOS, limits of stability; R1...R5, Rules from stage 3, consult figure 3; S, D, V, P, E, consult conclusions from fig-

ure 3.

Table 5 MCQ-Balance assessment and clinician judgment comparative: rigid surface eyes open test.

MCQ-Balance Assessment Total
_ = +
- N 12 0 0 12
finical % 28.6% 0% 0% 28.6%
Clinica N 3 10 0 13
Expert =
Assessment % 7.1% 23.8% 0% 31%
+ N 3 1 13 17
% 7.1% 2.4% 31% 40.5%
N 18 11 13 42
Total
% 42.9% 26.2% 31% 100%
Symmetric measure Kappa 0.752 P-Value 0.000 False Negatives 00%

Notes.

N, count of each case; %, percentage of total.

present study. Likewise, the definitions of the intervals of the homogenised scores have
been adjusted according to the patients that have been assessed by the clinician 2.

The proposed method has advantages over traditional posturography; however, it is
necessary to discuss certain issues and decisions related to the application process, which
are explained below.

The first consideration refers to the chosen MBD threshold, a numerical value from
which a change is considered relevant. Regarding this, the MDC has been selected as the
reference value in the present study because it represents the random balance variability in
addition to the measurement errors of the device and the experiment (Furlan ¢ Sterr, 2018;
Steffen & Seney, 2008). We choose the MDC, rather than the minimal important difference
(MID), as the MBD threshold (De Vet ¢~ Terwee, 2010), consistent with previous studies
(De la Torre et al., 2020a; De la Torre et al., 2020D).

The scoring proposed in the present work makes it possible to simplify the interpretation
of the results of balance monitoring at the patient level. For this, the scoring allows the
results to be standardized to enable a comparison between tests of the same patient and
even between studies of different patients.

In the present work, and according to De la Torre et al. (2017), the considered variables
have the same importance and are assigned the same weight. However, future studies
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Table 6 MCQ-Balance assessment and clinician judgment comparative: limits of stability test.

MCQ-Balance Assessment Total
— = +
N 4 3 1 8
nical % 10.8% 8.1% 2.7% 21.6%
Clinica N 2 10 0 13
Expert
Assessment % 5.4% 27% 0% 32.4%
N 1 3 13 17
% 2.7% 8.1% 35.1% 45.9%
N 7 16 14 37
Total
% 18.9% 43.2% 37.8% 100%
Symmetric Measure Kappa 0.581 P-Value 0.000 False Negatives 410.8%

Notes.

N, count of each case; %, percentage of total.

might advise assigning a different weight to each variable depending on its importance
in improving the sensitivity of the MCQ-Balance method for diagnostic purposes. In this
case, the maximum and minimum achievable score for each test would be based on the
weights assigned to each variable.

The choice of the five intervals to establish the homogenised scores was medically
motivated. Clinically, it makes sense to make a five-level classification because the
progression of the patient is towards improvement, maintenance, or deterioration of the
patient’s clinical picture (Porta, 2014), assessing the existing graduation in improvement
or deterioration. The multidisciplinary agreement reached in the present work combined
with the experience of fieldwork and data processing has been concluded at the presented
intervals.

Regarding the conclusions in medical language resulting from the method, the ability to
portray the influence of the three BSS involved in balance is highlighted in the progression
of a patient’s balance. In this way, the method facilitates the clinician to adapt medical
treatment, focusing on the balance disorder of the patient.

MCQ-Balance assessment exceeded 70% accuracy (relative to the assessment of clinician
3) for both the RSEO test and the LOS test, and its Cohen’s Kappa coefficient was >0.4.
Therefore, the MCQ-Balance assessment met the accuracy goals we initially established.
However, the differences between the two comparisons should be highlighted. While there
were no false negatives in the comparison with the RSEO test, with the LOS test, there were
four (10.8% of the sample). This is explained by the possible learning factor associated
with this test (Wrisley, 2007), although 4 of the 37 patients who completed this test is not a
representative sample; similar to the comparison with RSEO, there are more cases in which
the method determined a negative progression (worsening) where clinician 3 did not. This
may be due to the increased sensitivity of the method when detecting worsening that is not
visible to the clinician with traditional assessment tools. Finally, we would like to establish
that the decision to choose these two tests has been motivated because all BSSs are intact, a
situation more in line with the performance of daily living activities. In our opinion is the
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best adaptation to the assessment of the clinician 3. Although we consider the reliability
obtained in this study adequate (>70%), delving into this type of comparison could result
in further improved accuracy.

The simplicity of the MCQ-Balance assessment, as well as its portability and
reproducibility, make it possible to systematize its use in the clinic as a complementary
evaluation tool. However, future research should focus on verifying the viability of
continued clinical use of this assessment, as well as its incorporation into the dynamics of
a hospital rehabilitation service.

The influence of participant characteristics has not been analysed because there is no
significant difference (gender) and it is not within the scope of the research; however, it was
observed that older patients showed less positive progression relative to younger patients.
The analysis of the possible influences of the anthropometric variables will be addressed in
a future study.

Regarding the progression of the patients, it can be observed that there is no trend in
improvement (positive progression) of the sample. The main reason lies in the nature of
the prescribed treatments. To achieve effectiveness in rehabilitative treatment, patients
need to be constant in performing the prescribed treatment, which is a great handicap of
rehabilitation (regardless of subspecialty) (Tapias, 2014; Essery et al., 2017). Likewise, some
cases of fear in the patients were detected in the post-session due to a negative experience
in the pre-session. This explains certain cases that present a negative progression provided
by the method. This problem is frequent in studies of balance disorders (Visser et al., 2008;
Timothy ¢ Hain, 2019). However, we tried to minimise the problem with additional safety
measures, such as the presence of the clinician 2 and a nurse around the patient during the
tests.

The lack of portability of current posturography devices is problematic. More portable
devices would reduce costs (given the quicker installation process and smaller space
requirements) and allow the sharing of devices between different medical centres. However,
the high price of more portable devices limits their accessibility and applicability (Uebbing,
2016). The reduced cost of the device used in this study, as well as its portability, supports
use in lower income countries that may be unable to invest in high-cost posturography
equipment.

We acknowledge the major limitation inherent to the applied treatments, although the
purpose of the study was not to assess the efficacy of treatments for balance disorders.
Likewise, in the assessment of those patients diagnosed with BPPV to whom the Epley
manoeuvre was applied, no greater positive progression was detected than the rest of the
sample due to the use of a specific treatment. The effectiveness of the treatments will be
addressed in a subsequent study with a sample similar to that of the present study. Likewise,
future studies should compare the MCQ-Balance assessment with the BESTest (Padgett,
Jacobs ¢ Kasser, 2012). Besides, new output measures should be added, such as the sway
directional index, sway vector (Blaszczyk, 2016), or even fractal dimension (Bfaszczyk ¢
Klonowski, 2001); as well as introduce cognitive tasks (Raymakers, Samson ¢ Verhaar,
2005); De la Torre, Bonnet et al., 2020). Finally, future studies should investigate the
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possibility of further improving the accuracy MCQ-Balance assessment by incorporating
machine learning techniques.

Regarding the implications and possibilities of the assessment method MCQ-Balance,
note that it is extrapolated to other cases of balance assessment with different tests, variables,
and perspectives (e.g., balance during gait or by combining the test with cognitive tasks).
Therefore, the conclusions transcend the present study.

CONCLUSIONS

This study assessed the accuracy and clinical utility of the MCQ-Balance assessment for
measuring balance progression in patients with balance disorders. The results obtained
with the MCQ-Balance assessment showed remarkable similarity to the assessment of an
expert clinician, demonstrating the validity of this new method. We conclude that the
proposed method provides objective information that facilitates the monitoring of patients
with balance disorders and measurement of alterations in BSS.
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SSEO Soft Surface with Eyes Open
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1. Introduction

Falls and fall-related injuries correspond to major,
public health problems, especially among the elderly
(Tinetti 2003). These injuries are a considerable bur-
den on public health-care budgets in many western
countries increasing every year due to ageing popula-
tion (Heinrich et al. 2010).

In order to avoid a fall, it requires perception of a
postural threat, selection of an appropriate corrective
response, and proper response execution. The individual
physiological components required to avoid falls—
sensory acuity, reaction time, and reactive stepping—
have been previously investigated.

The choice stepping reaction time test (CSRT) is
an integrated test that is a good indicator of the
risk of fall and has correlation with impaired cogni-
(Lord and Fitzpatrick 2001).
However, its integrated aspect does not allow to get

tive functions

insight into the specific deficits to precisely define
the subjects profile with risk of fall (Pijnappels
et al. 2010).

Therefore, the aim of this work was to complement
the CSRT with additional tasks to better assess in eld-
erly people perception and response execution, atten-
tion and inhibition capacity. For this purpose, a test
with different tasks is proposed. It was tested in two
different samples, young and elderly, in order to
determinate differences between them and anticipate
relevant conclusions.

8 OPEN ACCESS ‘ ) Checkforupdates‘

2. Methods
2.1. Participants

A test, which consists of four different tasks to meas-
ure stepping time (ST: time from the appearance of a
stimulus until step on a target), has been conducted
on two samples of healthy subjects (they could walk
without external help and exercised at least 30 min/
day). Prior the test, subjects signed a form, consenting
to undergo and understand the tests. The research
was approved by Univ. Eiffel’s ethical committee and
complied the ethical standards of the Declaration of
Helsinki. Young group (YG), consisted on eleven
young subjects 7 males and 4 females (age
2491+2.77y,; height 173.55+£9.55cm; dominant
hand side: 10R, 1L; dominant leg side: 8R, 31L).
Elderly group (EG), consisted on nine elderly subjects
3 males and 6 females (age 79.89+3.37y.; height
163.67 £ 8.65 cm; dominant hand side: 8R, 1L; dom-
inant leg side: 6R, 3L).

2.2. Instrumentation

The device used was a multimodal force platform of
postural analysis, which was designed and manufac-
tured in the LISSI (Figure 1(a)). It comprises six low
cost pressure sensors, made with a plastic sheet whose
electrical resistance varies with pressure. There are
four stepped-on areas as targets in the following
directions: forward (F), backward (B), rightward (R)
and leftward (L); the feet are placed in the remaining
two areas where it is detected whether a foot has been
lifted. Pressure changes are read by an Arduino (pro-
grammed in C language), which measures the ST and
the pressure. The graphical interface, which manages
the stimulus display, the data recorded, and task
implementation are programmed in Java. A repeat-
ability study was carried out (Klotz 2019) between
our device and a gold-standard force platform, with
ST bias of 26 ms.

2.3. Experimental procedure

The four tasks have been designed based on the lit-
erature (Lord and Fitzpatrick 2001; Yechiam et al
2006; Davranche et al. 2009). In all tasks the subject
was required to step as quickly as possible on a
designated target, without anticipating stimulus

© 2020 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
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Figure 1. (a) Multimodal platform. (b) SRT, CSRT and Go - No Go mterface. (c) Flanker interface.

appearance. The step foot is a decision of the subject
(except in R and L, which had to be with the corre-
sponding leg). Subjects performed the test barefoot. A
training trial before each task was carried out, which
consisted of one repetition per direction and condi-
tion. The task consisted on four repetitions per direc-
tion and condition, which were the following:

Simple Reaction Time (SRT): the subject was aware of
the target direction to be stepped on. Three trials in
each direction were performed one after the other,
with the following order: F, B, lateral (depends on the
dominant leg). Each direction is represented on
screen by an empty square in that direction, and the
stimuli were displayed in them as a green signal
(Figure 1(b)). This test primarily assesses the percep-
tion and response execution capacities.

Choice Stepping Reaction Time (CSRT): similar task to
SRT, but the targets were randomized (subjects were
not aware of the target to be stepped on). CRST
requires additional resources than the SRT, including
attention and decisional processes essentially.

Go/No Go: new stimulus introduced in this task, which
is a red signal that indicates not to move. Directions
and stimulus type are randomized. This task is more
complex than the CSRT (two information - direction
and colour of the target — have to be perceived and
processed) and emphasized inhibitory control.

Flanker (FL): this task introduces congruent and non-
congruent stimuli. It has a different display: colour
signals are changed by five arrows displayed in the
central part of the screen (Figure 1(c)). The central
arrow indicates the target, while the side arrows are
used to present a congruent or non-congruent infor-
mation (if they are in the same or in a different dir-
ection as the central arrow). Directions and stimulus
type (congruent/non-congruent) are randomized. It
mainly assesses selective attention and percep-
tual inhibition.

2.4. Data analysis

A descriptive analysis (mean and SD) of ST for each task
and group (YG and EG) has been carried out. Outliers
have been removed and not considered in the analysis. A
one way repeated-measure analysis of variance
(RMAnova) on ST with factor task was carried out, as
well as Tukey paired comparison between tasks of each
group. Possible differences between groups, for the same
task, have been analysed individually using a t-test.

3. Results and discussion

Descriptive and statistical analysis results for YG and
EG are shown in Figure 2.

As expected, EG shows significantly higher ST val-
ues than YG in all tasks, due to decline in cognitive
and functional capacities with age. Likewise, both
groups show higher ST values as the difficulty of the
tasks increases (Lord and Fitzpatrick 2001).
RMAnova, for both groups, shows significant differ-
ences in a ST collective comparison.

As expected, YG and EG were very well discrimi-
nated by the CSRT. Interestingly, about 2/3 of the ST
difference in CSRT could be explained by differences
in the SRT, i.e., by the capacity to step slowly on a
target due to a motor slowdown due to the decrease
in muscle mass. Nevertheless, the remaining can be
attributed to decreased cognitive capacities in EG
(Lord and Fitzpatrick 2001).

Go/No Go task includes only minor differences in
ST for both YG and EG. In EG, this difference was
even non-significant in comparison with CSRT (p-
value = .884). In addition, no mistakes have been
recorded in both groups. It indicates that the task dif-
ficulty should be increased to make it more relevant
(e.g., increasing the proportion of No Go trials).

Comparison between congruent and no-congruent
conditions has been carried out resulting in significant
differences in both groups. However, mean differences
between types of stimuli are similar in both groups, which
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indicates that FL is not especially sensitive comparing EG
with YG. In other words, it seems that selective attention
is not specifically affected in this particular group of EG.

4, Conclusions

Results confirmed that CSRT is very discriminant for
EG and YG and seems particularly relevant to assess
the risk of fall. However, it also showed that SRT test
add relevant information about the capacity to perform
a quick step. It seems a relevant addition to the CSRT
to better assess the risk of fall and highlights specific
deficiencies. The additional tasks proposed, in the way
they were designed, did not bring much to the CSRT
or the SRT. However, tracks to improve these tasks
have been proposed and should be studied in future
studies. The perspective would consist in comparing
results from this test to the clinical state of the subjects,
with a prospective follow-up of potential falls. Thus, the
final goal would be to obtain a test that could comple-
ment clinical data resulting in a reliable indicator of risk
of fall in elderly to carry out preventive actions improv-
ing medical decision-making.
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5.1. CONTRIBUCIONES

A continuacioén, se exponen y discuten las aportaciones del conjunto de publicaciones presentadas, de cara
a mostrar la conexion entre ellas y en relacion con los objetivos generales de esta tesis.

5.1.1. OBJETIVO 1: GENERAR Y PROPORCIONAR INFORMACION OBJETIVA SOBRE EL ESTADO DE
PACIENTES QUE PRESENTAN TRASTORNOS DEL EQUILIBRIO.

El objetivo de proporcionar informacidon de pacientes con trastornos del equilibrio ha sido abordado
principalmente en los articulos 1 (A1), 2 (A2), 3 (A3) y 5 (A5). Las acciones de investigacion ejecutadas en
los diferentes articulos mencionados fueron realizadas de manera secuencial, todas ellas como respuesta
al objetivo 1.

Verificacion de estdndares para uso en clinica de plataforma estabilométrica.

El punto de partida fue la validacidn, para su aplicacion en el ambito clinico, de la plataforma
estabilométrica, dispositivo utilizado en gran parte de las investigaciones. Para ello, se requeria de un
proceso de verificacion de estandares establecidos por la ISPGR (Scoppa et al., 2013), siendo abordado
este aspecto en el Al. Dichos estandares comprenden aspectos diversos, habiendo sido cumplidos tal y
como se expone a continuacion:

- Caracteristicas metroldgicas como precisidn, exactitud, resolucidn y linealidad. Dichos parametros
fueron calculados para la plataforma mediante un experimento contemplado en el apartado 2.3.
Acciones de Investigacion, a través de la ley de propagacién de errores.

- Peso permisible: hasta 300 kg en nuestro equipo (recomendacion de 200 kg).
- Altura de los sujetos: sin limite en nuestro equipo (recomendacién de 250 cm).
- Longitud del pie: 40 cm en nuestro equipo (recomendacién de 35 cm).

- Tasa de muestreo: 60 Hz en nuestro equipo (recomendacién de 250 cm) (Scoppa et al., 2013;
Yamamoto et al., 2017).

- Origen de coordenadas (X, Y): si bien se recomienda su colocacién en la esquina posterior izquierda
de la plataforma, se propuso que la referencia del sistema de las coordenadas del COP
corresponda a su posiciéon al comienzo de la prueba. Tomando como referencia las
recomendaciones del ISPGR, si esa posicion fuera elegida, las coordenadas resultantes
dependerian de las dimensiones de la plataforma y la posicion inicial del sujeto al comienzo de la
prueba, lo que dificulta la comparacién entre diferentes pruebas. En la posicidon propuesta, las
coordenadas (X, Y) del COP se inicializan a cero al comienzo de la captura e inmediatamente
después de la "fase de adaptacion" del sujeto, que no debe ser menos de 5 s (Taylor et al., 2015),
y una vez que el operador ha verificado que el sujeto estd en una posicién estable. Ademas,
algunas ventajas adicionales que presenta el origen de coordenadas establecido son: las
coordenadas (X, Y) del COP se normalizan con el propio sujeto, mostrando los graficos resultantes
la evolucién del paciente durante la prueba desde la posicién inicial, facilitando asi la
interpretacion clinica; el estabilograma presentado muestra valores positivos y negativos, siendo
especialmente util para visualizar posibles asimetrias; el estatocinesiograma mostrado tiene un
punto de origen con valores positivos y negativos, lo que facilita distinguir los movimientos del
COP en los cuatro cuadrantes; no afecta los parametros clasicos (Scoppa et al., 2013), ya que no

Discusion General | 137



dependen del origen establecido. Finalmente, se recomienda grabar el desplazamiento del COP
con respecto al punto central de la plataforma en el instante inicial cuando se ajusten a cero las
coordenadas, pudiendo usar de esta forma el criterio establecido por el ISPGR.

Diseno de pruebas de evaluacion funcional del equilibrio y su aplicacion en entornos clinicos.

Las pruebas de evaluacidn del equilibrio propuestas (en el Al) tienen validez a nivel de diagndstico, ya que
pueden proporcionar informacién sobre el grado de colaboracion del paciente, detectando posibles
exageraciones de la patologia (patrones fisioldgicos inconsistentes) (Ramirez et al., 2014), ya sea debido
al miedo, ansiedad u otras razones; siendo un punto de interés en el dmbito de medicina forense.

De acuerdo con otros estudios (Peydro de Moya et al., 2005; Goebel et al., 1997) que han identificado
patrones no fisioldgicos que potencialmente indican una falta de colaboracion observando el
desplazamiento del COP en diferentes pruebas, se establecieron un conjunto de pruebas de evaluacion
funcional del equilibrio, tanto para evaluar el equilibrio estdtico como dindmico. Los tests estaticos,
basados en el test de Romberg (Khasnis and Gokula, 2003), muestran una dificultad creciente segln se van
realizando las diferentes pruebas. De esta forma se pueden estudiar los patrones y la consistencia de las
pruebas, ya que mejores resultados en pruebas mas complejas denotarian un patrén inconsistente
(Baydal-Bertomeu et al., 2004; Peydro de Moya et al., 2005).

Por tanto, estos patrones y el analisis de coherencia sirvieron para medir la consistencia de las pruebas
establecidas y, en consecuencia, comprobar la idoneidad de los protocolos establecidos para su aplicacion
clinica.

Asimismo, en la misma investigacion, se propusieron las variables del equilibrio mas relevantes a nivel de
diagndstico para ayudar a los profesionales sanitarios a interpretar y evaluar los resultados de las pruebas
de equilibrio. Estas variables fueron identificadas en funcién de una revisién bibliogréfica (ver referencias
consultadas en A1) de la literatura actual, sirviendo esta seleccion para simplificar y facilitar el proceso de
evaluacion.

Por otra parte, y como resultado de la estancia de investigacién en la Université Gustave Eiffel (entidad
colaboradora en el A5), se ha desarrollado una prueba de evaluacion del equilibrio para evaluar la
capacidad de percepcion, atencion e inhibicién en personas mayores. Se propusieron varias tareas a
realizar en esta prueba, a fin de discernir cuales eran mds discriminantes para evaluar el riesgo de caida
(Lord and Fitzpatrick 2001). Algunas de estas tareas involucraban la capacidad cognitiva de los sujetos,
probando su eficacia, pero a la vez mostrando la necesidad de profundizar en este tipo de pruebas
(Davranche et al. 2009).

La introduccién de tareas que involucren la percepcidn, atencién e inhibicién, asi como la capacidad
cognitiva, permite estudiar otra via para predecir el riesgo de caida en pacientes con trastornos del
equilibrio, sentando las bases para introducir tareas cognitivas en las pruebas propuestas en el Al.

Adaptacion de la informacion resultante de pruebas de evaluacion del equilibrio para facilitar su
interpretacion clinica.

Pocos estudios se han centrado en la utilidad clinica de la posturografia a nivel de paciente (Visser et al.,
2008). Ademds, aunque la posturografia se considera el Gold Standard, existen limitaciones en cuanto a
su uso como evaluacion funcional (Climent Barbera JM, 2003). Asi, el método de evaluacion MCQ-Balance
propuesto en el A3, se centra en el seguimiento individualizado de los pacientes, intentando dar respuesta
a esta problematica. En efecto, la transformacién de informacion de variables cuantitativas continuas
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(como por ejemplo el desplazamiento del COP en una prueba determinada) a conclusiones que facilitan la
interpretacion clinica de los resultados, aporta mayor inteligencia a los dispositivos, siendo una limitacion
detectada en los informes de posturografia (Climent Barbera JM, 2003).

El trabajo multidisciplinar llevado a cabo en esta tesis, fruto de la colaboracién con diferentes facultativos
sanitarios, asi como del trabajo colaborativo con hospitales y centros de salud, ha posibilitado la deteccidn
de la falta de adaptacion de la informacidon emitida por estos equipos al perfil de los profesionales que van
a hacer uso de ella. En numerosas ocasiones, los médicos no utilizan estos sistemas o tecnologias por no
sentirse familiarizados con la operativa de uso y con los resultados obtenidos, por ello se desarrollé el
método de evaluacién MCQ-Balance.

5.1.2. OBJETIVO 2: MONITORIZAR Y ANALIZAR LA PROGRESION DE TRASTORNOS DEL EQUILIBRIO EN
PACIENTES INMERSOS EN TRATAMIENTOS DE REHABILITACION.

La monitorizacién del equilibrio de pacientes se aborda en los A2 y A3. Se ha seguido un conjunto de fases
hasta desarrollar un método capaz de monitorizar el equilibrio (emitiendo conclusiones interpretables por
los clinicos como se ha expuesto con anterioridad), contrastando los resultados obtenidos con la
evaluacién de un médico experto.

Test-retest de las pruebas de evaluacion funcional del equilibrio.

En primer lugar, se llevd a cabo un estudio de fiabilidad con una muestra de sujetos sanos en el A2, para
obtener datos de referencia, calculando el MDC de las diferentes variables analizadas, asi como para
comprobar que se podian detectar cambios relevantes en el equilibrio entre dos instantes temporales. Los
resultados que se obtuvieron en el test-retest fueron satisfactorios en comparaciéon con la estudios
analizados en la review realizada por por Ruhe, Fejer, & Walker (2010).

La utilidad de una prueba para detectar cambios relevantes entre dos instantes temporales de un paciente
depende del valor del MDC, habiendo destacado en la investigacidn aquellas variables con menor MDC
para los test de evaluacién funcional del equilibrio (dichas variables fueron seleccionadas a partir de la
seleccidn previa llevada a cabo en el Al). Asi, cuanto menor sea el MDC de las variables, mas util sera la
prueba y mayor capacidad tendra para detectar cambios relevantes. De esta forma, se muestra la
variabilidad de la prueba, demostrando que es posible detectar cambios relevantes en el equilibrio entre
diferentes instantes temporales.

Se considera necesario profundizar en la importancia y en las limitaciones de uso del MDC, asi como en las
conclusiones obtenidas de su uso en las diferentes investigaciones.

Decidir sobre la configuracién de la experimentacion del A2 fue un asunto que despertd interés y discusion
entre el equipo multidisciplinar que participd en este estudio:

- EIMDC evita que se confundan los cambios detectados debido al "ruido" inherente de la repeticién
de una prueba a lo largo del tiempo. Porque son afectados por ciertos factores que introducen
variabilidad en los resultados, independiente de la posible patologia del paciente, tal como se
expone en el siguiente punto.

- En el disefio de la experimentacion del cdlculo del MDC se priorizd que este deberia dirigirse a
estudiar y limitar cuantitativamente la variacién (variabilidad) entre los resultados de las pruebas
pre y post; especificamente, solo de aquellos factores intrinsecos al protocolo aplicado y de la
instrumentacion utilizada. La intencidn era que estos factores se aislaran del ruido asociado a otros
factores como la patologia, el tratamiento aplicado entre pre y post test, la progresién de la
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enfermedad, etc. Asi, en este estudio una muestra de sujetos sanos y jovenes fue seleccionada,
permitiendo determinar la variabilidad provocada por factores como la variabilidad intrinseca del
ser humano, las condiciones de las pruebas (posicién del cuerpo y del pie, duracién de la prueba,
condicidn visual y propiocepcion, etc.), el factor de aprendizaje, incidentes normales durante el
transcurso de las pruebas, o la propia comprension del participante de cémo realizar la prueba.
Ademas, se considerd que elegir una muestra de sujetos sanos seria beneficioso para otras
pruebas / investigaciones médicas similares ya que, en general, el reclutamiento de personas
sanas es mas fiable que acceder a una muestra homogénea de pacientes con una patologia
especifica.

- Si hubiéramos obtenido un MDC de un grupo de pacientes con la misma patologia y edad similar
a los pacientes presentados, solo se hubieran podido evaluar las influencias del tratamiento
restringido al marco de aplicacidn del MDC a estos pacientes, no permitiendo la evaluacion de
cambios mas alla de estos pacientes debido al tratamiento estudiado.

- Deacuerdo con lo anterior, se sabe con certeza que cualquier cambio detectado entre las pruebas
pre y post en un paciente, que supere el umbral del valor de MDC, no ha sido causado por los
factores intrinsecos ya mencionados. Entre los factores extrinsecos de la prueba que puedan
afectar antes y después de la prueba, el efecto del tratamiento y / o las fluctuaciones de la
patologia deben ser evaluados por el clinico para analizar los resultados del método propuesto.

- Sin embargo, hay que considerar que otros factores también pueden haber afectado al paciente
durante el periodo de evaluacidn, alterando los efectos del tratamiento; especificamente, otras
enfermedades que pueden afectar el equilibrio (por ejemplo, una enfermedad degenerativa) o
incluso eventos personales (por ejemplo, la muerte de miembros de la familia, accidentes fisicos,
etc.) que podrian perjudicar al afectar al estado de animo del paciente. Respecto a este punto,
propusimos en el A2 que estas consideraciones se incluyan en los criterios de exclusidn
establecidos en este estudio, que podrian ser utilizados en estudios de tematica similar, con el fin
de limitar los factores extrinsecos a valorar de los relativos al tratamiento administrado por el
médico y / o a las fluctuaciones de la patologia.

Por tanto, el clinico recibe informacién util ya que puede valorar el cambio detectado en un paciente,
excluyendo los factores intrinsecos de la prueba, lo que le permite discernir claramente la progresidén que
ha seguido el paciente. Esto puede ser relevante para el médico, que comprende la situacién de cada
paciente y puede valorar las razones de estos cambios.

Monitorizacion del equilibrio y de los BSS en pacientes con trastornos del equilibrio.

Tras calcular el MDC para las distintas variables analizadas a partir del test-retest, se comprobé la
posibilidad de aplicar el MDC con el método MBD para detectar cambios relevantes en pacientes. Para
ello, se selecciond una muestra de ocho pacientes, comprobando que el método era capaz de detectar
mejora, empeoramiento o ausencia de cambio.

Asimismo, en el A2 se extrajeron ciertas pautas "ldgicas" de interés para valorar el grado de cambio de un
paciente a nivel individual en el equilibrio, estableciendo dicho cambio como positivo o negativo respecto
a la evaluacién inicial. Una reduccién en el valor de las variables relacionadas con las pruebas del equilibrio
estatico se asocié con una mejora en el equilibrio. Un aumento en el valor de las variables del test LOS
refleja una mejora en el equilibrio dinamico y un mayor control del COP.

Como se ha expuesto con anterioridad, se observd que la informacién resultante podia ser aprovechada
de manera mas eficaz, ya que no resultaba de fécil interpretacion para los facultativos y se requeria de un
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especialista en este tipo de pruebas para la interpretacidn de los resultados. Para ello, se desarrollé un
método para cuantificar, clasificar y calificar la progresion del equilibrio de pacientes, centrando el disefo
del método en la monitorizaciéon del equilibrio y de los BSS, proporcionando informacién objetiva y
facilmente interpretable.

La gran ventaja del método reside en que es capaz de emitir conclusiones objetivas de la progresion de los
trastornos del equilibrio, asi como de los BSS afectados, a partir de la realizacién Unicamente dos sesiones
de tests, una pre- y otra post-tratamiento. De esta forma, el facultativo puede obtener informacién acerca
de la progresidn del equilibrio de un paciente, en un formato que facilita su interpretacion clinica. La
sencillez del método, asi como el nivel de detalle proporcionado para su reproducibilidad por otros
investigadores, permiten sistematizar su uso en la clinica como herramienta de evaluacidon
complementaria. Sin embargo, las investigaciones futuras deberian centrarse en verificar su aplicacion de
forma integrada en un servicio de rehabilitacion hospitalaria.

En relacidn a las conclusiones resultantes del método, es posible destacar la influencia de los BSS en la
progresion del equilibrio de un paciente. De esta forma, el método facilita al clinico la adaptacién del
tratamiento médico, centrdndose en la patologia concreta que afecta al equilibrio del paciente.

Si bien se ha demostrado la importancia del método MCQ-Balance en la evaluacion de pacientes que estan
inmersos en un tratamiento, se debe destacar que es el médico el que debe tomar la decisién ultima de
cémo proceder, ya que se trata de una herramienta complementaria para el facultativo que no trata de
sustituirle.

Comparativa del Método MCQ-Balance con la evaluacion de un médico experto.

El método fue aplicado en una muestra de 42 pacientes con trastornos del equilibrio, con diferentes
patologias, para comprobar su aplicabilidad en clinica. Asimismo, se realizé6 una comparativa entre los
resultados emitidos por el método y la evaluacion de un médico especialista, obteniendo notable similitud
entre los mismos. La evaluacién de MCQ-Balance mostré una precisién del 83,4% y un coeficiente Kappa
de Cohen de 0,752 en comparacion a la realizada por un médico especialista.

Finalmente, se considera que se han logrado aunar los objetivos 1y 2, ya que se ha conseguido monitorizar
trastornos del equilibrio, generando informacién que facilita la interpretacion clinica de los resultados de
la prueba y a nivel individual de cada paciente.

5.1.3. OBJETIVO 3: GENERAR MODELOS PREDICTIVOS PARA MEJORA DEL DIAGNOSTICO EN EL AMBITO
DE LA SALUD

Enrelacidn con el creciente volumen de datos que se generan en los centros hospitalarios, y a la posibilidad
de mejorar la “inteligencia” de la informacidn resultante de pruebas médicas complementarias como la
utilizada en esta tesis se abordd este objetivo, principalmente, en el articulo 4 (A4). Se desarrollé una
metodologia para generar modelos predictivos en el ambito de la salud, siendo aplicada a un caso de
estudio de pacientes con patologia cervical. La eleccidn de esta patologia estd directamente relacionada
con las investigaciones precedentes, puesto que los trastornos del equilibrio estdn muy relacionados con
las patologias cervicales (Moreno et al.,, 2017). De esta forma, si se demostraba la eficacia de la
metodologia en este caso de estudio, se podria aplicar en investigaciones con pacientes con trastornos del
equilibrio.
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Desarrollo de una metodologia de ML aplicable en el campo de la salud.

En el A4 se han mostrado las particularidades de la aplicacidn de técnicas de ML en el campo de la salud,
desarrollando las distintas etapas requeridas para generar modelos fiables y estables.

Sin embargo, durante el planteamiento y desarrollo de la investigacidn para la aplicacién de técnicas de
ML en salud, se encontraron dificultades especificas en este campo, tales como la adaptacion de estas
técnicas al tratamiento de datos sensibles de pacientes, la aplicacidon de técnicas de anonimizacién, la
importancia de los falsos negativos en este campo en comparacion con otros ambitos, etc.

Con el fin de aclarar y estructurar los conocimientos adquiridos durante el desarrollo de la investigacién,
se ha elaborado un resumen de algunos aspectos clave y lecciones aprendidas sobre DM y ML en el campo
de la salud, el cual se puede consultar en la discusién del A4. Asimismo, se han discutido los siguientes
aspectos en relacidn con la aplicacion de ML el campo de la salud: estructuracion de los datos, seleccidon
de variables, selecciéon del modelo predictivo, variabilidad de las medidas obtenidas, coleccién de datos
para produccion, multidisciplinariedad, explotacién de los datos y uso de los recursos.

Aplicacién de la metodologia en pacientes con patologia cervical.

La motivacion de incluir un caso de estudio se fundamenta en ejemplificar las particularidades de uso de
las técnicas de ML en el campo de la salud, ya que se trata de un proceso complejo que comprende
numerosas fases. Los resultados obtenidos fueron satisfactorios, pudiendo iniciarse la aplicacion de la
metodologia en pacientes con trastornos del equilibrio. Los resultados muestran que se ha podido predecir
la presencia de dolor cervical con exactitud, precisiony recall por encima del 85% con los enfoques basados
en SVM, random forest, redes neuronales MLP y GBA.

Como se ha comentado con anterioridad, la eleccidon de un caso de evaluacidn cervical tuvo una motivacion
doble. Por un lado, la relacién directa entre patologias cervicales y trastornos del equilibrio, (como se ha
expuesto en la seccidn de 1.2. Antecedentes), ya que el vértigo de origen cervical tiene una alta prevalencia
y numerosos pacientes evaluados en el A3 tienen vértigo de origen cervical. Asimismo, la evaluacion del
rango cervical puede ayudar en la valoracion de determinados trastornos del equilibrio. Por otro lado, una
de las lineas futuras de investigacion estd enmarcada en los tratamientos de trastornos del equilibrio de
origen cervical mediante el uso de sensores inerciales de captura de movimiento (los mismos que fueron
usados en el A4), por lo que este caso de estudio sirve como base para desarrollar esta linea de
investigacion.

A la vista de lo expuesto, se desprende que se han abordado los objetivos de esta tesis con la realizacién
de las distintas investigaciones publicadas.
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5.2. LIMITACIONES

Mas alla de sus contribuciones, el trabajo presentado en esta tesis tiene algunas limitaciones que se deben
considerar de manera adicional a las limitaciones ya expuestas en los distintos articulos.

Si bien las muestras utilizadas en los diferentes estudios se consideran adecuadas, podria existir cierto
sesgo por tratarse de poblacién Unicamente espaiolay aragonesa. Por otra parte, seria interesante aplicar
el método MCQ-Balance en una muestra con mas nimero de pacientes, abarcando mas tipologias de
trastornos del equilibrio, como la fistula perilinfatica o la laberintitis, con el objetivo de contrastar los
resultados del estudio. En relacidn con la metodologia presentada en el A4, y tal y como se expone en las
siguientes lineas, resultaria interesante aplicarla en un caso de estudio con pacientes con trastornos del
equilibrio.

Debido al marco temporal que concierne a una tesis doctoral, no se han podido incluir todas las
investigaciones deseadas, las cuales se detallan en el siguiente apartado como lineas futuras de
investigacion.
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5.3. LINEAS FUTURAS DE INVESTIGACION

Derivados de los resultados de esta tesis, se van a llevar a cabo diferentes trabajos relacionados con las
tematicas abordadas. Se realizarad un estudio sobre la eficacia de un tratamiento especifico en pacientes
con vértigo de origen cervical, siendo la muestra escogida una parte de los 42 pacientes evaluados con el
método MCQ-Balance (A3). Asimismo, estos pacientes realizaron tests adicionales a las pruebas de
evaluacion del equilibrio, siendo los mismos movimientos de rango cervical realizados por los sujetos del
caso de estudio de la investigacién para generar modelos predictivos en el campo de la salud (A4),
utilizando el mismo equipo de sensores inerciales empleado en dicho estudio.

Por otra parte, y utilizando como base el trabajo realizado en el A5 donde se involucran tareas cognitivas
para poder ser capaz de predecir el riesgo de caidas, se prevé realizar un estudio con modelos predictivos
para prediccion del riesgo de caida en pacientes con trastornos del equilibrio, similares a los abordados en
el A3, siendo necesario aumentar la muestra para afianzar los resultados. En dicho estudio se tiene previsto
aplicar la metodologia para generaciéon de modelos predictivos en el campo de la salud (expuesta en el
A4), en combinacion con el método MCQ-Balance.

Por ultimo, y en relacién con la comparativa entre los resultados emitidos por el método propuesto y la
evaluacidn de un médico especialista, las lineas futuras de investigacidn se podrian dirigir a la correlacidn
entre ambos resultados en otro estudio. Se tratara de establecer un procedimiento, incluyendo otros
métodos y tests (como el BESTest), para afianzar la precisién y los resultados obtenidos.
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6.1. CONCLUSIONES

La presente tesis tiene como objetivo mejorar la aplicacion clinica de métodos e instrumentacion para la
evaluacion de trastornos del equilibrio, asi como sentar las bases para aplicar técnicas de Machine
Learning en el campo de la salud para optimizar el aprovechamiento de los datos generados, todo ello con
el objetivo ultimo de mejorar la toma de decisiones médicas (en linea con la estrategia europea de
“Improving health information and better use of health data”) y enfocado a la medicina personalizaday al
envejecimiento saludable (completamente relacionados con las estrategias europeas de “Personalised
Medicine” y “Healthy Ageing”). En relacidn a los objetivos inicialmente planteados, se han (1) desarrollado
y mejorado métodos y equipos que proporcionan informacién objetiva a los clinicos sobre el equilibrio de
los pacientes; (2) se ha propuesto un método para monitorizar la progresion de trastornos del equilibrio
en pacientes inmersos en tratamientos de rehabilitacién, proporcionando informacién mas comprensible
y facil de interpretar; asi como (3) se ha establecido una metodologia para aplicar técnicas de Machine
Learning en el dmbito de la salud, abordando las particularidades inherentes a este campo.

Fruto de esta investigacion y de la publicacién de los diversos estudios derivados de la misma, se
desprenden las siguientes conclusiones:

1) Se considera que es posible desarrollar e implementar una plataforma estabilométrica de coste
accesible y portable que cumpla con los estandares establecido por la International Society for Posture
and Gait Research para su aplicacién clinica, y pueda utilizarse de forma habitual por el personal
sanitario para valorar objetivamente el nivel de control del equilibrio estatico y dindmico. De esta
forma, se pretende contribuir a extender el uso de este tipo de instrumentacidn, la cual aporta valor
como prueba complementaria para apoyar los diagndsticos y los tratamientos de rehabilitacién.

2) Se han propuesto y formalizado un conjunto de pruebas, basadas en el test de Romberg y en el test
de evaluacion de los Limites de Estabilidad, para valorar el equilibrio estatico y dindmico en posicién
de bipedestacién. Dichas pruebas miden el nivel de control del equilibrio, asi como los limites de
estabilidad de los pacientes. De manera complementaria, permiten estimar el grado de consistenciay
colaboracién durante su ejecucidén. Asimismo, el conjunto de variables definidas para este conjunto
de pruebas favorece su aplicacidn en entornos clinicos y forenses. Dichas variables han sido: rango de
desplazamiento del centro de presiones en los ejes anteroposterior y medio-lateral, drea recorrida,
velocidad media del centro de presiones, raiz media cuadratica y, de manera adicional para los limites
de estabilidad, desplazamiento maximo del centro de presiones a lo largo de cada eje de los radios del
octdgono de equilibrio y la variable éxito -que cuantifica la gestién del centro de presiones.

3) Seestima que es posible detectar cambios relevantes entre dos instantes temporales en pacientes con
trastornos del equilibrio, adaptando el método Magnitude-Based Decision a las singularidades de las
variables que permiten caracterizar el equilibrio, mostrando dichos cambios de una forma grafica para
ayudar en la toma de decisiones médicas y al seguimiento individualizado de los pacientes.

4) Se propone un método para medir, clasificar y calificar la progresidn del equilibrio en pacientes con
trastornos del equilibrio, adaptando la informacién resultante para hacerla mas comprensible y facil
de interpretar, denominado método de evaluacion MCQ-Balance. El método, el cual ha sido verificado
con la evaluacién de un médico experto, aporta informacién objetiva para monitorizar la progresién
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5)

6)

del equilibrio de pacientes, asi como permite medir las alteraciones de los sistemas sensoriales del
equilibrio, mejorando asi la toma de decisiones médicas respecto al tipo de tratamiento.

Se considera que integrar tareas que involucren esfuerzos cognitivos en test clasicos de evaluacidn de
la capacidad de reaccién, como el choice stepping reaction time test, permitiria prevenir de manera
mas eficiente el riesgo de caidas en personas mayores, con el objetivo de llevar a cabo acciones
preventivas que mejoren la toma de decisiones médicas. Para ello se han afiadido nuevas tareas y
estimulos al choice stepping reaction time test, para valorar asi la capacidad de percepcion y respuesta
de ejecucion, atencion e inhibicidon de personas mayores.

Se ha establecido una metodologia para aplicar técnicas de Machine Learning en el dmbito de la salud,
considerando e integrando las particularidades inherentes a este campo. Todas las etapas
involucradas en este tipo de procesos se han incluido en la metodologia, de manera que es posible
obtener, clasificar, comprender y transformar la informacion de caracter sanitario para generar
modelos predictivos complementarios al diagndstico médico. Asimismo, se ha demostrado su
aplicabilidad a través de un caso practico con pacientes, verificando asi que el enfoque y los resultados
obtenidos pueden servir para ayudar a objetivar diagndsticos, mejorar la eficacia de los tratamientos
y ahorrar recursos en los sistemas de salud. El procedimiento propuesto también se cree apropiado
para cualquier dmbito sanitario independientemente del origen de los datos.
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6.2. CONCLUSIONS

The present thesis aims to improve the clinical application of methods and instrumentation for the
assessment of balance disorders, as well as to lay the foundations for applying Machine Learning
techniques in the health field to optimize the use of the data generated, all of this with the ultimate aim
of improving medical decision-making (in line with the European strategy of "Improving health information
and better use of health data") and focused on personalized medicine and healthy aging (completely
related to the European strategies of "Personalized Medicine “and “Healthy Aging ”). In relation to the
objectives initially established, (1) methods and equipment have been developed and improved that
provide objective information to clinicians on the balance of patients; (2) a method has been proposed to
monitor the progression of balance disorders in patients undergoing rehabilitation treatments, providing
information that is easily interpretable by physicians; as well as (3) a methodology has been established
to apply Machine Learning techniques in the field of health, addressing the particularities inherent in this
field.

As a result of this research and the publication of the various studies derived from it, the following
conclusions have been obtained:

1) Itis considered that it is possible to develop and implement an accessible and portable stabilometric
platform that meets the standards established by the International Society for Posture and Gait
Research for clinical application. It can be used regularly by healthcare professionals to assess
objectively the level of control of static and dynamic balance. In this way, it is intended to contribute
to extending the use of this type of instrumentation, which adds value as a complementary test to
support diagnoses and rehabilitation treatments.

2) Aset of tests, based on the Romberg test and the Stability Limits evaluation test, have been proposed
and formalized to assess static and dynamic balance in the standing position. These tests measure the
level of balance control, as well as the stability limits of patients. In a complementary way, they allow
estimating the degree of consistency and collaboration during its execution. Likewise, the set of
variables defined for this set of tests favours its application in clinical and forensic environments. These
variables have been range of displacement of the centre of pressures in the anteroposterior and
mediolateral axes, area, average velocity of the centre of pressures, root mean square and,
additionally for the limits of stability, maximum displacement of the centre of pressures along each
axis of the radii of the equilibrium octagon and the success variable - which quantifies the management
of the centre of pressures.

3) Itis estimated that it is possible to detect relevant changes between two time instants in patients with
balance disorders, adapting the Magnitude-Based Decision method to the singularities of the variables
that allow characterizing the balance, and showing these changes graphically to help medical decision-
making and individualized follow-up of patients.

4) A method is proposed to measure, classify and qualify the progression of balance in patients with
balance disorders, adapting the resulting information to make it more understandable and easy to
interpret, called the MCQ-Balance assessment method. The method, which has been verified with the
evaluation of an expert doctor, provides objective information to monitor the progression of balance
in patients, as well as to measure alterations in the sensory systems of balance, thus improving medical
decision-making regarding the type of treatment.
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5)

6)

It is considered that integrating tasks that involve cognitive efforts in classic tests for evaluating the
ability to react, such as the choice stepping reaction time test, would allow more efficiently prevent
the risk of falls in older people, with the aim of leading to carry out preventive actions that improve
medical decision-making. For this, new tasks and stimuli have been added to the choice stepping
reaction time test, to assess the perception and response capacity of execution, attention, and
inhibition of older people.

A methodology has been established to apply Machine Learning techniques in the field of health,
considering and integrating the particularities inherent in this field. All the stages involved in this type
of process have been included in the methodology, so that it is possible to obtain, classify, understand,
and transform health information to generate predictive models complementary to medical diagnosis.
Likewise, its applicability has been demonstrated through a practical case with patients, thus verifying
that the approach and the results obtained can be used to help objectify diagnoses, improve the
efficacy of treatments, and save resources in health systems. The proposed procedure is also believed
to be appropriate for any healthcare setting regardless of the origin of the data.
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