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Resumen general [General abstract]

A nivel mundial, entre 2019-2050, se estima que el nimero de personas >65 afios
se duplique, el de >80 afios se triplique y el de >100 afios se quintuplique. En Espafia,
debido a la llegada de las cohortes del «baby boom» se prevé que pasemos de 16.303
centenarios en 2019 a 241.059 en 2068. Esto supone un reto para la sociedad, puesto que
el envejecimiento se asocia habitualmente con una pérdida de independencia, un gran

numero de enfermedades cronicas y requiere un incremento del gasto publico.

La realizacion de actividad fisica y ejercicio a lo largo de la vida puede ayudar a
mantener (o al menos atenuar) muchas de las propiedades afectadas por el envejecimiento
y en particular en las personas inactivas. Sin embargo, la medicion de niveles de actividad
fisica en centenarios podria presentar algunas limitaciones y no existen datos descriptivos
en esta poblacion. En lo que respecta al ejercicio fisico, Unicamente se han reportado

intervenciones en dos atletas centenarios de nivel mundial.

Por otra parte, el corazon afioso presenta una serie de alteraciones
electrofisioldgicas asociadas a procesos de remodelado eléctrico y estructural que ocurren
progresivamente con la edad. A pesar de ello, no se conoce si las caracteristicas de los
sujetos podrian afectar las mediciones en reposo, ejercicio y recuperacion registradas por
los monitores de frecuencia cardiaca ampliamente usados por la poblacién general. Si nos
centramos en marcadores tan comunes como la variabilidad de la frecuencia cardiaca,
observamos que la evidencia disponible en centenarios es escasa y contradictoria. Y al
prestar atencion a marcadores mas novedosos como las dinamicas de repolarizacion
periddica (DRP), todavia existen muchas incognitas respecto a su génesis, su relacion con

la variabilidad de la frecuencia cardiaca, sobre los efectos que tienen las caracteristicas
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del sujeto tales como la edad, o cual es su perfil temporal en un test de ejercicio

incremental.

Por lo tanto, el objetivo de la presente Tesis Doctoral fue analizar las limitaciones
de los métodos de medicion de los niveles de actividad fisica y la electrofisiologia
cardiaca al utilizarse en poblacion mayor, asi como aportar resultados descriptivos en
personas muy mayores estudiando su relacion con diferentes marcadores de salud, para

finalmente examinar los efectos de un programa de ejercicio fisico en centenarios.

Los principales resultados son los siguientes:

1. EIl tiempo diario que un centenario pasa en actividad fisica de intensidad-baja e
intensidad moderada-vigorosa varia ampliamente en funcién del punto de corte
utilizado para el célculo, ademéas se encontré un potencial efecto suelo para la
actividad fisica moderada-vigorosa. Las métricas libres de puntos de corte emergen
como una alternativa para proporcionar informacion méas completa y comparable.

2. La banda de pecho PolarH7 y el electrocardiograma fueron intercambiables en
reposo. Sin embargo existio desacuerdo entre los dispositivos al evaluar las
oscilaciones de alta frecuencia durante el ejercicio de intensidad moderada-alta y la
variabilidad de la frecuencia cardiaca durante la recuperacion. Asimismo, la edad,
composicion corporal y nivel de condicién fisica podrian ser una de las causas de
desacuerdo entre dispositivos.

3. Existio un descenso asociado a la edad en el volumen y la intensidad de la actividad
fisica, que parece acelerarse durante las ultimas décadas de vida, presentando los
centenarios los valores mas bajos del espectro de edades en todas las variables. Tanto
las medidas basadas en puntos de corte como las libres de puntos de corte estuvieron

relacionadas con un estado positivo en diferentes marcadores de salud.
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4. Se encontrd una clara disminucion con la edad en los principales indices de
variabilidad de la frecuencia cardiaca que reflejan la actividad parasimpaética.
Ademas, una «desviacion estandar de todos los intervalos NN del registro» (SDNN)
<19ms podria estar relacionado con mortalidad temprana (<1 afio) en personas
centenarias.

5. Las oscilaciones de dT ocurren principalmente en la banda de baja frecuencia (es
decir DRP) y un 50-70% no estan relacionada con la variabilidad de la frecuencia
cardiaca. DRP mostr6 un aumento durante el ejercicio respecto a los valores de
reposo y recuperacion, observandose variabilidad inter-sujeto durante el test de
gjercicio incremental. El analisis de conglomerados identificd un grupo de sujetos con
sobrepeso y baja condicién fisica con valores de DRP en reposo significativamente
mas altos que el resto de la muestra.

6. Es la primera vez que se presenta un ensayo controlado aleatorizado investigando los
efectos de 12 semanas de entrenamiento de fuerza en centenarios. Los resultados
sugieren gque nadie es demasiado mayor para beneficiarse del entrenamiento de fuerza.
A pesar de la fragilidad de los centenarios, no se observo ningun efecto adverso

importante durante el periodo de intervencion.
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General abstract

Globally, between 2019-2050, it is estimated that the number of people over >65
years will double, the number of people over >80 years will triple, and the number of
people over >100 years will quintuple. In Spain, due to the arrival of the «baby boom»
cohorts, it is expected that the number of centenarians will increase from 16,303 in 2019
to 241,059 centenarians in 2068. This demographic change represents a challenge for
society, since aging is usually associated with a loss of independence, a rise in the number

of chronic diseases and requires an increase in public spending.

Physical activity and exercise throughout an individual’s life can help to maintain
(or at least attenuate) many of the properties affected by aging, particularly in inactive
people. However, the measurement of physical activity levels in centenarians could
present some limitations and there are no descriptive data in this population. Regarding
physical exercise, interventions have only been reported in two world-class centenarian
athletes.

On the other hand, the aged heart presents different electrophysiological alterations
associated with electrical and structural remodeling processes occurring progressively
with age. Despite this, it is not known whether the characteristics of the subjects could
affect the measurements at rest, exercise and recovery recorded by the heart rate monitors
widely used by the general population. If we focus on commonly used markers such as
heart rate variability, we can observe that scientific evidence in centenarians is scarce and
contradictory. When paying attention to newer markers such as periodic repolarization
dynamics (PRD), there are still many questions regarding its genesis, its relationship with
heart rate variability, the effects of the subject’s characteristics (including age), or how

are its temporal profile during an incremental test.
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Therefore, the aim of the present Thesis was to analyze the limitations of the
methods for measuring physical activity levels and cardiac electrophysiology when used
in the elderly population, as well as to provide descriptive results in the oldest old
studying its relationship with different health markers, to finally examine the effects of a

physical exercise program in centenarians.

The main results found are the following:

1. The daily time spent by a centenarian in light-intensity physical activity and
moderate-to-vigorous physical activity varies greatly depending on the cut-point used
for the calculation, moreover a potential floor effect was found for moderate-to-
vigorous physical activity. Cut-point-free metrics emerge as an alternative in order to
provide more complete and comparable information across groups and populations.

2. The PolarH7 chest band and the electrocardiogram were interchangeable at rest.
However, there was disagreement between devices when evaluating high-frequency
heart rate oscillations during moderate-to-high intensity exercise and heart rate
variability during post-exercise recovery. In addition, age, body composition and
fitness level could represent one of the causes for disagreement between devices.

3. There was an age-related reduction in physical activity volume and intensity, which
seems to accelerate during the last decades of life, with the centenarians presenting
the lowest values of the age spectrum in all the variables. Both cut-point-based and
cut-point-free measures were related with a positive health status in different health
markers.

4. A clear decrease with age was found in the main heart rate variability indices
reflecting parasympathetic outflow. Additionally, a «standard deviation of all R-R
intervals» (SDNN) <19ms could be associated with early mortality (<1 year) in

centenarians.
-34 -



5. Oscillations in dT mostly occur in the low-frequency band (i.e. PRD) and as much as
50-70% of them are unrelated to heart rate variability. PRD showed an increase
during exercise as compared to rest and post-exercise recovery values, with inter-
individual variability observed during the incremental exercise test. Clustering
analysis identified a group of overweight and unfit individuals with significantly
higher PRD values at rest than the rest of the sample.

6. This is the first randomized control trial study investigating the effects of 12-week
resistance training in centenarians. The results suggest that no one is too old to benefit
from resistance training. Despite the frailty of the centenarians, no major adverse

effects were noted over the intervention period.
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1. Introduccidén

La presente Tesis Doctoral tiene como objetivo analizar las limitaciones de los
métodos de medicion de los niveles de actividad fisica y la electrofisiologia cardiaca al
utilizarse en poblacion mayor, asi como aportar resultados descriptivos en personas muy
mayores estudiando su relacion con diferentes marcadores de salud, para finalmente
examinar los efectos de un programa de ejercicio fisico en centenarios. Por ello, la
introduccion se estructurard en los siguientes tres apartados: 1) envejecimiento y
longevidad excepcional, 2) niveles de actividad fisica y ejercicio fisico y 3)

electrofisiologia cardiaca.

1.1 Envejecimiento y longevidad excepcional

1.1.1 Demografia del envejecimiento

Segun las Naciones Unidas las personas de 65 0 mas afios son consideradas como
«personas mayores». El envejecimiento de la poblacion es un fendémeno global que sigue
avanzando; en 2019 habia 703 millones de personas mayores en el mundo y se prevé que
esta cifra se doblara, alcanzando los 1.500 millones en 2050 (1). Este hecho es, a priori,
un éxito de la humanidad, reflejando los avances de la salud publica, la medicina y el

desarrollo econdmico-social.

Espafia es y serd uno de los lideres mundiales en las estadisticas sobre
envejecimiento. En 2019 un 19,6% de la poblacién espafiola tenia 65 afios 0 mas (9
millones) y segun las proyecciones en 2050 supondran un 36,8% (16 millones). Este
incremento de 17,2 puntos porcentuales desde 2019 a 2050 sitla a Espafia como el Gnico
pais europeo dentro del «Top 10 mundial» en la proyeccion del incremento del porcentaje
de personas mayores respecto al total de la poblacion (1), ver Figura 1.
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Figura 1. Paises y areas con el mayor crecimiento del porcentaje de personas de 65 0 mas

afios respecto al total de la poblacion, 2019-2050 (puntos porcentuales).
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Fuente: Figura obtenida del informe «World Population Ageing 2019» que utiliza datos del Departamento
de Asuntos Econémicos y Sociales de las Naciones Unidas, Division de Poblacion (2019). Perspectivas de
la poblacion mundial para 2019 (1). Licencia: Creative Commons (CC BY 3.0 IGO).

Para ver la causa de este cambio demografico tenemos que retroceder hasta el
denominado «baby boom» espafiol que se dio entre los afios 1958-1977. Durante ese
periodo de tiempo nacieron mas de 650.000 nifios por afio, o que supone 4,5 millones
mas que en los 20 afios siguientes y 2,5 millones méas que en los 20 afios anteriores (2).
Por otra parte, segun las proyecciones del Instituto Nacional de Estadistica, entre 2019 y
2068 la poblacion total aumentara Unicamente en 1,5 millones de habitantes, con la
consiguiente pirdmide de poblacion en forma de «pilar de poblacion», ver Figura 2.
Consecuentemente, la llegada a la jubilacion de las cohortes del «baby boom» a partir del
afio 2024 supondra una notable presion sobre los sistemas de proteccion social entre 2040

y 2050 (2).
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Figura 2. Proyecciones de poblacién segln edad y sexo, 2018-2068.
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Nota: de 1900 a 2019 los datos son reales; de 2019 a 2068 se trata de proyecciones del INE. Fuente: El
grafico pertenece al informe «Envejecimiento en red n® 25, un perfil de las personas mayores de Espafia
(2020)» que utiliza datos del padron continuo del INE y sus proyecciones de poblacion (2). Licencia:
Creative Commons (CC BY-SA).

Otro hecho destacado por los demdgrafos de todo el mundo es el gran aumento de
los «muy mayores» u «oldest old», es decir, aquellas personas que han cumplido 80 afios
0 mas. Al principio del apartado atendiamos a que el nimero de personas mayores con
>65 afos va a doblarse desde 2019-2050, en el caso de los >80 afios se estima que la
poblacion se triplicara entre 2019-2050, siendo por tanto el subgrupo de poblacién que

mas répido crece. En otras palabras, en el afio 2050 habra 1.500 millones de personas >65

afios, de los cuales 426 millones seran >80 afios (1). Y es que segun datos de 2015-2020,
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a nivel global, una persona que cumple 65 afios puede esperar vivir 17 afios adicionales

(1).

Espafia no es una excepcion, en 2019 un 6,1% de la poblacion espafiola tenia 80
afios 0 mas y segun las proyecciones este grupo seguira ganando peso entre la poblacion
mayor. Si atendemos a la Figura 3, podemos observar como en 2068 se espera que haya
mas de 14 millones de personas mayores, de los cuales mas de 6 millones tendran >80

anos (2).

Figura 3. Evolucion de la poblacién de 65 y mas afios. Espafia, 1900-2068.
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Nota: de 1900 a 2019 los datos son reales; de 2019 a 2068 se trata de proyecciones del INE. Fuente: El
gréafico pertenece al informe «Envejecimiento en red n° 25, un perfil de las personas mayores de Espafia
(2020)» que utiliza datos del padron continuo del INE y sus proyecciones de poblacion (2). Licencia:
Creative Commons (CC BY-SA).

En lo que respecta a la esperanza de vida a los 65 afios, segun datos de 2018,
Espafia se encuentra en cabeza a nivel europeo y mundial, con medias de 19,2 afios
adicionales para los espafioles y de 23,1 afios adicionales para las espafolas, ver Figura 4

(2,3).
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Figura 4. Esperanza de vida observada (1991-2019) y proyectada (2020-2069) en Esparia

por sexo.
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Fuente: El gréafico pertenece al informe «Proyecciones de Poblacidon 2020-2070» que utiliza las tablas de
mortalidad del INE para los afios 1991-2019 (3). Licencia: Creative Commons (CC BY-SA).

Este importante envejecimiento de la poblacion, que se asocia habitualmente con
un gran numero de enfermedades crénicas, requiere un incremento de gasto para los
recursos publicos y constituye una gran carga para los cuidados informales (4). Ante este
reto de la sociedad, Naciones Unidas ha declarado la «Década del Envejecimiento
Saludable (2020-2030)», con el objetivo de impulsar la accién internacional para mejorar,

tanto la vida de las personas mayores, como la de sus familias y comunidades.
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1.1.2 Envejecimiento y funcién

Aunque la esperanza de vida total sea cada vez mas alta, no se corresponde con la
«esperanza de vida saludable», ya que la morbilidad estd presente durante el Gltimo
periodo de nuestra vida. La esperanza de vida saludable suele construirse a partir de datos
sobre morbilidad crénica y salud auto-percibida y se define como el nimero de afios que
se puede esperar que una persona viva con completa salud. Por ejemplo, cuando
observamos el caso de Espafia, a pesar del aumento en la esperanza de vida (Figura 4), la
esperanza de vida saludable se ha mantenido mas o menos constante durante los ultimos
afios (Figura 5). También cabe destacar, que aunque los hombres viven menos afios, el
porcentaje de vida que viven en buenas condiciones de salud es mayor en relacion al de

las mujeres, ver Figura 5 (2).

Figura 5. Esperanza de vida saludable a los 65 afios respecto del total de esperanza de vida
(%), por sexo. Espafia 2004-2018.
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Fuente: EI gréafico pertenece al informe «Envejecimiento en red n° 25» que utiliza datos de Eurostat (2).
Licencia: Creative Commons (CC BY-SA).

Dado que afadir afios a la vida, no implica afadir vida a los afios, en 2015 la
Organizacién Mundial de la Salud redefinid el «envejecimiento saludable» entorno a la

capacidad funcional, entendiendo esta como la combinacién de la capacidad intrinseca
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(compuesta por las capacidades fisicas, mentales y psicosociales), el entorno del

individuo y las interacciones entre individuo-entorno (5).

El envejecimiento es un proceso inexorable, caracterizado por una pérdida
progresiva de la integridad fisiologica que conduce a un deterioro en la funcion de todos
los sistemas y finalmente a la muerte. Este deterioro asociado al envejecimiento es el
principal factor etioldgico de la patologia en el ser humano, y esta asociado con una serie

de mecanismos celulares y moleculares (6), ver Tabla 1.

Tabla 1. Los marcadores del envejecimiento «Hallmarks of aging» (6).

Causas primarias del dafio Respuestas compensatorias Biomarcadores
celular antagonicas al dafio integradores
Inestabilidad gendmica Desregulacion de los sistemas Agotamiento de células madre
. de deteccidn de nutrientes » L
Desgaste telomérico Alteracion de la comunicacion
. o . o ) intercelular
Alteraciones epigenéticas Disfuncién mitocondrial
Pérdida de proteostasis Senescencia celular

Sin embargo, la longevidad es plastica, puesto que se puede modular mediante
diferentes intervenciones, tales como la manipulacion genética, la farmacologia, la
nutricion o el ejercicio fisico. Las intervenciones que tienen por objetivo prevenir o
mejorar los signos del envejecimiento lo harian a través de los diferentes «Hallmarks of
aging», ver Figura 6; de este modo se puede explicar que la velocidad de envejecimiento
difiera entre organismos y en diferentes células, tejidos, érganos y sistemas de un mismo

organismo (7).
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Figura 6. Mecanismos del envejecimiento.
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Fuente: Figura del autor a partir del articulo «Facing up to the global challenges of ageing» publicado en

2018 en la revista «Nature» (7).

En lo que respecta a las intervenciones con ejercicio fisico, el articulo publicado por
Garatachea et al. en 2015 supone un punto de referencia al enlazar los «hallmarks of
aging» publicados previamente por Lopez-Otin con los mecanismos moleculares que
median los beneficios del ejercicio fisico (8). Tal es el papel del ejercicio fisico en el
envejecimiento que algunos autores afirman que ser fisicamente activo es la condicion
bioldégica humana por defecto; y por tanto el proceso de envejecimiento humano

solamente puede ser estudiado en las personas fisicamente activas (9).

En la actualidad, el ejercicio fisico regular es una de las principales herramientas
anti-envejecimiento a nivel multisistémico, este hecho queda patente tanto en el plano
cuantitativo como en el cualitativo. Si atendemos a la cantidad de vida, los atletas de élite
viven mas que la poblacion general, es decir aquellos humanos que han mantenido altas
dosis de ejercicio suelen ser mas longevos (10). Ademas, incluso ligeros incrementos en
los niveles de actividad fisica a los 80 afios de edad (pasar de realizar 0-0.5h/sem a 0.5-
1.9h/sem) han sido asociados con incrementos de >2 afios en la esperanza de vida total, lo

gue apunta a que nunca es tarde para beneficiarse del ejercicio fisico (11).
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En el plano cualitativo, vimos anteriormente que el «envejecimiento saludable» se
define entorno a la funcionalidad, siendo un reto de la sociedad mantener la
independencia de los mayores (5). La condicidn fisica es imprescindible para una éptima
capacidad intrinseca, por lo tanto la independencia funcional es directamente dependiente
de la condicién fisica. La condicién fisica se define como la capacidad de llevar a cabo
las actividades de la vida diaria con vigor y diligencia, sin cansancio indebido y con
energia suficiente para disfrutar de las actividades del tiempo libre y para afrontar las
emergencias imprevistas que se presenten. Asimismo, la condicion fisica esta
determinada por varios fenotipos medibles relacionados con la salud, que incluyen

principalmente la aptitud cardiorrespiratoria y la funcién muscular (12).

El consumo de oxigeno maximo (VOamax) representa la tasa maxima de oxigeno
que un organismo puede utilizar para producir energia. El VO,max €s el producto de
multiplicar el gasto cardiaco por la diferencia arteriovenosa de oxigeno, suele expresarse
en mililitros de oxigeno consumidos por kilogramo de peso corporal por minuto (mL kg™
min™), y es aceptado como la medida de referencia de la aptitud cardiorrespiratoria.
Existe un claro descenso asociado a la edad en el VOamay, al que contribuyen la reduccion
del gasto cardiaco, el descenso en la diferencia arteriovenosa de oxigeno y diversos
cambios a nivel del musculo esquelético. Tradicionalmente se describen descensos del
VOumax €ntorno al 10% por década entre los 20-70 afios y al 20% por década a partir de
los 70-80 afios (13), sin embargo un descenso lineal parece posible al observar los records
de VOumax para cada franja de edad, es decir en individuos con un envejecimiento activo
(14). Adicionalmente, para cualquier edad dada, los valores de VO,ma SON mayores en
sujetos entrenados que en sus pares inactivos, en otras palabras, aunque el proceso de

envejecimiento es complejo y multifactorial, un estilo de vida activo puede atenuarlo (9).
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Figura 7. Curvas de percentiles de cohortes cruzadas para fuerza de prension manual.
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Fuente: Figura obtenida del articulo «Grip Strength across the Life Course: Normative Data from Twelve

British Studies» publicado en 2014 en la revista «Plos One» (15). Licencia: Creative Commons (CC-BY 4.0).

El término «sarcopenia» ha evolucionado a lo largo de los afios, en la actualidad el
«European Working Group on Sarcopenia in Older People “EWGSOP2’» define la
sarcopenia como una insuficiencia muscular caracterizada por bajos niveles de fuerza y
masa muscular. El factor primario de la sarcopenia es el envejecimiento, que interacciona
con otros factores secundarios como la enfermedad, la inactividad y la malnutricion; dada
su variada etiologia, la sarcopenia es comun en adultos mayores, pero también puede
presentarse en adultos jovenes (16). También es multifactorial su fisiopatologia, entre los
principales mecanismos encontramos: desequilibrio en el metabolismo proteico, pérdida
de motoneuronas, cambios hormonales, disfuncién de las células satélite, inflamacion,
estrés oxidativo o disfuncion mitocondrial entre otros (17). En la Figura 7, podemos
observar cdmo el pico méximo de fuerza se alcanza al comienzo de la edad adulta,
después se estabiliza en una meseta descendente, para descender de forma més acelerada

a partir de los 60 afos; por ello la sarcopenia debe tratarse a lo largo de toda la vida, ya
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gue no depende unicamente de la tasa a la que desciende la funcién muscular durante la
senectud, sino también de la dimension alcanzada por el pico maximo de fuerza en la

juventud (15,17).

La realizacién de ejercicio fisico a lo largo de la vida puede ayudar a mantener (o al
menos atenuar) muchas de las propiedades (especialmente, masa muscular, fuerza,
capacidad funcional, aptitud cardiorrespiratoria) afectadas por el envejecimiento y en
particular por el envejecimiento de las personas inactivas (18). Ulteriormente, en el
apartado «1.2.2 Ejercicio fisico» revisaremos los beneficios del ejercicio fisico en la

vejez.
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1.1.3 Longevidad excepcional

El ser humano, consciente de la fugacidad de la vida, ha buscado ser perenne a
través de piedras filosofales, fuentes y elixires de la juventud. Sin embargo, la vida y la
muerte nacieron juntas. Si bien es cierto, algunas personas consiguen esquivar el «exitus
letalis» hasta 40-50 afios mas que la media poblacional. Es comin que los medios de
comunicacion se hagan eco de estos cumplearios, por ejemplo el pasado 2 de enero de
2022 la japonesa Kane Tanaka, persona mas longeva con vida, cumplio 119 afios. La
edad maxima reportada ha sido la de Jeanne Louise Calment que fallecid a los 122 afios y
164 dias en Francia, por su parte, el varén mas longevo ha sido Jiroemon Kimura, quien
fallecio a los 116 afios y 54 dias en Japon. Las mujeres no se limitan a ostentar los records
absolutos de longevidad, sino que también son mayoria numérica, 8 de cada 10
centenarios son mujeres (19).

A pesar de que estos cumpleafios parecen hechos anecdoéticos, son la punta de
lanza de una realidad subyacente. Del mismo modo que la media de la esperanza de vida
ha ido aumentando en los dltimos afios, los percentiles altos también alcanzan edades
mayores, y los centenarios ya no son una excepcion. Segun las Naciones Unidas, en 2021
habia 621.000 centenarios vivos alrededor del mundo (7,9/100.000 habitantes), y las
proyecciones estiman 3,2 millones de centenarios en 2050 (32,8/100.000 habitantes) (20).

En el apartado «1.1.1 Demografia del envejecimiento» veiamos como a nivel
mundial de 2019 a 2050 se doblara el nimero de personas >65 afios y se triplicara el
namero de personas >80 afios. En zonas desarrolladas y ya envejecidas, como la Europa
de los 27, se espera que entre 2019-2050 el numero de >85 afios se doble mientras que el
namero de >100 afios se quintuplique, pasando de 96.600 individuos con un siglo de edad
en 2019 a 484.000 en 2050 (21). Este crecimiento hasta cerca del medio millon de
habitantes hace que los centenarios sean el subgrupo de poblacion que maés crece, dentro

del subgrupo de poblacion que maés crece, ver Figura 8.
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Figura 8. Porcentaje de cambio en la poblacién europea (EU-27) por edad: 2019-2050.
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Fuente: Figura del autor a partir del informe «Ageing Europe: Looking at the lives of older people in the EU»

publicado en 2020 por la Comisién Europea (21).

Espafia tiene un gran porcentaje de centenarios respecto de la poblacion total,
incluso si la comparamos con Europa. De acuerdo a los datos de 2019 en Espafia habia
34,7 centenarios cada 100.000 habitantes (16.303 centenarios en 47.026.208 habitantes),
mientras que en EU-27 habia 21,6 centenarios cada 100.000 habitantes (96.600 en
446.800.000 habitantes) (2,21). Segun las proyecciones de poblacion 2018-2068 del
Instituto Nacional de Estadistica, la cifra de centenarios también va a crecer rapidamente
en los proximos afios y en el afio 2068 habra 241.059 espafioles centenarios (48.208
hombres y 192.851 mujeres), debido a la llegada de las cohortes del «baby boom», lo que
supondran 496,7 centenarios cada 100.000 habitantes (0,5% de la poblacién total
estimada para 2068: 48.531.614) (2).

El répido crecimiento de la poblacion de centenarios en las Gltimas décadas no es

lo Gnico que ha hecho atraer el foco de atencidn. Y es que ademas de ser el paradigma de
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la longevidad humana también lo son en cuanto a envejecimiento saludable ya que han
pospuesto, si no evitado, la mayor parte de enfermedades asociadas a la edad como el
cancer, las enfermedades cardiovasculares o neurodegenerativas (22,23). De hecho, un
estudio con 1418 centenarios mostrd una mayor compresion de la morbilidad en los
centenarios que vivieron més de 100, 105 y 110 afios respectivamente (24). Por lo tanto,
el estudio de los centenarios constituye una oportunidad fascinante para entender las
caracteristicas que permiten a los individuos alcanzar vidas excepcionalmente largas y
sanas.

En lo que respecta a la capacidad intrinseca, segin valores normativos del
«Georgia Centenarian Study», un 73% de los centenarios y un 86% de las centenarias
presentan discapacidad fisica de acuerdo al test «Short Physical Performance Battery»
(25), y resultados de estudios transversales indican que aproximadamente un 50%
muestran claros sintomas de demencia y 25% deterioro cognitivo, pero estos porcentajes
varian a través de los estudios debido a los sesgos de reclutamiento, tamafios muestrales
pequefios, distintas cohortes de nacimiento, diferentes instrumentos de medicion y
dificultades de evaluacion intrinsecas a las caracteristicas de los centenarios (26,27).
Consecuentemente los centenarios presentan una amplia variabilidad en su capacidad
funcional, algunos de ellos estdn encamados, mientras que otros son independientes en las
tareas de la vida diaria, y unos pocos incluso realizan gestas deportivas, como el francés
Robert Marchand, capaz de recorrer en bicicleta 26,9km en una hora (28,29). Todo ello,
junto a factores culturales, soporte institucional y recursos familiares resulta en un amplio
rango de centenarios institucionalizados en los centros geriatricos de los paises europeos

(rango: 2-89%, media 37,3%), ver Figura 9 (19).
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Figura 9. Diversidad de la capacidad funcional de los centenarios.
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1.2 Niveles de actividad fisica y ejercicio fisico

1.2.1 Niveles de actividad fisica

Ya en el siglo primero de nuestra era, el filosofo Marcus Tullius Cicero afirmaba
que «El ejercicio y la templanza pueden preservar algo de nuestra fuerza inicial incluso en
la vejez». A dia de hoy las sociedades desarrolladas han alcanzado un estilo de vida tan
acomodado que la inactividad fisica causa en el mundo entre 4 y 5 millones de muertes al
afio (30,31). Diversas investigaciones han mostrado que si eliminaramos la inactividad
fisica, ya catalogada como pandemia (32), se reduciria: la mortalidad general, el cancer de
colon, cancer de mama, diabetes tipo Il y otras muchas patologias (hasta 26
enfermedades) (33); esto se traduciria en un aumento de la esperanza de vida de 0,68 afios
a nivel mundial y 0,78 afios en el caso de Espafia (30,34) y también en una mejor calidad
de vida durante esos afios adicionales (35,36). Dada su eficacia en la prevencion y manejo
de enfermedades, la actividad fisica ha llegado a denominarse como «la verdadera poli-
pildora» (37), que ademas muestra un efecto dosis-respuesta, es decir mayores niveles de
actividad fisica estan asociados con incrementos en los beneficios (38). Sin embargo, el
66,8% de los espafioles no cumple con las recomendaciones de actividad fisica de la
Organizacion Mundial de la Salud (39).

Para conocer el papel de la actividad fisica en el envejecimiento extremo seria
necesario cuantificar objetivamente los niveles de actividad fisica a lo largo del ciclo
vital, en estudios con centenarios esto supondria un estudio longitudinal de un siglo de
duracion. Otra alternativa seria estimar la actividad fisica mediante un cuestionario
retrospectivo administrado en forma de entrevista que recopile toda la actividad realizada
desde la infancia (40), a continuacion, puesto que el cuestionario registra tipo, frecuencia
y duracién de cada actividad, se pueden calcular el gasto energético en MET-h/semana,

multiplicando el numero de horas/semana en cada actividad por su valor en equivalentes
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metabolicos (METS) en base al Compendio de Actividades Fisicas (41). Sin embargo, en
esta segunda opcion, a las limitaciones caracteristicas de los cuestionarios, se le afiade
que los centenarios tienen problemas de memoria y deben recordar un periodo largo, 100
afios. Debido a la complejidad de ambas alternativas, a dia de hoy no existen evidencias
solidas al respecto. La longevidad excepcional es un fenotipo parcialmente heredable, si
bien las principales teorias del envejecimiento coinciden en un origen multifactorial, en el
que los factores no genéticos (dieta, actividad fisica, habitos saludables y factores
psicosociales) contribuirian aproximadamente a un 50% de la variabilidad en el esperanza
de vida humana (42). Dado que la actividad fisica es un factor conductual que revierte los
principales marcadores del envejecimiento (8), cabria esperar que los centenarios hayan
tenido una vida activa como indican algunos estudios que han encontrado un gran nimero
de centenarios en zonas dedicadas a la ganaderia, pesca y agricultura (cuando el sector
primario todavia no estaba mecanizado) (43). ElI 75% de los centenarios espafioles
aseguran haber realizado ejercicio regular a lo largo de la vida (44), del mismo modo
centenarios de otras zonas del globo afirman haber seguido estilos de vida saludables:
actividad fisica regular, buenos habitos dietéticos, no beber y no fumar (45-47), pero la
causalidad entre los niveles de actividad fisica y la longevidad extrema continta siendo
una hipotesis por demostrar.

Los métodos de medicién de la actividad fisica se pueden clasificar en métodos
subjetivos y métodos objetivos (48). Los métodos subjetivos (cuestionarios, diarios de
actividad y entrevistas) son econdmicos y facilmente aplicables, pero su validez es
cuestionable debido a la influencia de la interpretacion y la memoria del sujeto (49). En
cambio, los métodos objetivos proporcionan informacion de la actividad fisica del sujeto
a través de la cuantificacion del movimiento realizado por un dispositivo electrénico,
como pueden ser los podémetros o los acelerometros. Los podémetros se caracterizan por

su simplicidad, confort y bajo coste, pero su utilidad es limitada ya que solamente
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registran el nimero de pasos durante actividades ambulatorias (50). Los acelerdmetros
son sensores de movimiento que cuantifican la direccion y la magnitud de la aceleracién
corporal mediante un sensor, normalmente piezo-eléctrico, y microprocesadores (51). Su
uso en humanos fue propuesto por primera vez en los afios 50 (52), y debido a su
objetividad, peso y portabilidad se han convertido en una técnica muy popular en la
investigacion en actividad fisica, por lo que en la actualidad puede encontrarse una gran
variedad de dispositivos. Sin embargo, los acelerometros no estan libres de limitaciones
pues no identifican el movimiento de todos los segmentos corporales, no detectan la
actividad estatica, la pendiente del terreno o si el sujeto trabaja contra una resistencia.
Aunque, por otro lado, tienen una gran validez ecoldgica ya que miden al sujeto durante
su vida cotidiana, y han mostrado ser un método de confianza para la medicion de los
patrones y niveles de actividad fisica en las diferentes franjas de edad (53,54).

Los acelerébmetros registran de forma continua las aceleraciones corporales
durante largos periodos de tiempo. El andlisis de la frecuencia, intensidad y duracion de
estas aceleraciones durante las actividades de la vida diaria permite a los investigadores
identificar la proporcion del dia que el sujeto pasa en tiempo sedentario o en actividad
fisica de diferentes niveles de intensidad (Por ejemplo: actividad fisica ligera, actividad
fisica moderada-vigorosa, o actividad fisica vigorosa). Sin embargo, los puntos de corte
que determinan el paso entre niveles de actividad fisica estan basados en umbrales de
METs (ratio entre la energia gastada durante una actividad y la tasa metabdlica en
reposo), consecuentemente la aceleracion que se establece como punto de corte es
especifica para cada poblacion y para cada protocolo (55,56). Estos escalones de
intensidad son ficticios y dificultan las comparaciones entre estudios, por ello se estan
explorando nuevos enfoques analiticos que no dependan de los puntos de corte, tales
como: la aceleracién media, el gradiente de intensidad o los «Mx metrics» (57). La

aceleracion media se usa como aproximacion del volumen de actividad fisica y se define
-54 -



como la media aritmética de la aceleracion registrada durante el periodo de medicidn
(58). El gradiente de intensidad refleja la distribucion de la intensidad en el perfil de
actividad fisica y se calcula como la pendiente de la regresion lineal entre los logaritmos
naturales del tiempo y la intensidad de la aceleracion, por lo que la pendiente siempre es
negativa (58). Los «Mx metrics» evalUan la aceleracion por encima de la cual una persona
pasa los X minutos no consecutivos mas activos del dia (por ejemplo M30 se refiere a la
intensidad por encima de la cual se han pasado los 30 minutos, no consecutivos, méas
activos del dia), y entre otras utilidades, se pueden usar para ver si una persona cumple
con las recomendaciones de actividad fisica (59).

Es bien sabido que los niveles de actividad fisica presentan un descenso asociado
a la edad, siendo las personas mayores el segmento de la poblaciéon mas inactivo (60).
También ha sido descrito que los mayores pasan 8,5-9,6 horas del tiempo que estan
despiertos en comportamiento sedentario (normalmente definido como el tiempo en
actividades a <1,5 METs) (61,62). Por afadidura, los «oldest-old» parecen ser incluso
mas sedentarios que sus pares de 65-79 afios (63). Hasta donde alcanza nuestro
conocimiento no hay datos de acelerometria disponibles en centenarios, previamente a la
realizacion de esta Tesis Doctoral los sujetos mas longevos que han sido medidos
mediante acelerometria tenian entre 70 y 90 afios de edad (64-67). Si sabemos que
algunos centenarios evitan la caracteristica caida de los niveles de actividad fisica con la
edad, y no solo eso, sino que también contindan participando en competiciones deportivas
como la maratén o 1500m de natacién (68). Estos ejemplos inspiradores parecen indicar
gue nunca es tarde para realizar ejercicio fisico y que el descenso en los niveles de
actividad fisica es parcialmente opcional. Los beneficios de ser mas activo se han descrito
incluso en personas >90 afios, donde se observo que los nonagenarios mas activos tenian

una mejor funcionalidad (distancia recorrida en el test de 6 minutos andando) (64).
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1.2.2 Ejercicio fisico

En las secciones anteriores hemos visto como la actividad fisica y el ejercicio son
una estrategia fundamental en la mejora de la salud, al igual que en la prevencion y el
manejo de enfermedades (69). Por ende, la actividad fisica y el ejercicio son herramientas
basicas para un envejecimiento saludable y deberian ser una prioridad para la salud
publica. El ejercicio fisico, entendido como actividad fisica estructurada y planificada con
un fin, es la manera més efectiva de obtener dichos beneficios (le prestaremos atencién
méas adelante). No obstante, a raiz de las contundentes evidencias, las principales
organizaciones sanitarias establecen guias con las recomendaciones de actividad fisica
para la salud.

Si echamos un breve vistazo a las Directrices publicadas en 2020 por la
Organizacion Mundial de la Salud sobre actividad fisica y habitos sedentarios
encontramos un apartado dedicado a las personas de >65 afios. Segun dicha guia, las
personas mayores deben acumular a lo largo de la semana un minimo de 150-300 minutos
de actividad fisica aerobica de intensidad moderada o bien 75-150 minutos de actividad
fisica aerobica de intensidad vigorosa, 0 una combinacién equivalente de ambas; ademas
también deben realizar actividades de fortalecimiento muscular al menos dos dias por
semana e intentar limitar el tiempo dedicado a actividades sedentarias. Estas tres
recomendaciones son comunes respecto a la franja de edad de 18-64 afios, si bien detallan
que los >65 afios deben ser tan activos como les permita su capacidad funcional y ajustar
el esfuerzo a su forma fisica. Una recomendacion especifica para el grupo de personas
mayores es que realicen al menos 3 dias por semana actividades fisicas multicomponente
variadas que den prioridad al equilibrio funcional y al entrenamiento de fuerza para
mejorar su capacidad funcional y evitar caidas. Por ultimo, un importante mensaje de esta
guia es que cada movimiento cuenta, cualquier cantidad de actividad fisica es mejor que

ninguna, y cuanta mas, mejor (35).
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Ningan farmaco puede revertir o frenar el deterioro de la capacidad intrinseca
asociado a la edad; pero evidencias cientificas recientes soportan los efectos beneficiosos
del ejercicio fisico, incluso en personas mayores fragiles, institucionalizadas u
hospitalizadas (18). El entrenamiento individual basado en la evidencia es el més
efectivo, pero requiere una sistematizacion: 1) en primer lugar es necesaria una evaluacién
que permita diagnosticar la situacion inicial, monitorizar los progresos y tomar
decisiones; I1) cuando conocemos las fortalezas y debilidades caracteristicas del sujeto
hay que establecer los objetivos, para ello se recomienda que sigan el acronimo del inglés
«SMART»: especificos, medibles, alcanzables, realistas y oportunos; Ill) a continuacion
debemos prescribir el programa de ejercicio (se aconseja describirlo siguiendo el
«Consensus on Exercise Reporting Template -CERT-») de acuerdo a los objetivos,
caracteristicas y preferencias individuales (70); 1V) por ultimo se vuelve a evaluar, vy el
proceso comienza de nuevo. Vistos los beneficios multisistémicos del ejercicio en el
envejecimiento, quizas, en lugar de perseguir dianas farmacoldgicas anti-envejecimiento,
se deberian de realizar mayores esfuerzos de investigacion en busca de la prescripcion de
ejercicio mas optima, en este caso en funcion de las caracteristicas de la persona mayor.

Para lograr un envejecimiento saludable, el ejercicio fisico tiene que preservar la
funcién fisiolégica de los diferentes sistemas. El tipo y magnitud de los beneficios
dependera del tipo de ejercicio que se lleve a cabo, ver Figura 10. El entrenamiento de
fuerza parece ser el tipo de intervencién mas efectiva en personas mayores (71), y de
forma oportuna la «National Strength and Conditioning Association» reunid
recientemente a un grupo de expertos mundiales para que realizaran un posicionamiento
sobre las especificidades del entrenamiento de fuerza en esta poblacion (72). En particular
el entrenamiento de fuerza ha mostrado una miriada de beneficios a nivel de: masa
muscular, masa 6sea, independencia, riesgo de caidas, manejo de enfermedades crénicas,

bienestar y calidad de vida (72). Cuando se disefia correctamente y las instrucciones
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técnicas son apropiadas el entrenamiento de fuerza es seguro (72), incluso se han descrito
intervenciones en poblacién nonagenaria (73-75), pero nunca en individuos que han

alcanzado los limites de la esperanza de vida humana.

Figura 10. Vision general de los tipos de ejercicio fisico y sus beneficios.
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en 2021 en la revista «The journal of nutrition, health & aging» (69). VO, = Consumo de oxigeno pico.
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Algunos estudios aseguran que los niveles de actividad fisica y la condicion fisica
estan positivamente correlacionados con la salud e independencia de los centenarios
(45,46,76). Otras investigaciones subrayan que el mantenimiento de la capacidad
funcional y la independencia son las claves para llegar a ser «supercentenario», es decir
cumplir >110 afios (24,77). Segun nuestro conocimiento, solamente existen tres estudios
de caso que hayan reportado entrenamientos en centenarios. Uno de ellos es el programa
de entrenamientos seguido por el ciclista francés Robert Marchand para establecer el
record de la hora en velédromo para mayores de cien afios (26,92km), considerado el
mejor rendimiento alcanzado por un centenario (-50,6% respecto al record absoluto) (68);
entre los 101 y los 103 afios, Robert mejoré su rendimiento un 11% Yy su VOomax Un 13%
(29). En segundo lugar, un hombre de 99,5 afios con un historial de records mundiales en
competiciones atléticas de categoria master que entrend durante 16 meses, tras los cuales
mejord la fuerza de tren superior e inferior (+ 0-9,5%) y el equilibrio monopodal (+22%),
mientras que empeoro la flexibilidad (-30%) y el salto con contra-movimiento (-4,2%)
(78). En tercer y ultimo lugar, los efectos de un entrenamiento de 12 semanas de
estimulacion eléctrica neuromuscular en una mujer centenaria, quien mejoré un 70% la
distancia caminada en el test de 6 minutos andando (64 vs. 109 m) y un 300% el nimero
de levantadas en 30 segundos (3 vs. 9 repeticiones), y redujo en 8mmHg su tension
arterial sistolica y en 4mmHg su tension arterial diastdlica y tension arterial media (79).
Estos estudios de caso reflejan la plasticidad del cuerpo humano para beneficiarse del
ejercicio a cualquier edad, pero Gnicamente tienen utilidad descriptiva; ademas dos de los
tres estudios se llevaron a cabo en centenarios que competian a nivel mundial, la

intervencion durd mas de un afio y estaba pobremente detallada (29,78).
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1.3 Electrofisiologia cardiaca

1.3.1 Bases neuroanatomicas

El corazon es un organo, formado principalmente por mdsculo liso, que contiene
cuatro camaras (dos auriculas superiores y dos ventriculos inferiores) y se encarga de
bombear la sangre de los vasos sanguineos. El ciclo cardiaco estd compuesto por la sistole
(contraccion ventricular, eyeccion de sangre) y la diastole (relajacion y llenado
ventricular). En un corazon sano, el nodulo sinoauricular inicia el ciclo cardiaco gracias a
la despolarizacion espontanea de sus células marcapasos, esta despolarizacion se va
propagando hacia el apex, lo que provoca la contraccién sincronizada de las diferentes
zonas. Como podemos ver representado en la Figura 11, los sucesivos potenciales de

accion generados resultan en la sefial tipica del electrocardiograma (ECG).

Figura 11. La generacion del electrocardiograma.
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Fuente: Figura obtenida del libro «Bioelectrical Signal Processing in Cardiac and Neurological Applications»

publicado en 2005 por la editorial «Elsevier» (80).
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El nddulo sinoauricular descargaria a una frecuencia de 100 potenciales de accion
por minuto, sin embargo la frecuencia cardiaca en reposo es de 75 latidos por minuto,
esto se debe a la regulacion a nivel nervioso, en este ejemplo mediada por la
predominancia del sistema nervioso parasimpatico (SNP) durante el reposo. El control
nervioso del corazon se coordina desde el centro cardiovascular, localizado en el bulbo
raquideo del tronco encefalico. El centro cardiovascular integra la informacion: sensitiva
(nervios glosofaringeo y vago), de los propioreceptores (posicion), quimiorreceptores
(sangre), baroreceptores (presion en seno carotideo y cayado aortico), sistema limbico
(hipotdlamo) y corteza cerebral; a partir de todos estos inputs el centro cardiovascular
ajusta el sistema nervioso autonomo (SNA), modulando el SNP y el sistema nervioso
simpatico (SNS). El centro cardiovascular inhibidor, SNP, hace sinapsis con los nucleos
del vago (dorsal, solitario y ambiguo), las neuronas eferentes del vago llegan hasta nddulo
sinoauricular, nddulo auriculoventricular y masculo auricular, alli liberan acetilcolina, la
cual se une a los receptores muscarinicos (M2) y disminuye la frecuencia cardiaca. Por el
contrario, el centro cardiovascular acelerador, SNS, hace sinapsis con los ganglios
cervicales (superior, medio y estrellado) y ganglios toracicos (1°- 5°), desde ellos salen
neuronas simpaticas eferentes que llegan hasta nddulo sinoauricular, nddulo
auriculoventricular y miocardio ventricular, alli liberan adrenalina y noradrenalina, las
cuales se unen a receptores f-adrenérgicos (B1) y aumenta tanto la frecuencia cardiaca

como la contractilidad (81).

La regulacion cardiaca no se realiza exclusivamente a nivel nervioso, las
hormonas y los iones circulantes también juegan un papel en el control del corazén. De
forma somera podemos decir que la adrenalina, noradrenalina, hormonas tiroideas y Ca’+
intracelular aumentan la frecuencia cardiaca y la contractilidad. Mientras que niveles

elevados en plasma de K+ y Na+ producen el efecto contrario (81).
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1.3.2 El electrocardiograma

En 1901 el profesor de la Universidad de Leiden, Willem Einthoven registré por
primera vez la actividad cardiaca. En la Figura 12 podemos ver las dimensiones del
primer ECG funcional, el instrumento contenia un fino filamento de cuarzo bafiado en
plata que estaba suspendido entre dos imanes, los cambios en la corriente eléctrica
cardiaca producian el movimiento del filamento, que se traducia de forma grafica como
una sombra en un papel de fotografia iluminado, dibujando el ECG. La base de este
mecanismo es similar a la de los ECG electrénicos que usamos en la actualidad; cuando
una onda de despolarizacion positiva en los cardiomiocitos se dirige hacia un electrodo

positivo en la piel, hay una deflexién simultanea (positiva) registrada en el trazo del ECG.

Figura 12. Galvanémetro de cuerda de Willem Einthoven.

Fuente: Fotografia realizada por Alejandro M. Sanz Guillén en el Rijksmuseum Boerhaave.
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En el trazo tipico del ECG podemos observar diferentes ondas que corresponden a
las fases del ciclo cardiaco: la despolarizacion auricular (onda P), despolarizacion
ventricular (complejo QRS) y la repolarizacion ventricular (intervalo QT y onda T).
Asimismo, el tiempo entre dos ondas R consecutivas se denomina intervalo RR, y es
considerado como el tiempo entre dos latidos, se utiliza para caracterizar arritmias y para

el estudio de la variabilidad de la frecuencia cardiaca (VFC).

Figura 13. Colocacion de los electrodos en un ECG de 12 derivaciones.
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Fuente: Figura obtenida del libro «Bioelectrical Signal Processing in Cardiac and Neurological Applications»

publicado en 2005 por la editorial «Elsevier» (80).
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En un registro de ECG, una derivacion es la diferencia de voltaje entre dos
electrodos (derivacion bipolar) o entre un Unico electrodo y un electrodo de referencia
con un voltaje constante (derivacion unipolar). En la clinica la configuracién mas
empleada es el ECG de 12 derivaciones en el cual los electrodos se sitlan tal y como
podemos ver en la Figura 13. Esta configuracion registra la actividad eléctrica en el
plano coronal a través de las derivaciones bipolares estandar (I, 11 'y I1l) y de las
derivaciones unipolares aumentadas (aVF, aVL y aVR), y en el plano axial a través de las

seis derivaciones precordiales unipolares (V; a Vg), detallado en Figura 14.

Figura 14. Direcciones angulares registradas por un ECG de 12 derivaciones.

Fuente: Figura obtenida del libro «Bioelectrical Signal Processing in Cardiac and Neurological Applications»

publicado en 2005 por la editorial «Elsevier» (80).

Usando una metafora ilustrativa, los electrodos del ECG son camaras de video que
graban la actividad eléctrica del corazon desde diferentes angulos. EI ECG convencional
de 12 derivaciones, puede transformarse a través de métodos matematicos a tres ejes
ortogonales X, Y y Z; siguiendo la metafora, estariamos grabando el corazon desde un
plano coronal, sagital y axial. Por lo tanto, podemos determinar la direccion
tridimensional del vector de despolarizacion ventricular (de forma analoga al clasico uso
del complejo QRS positivo en derivaciones | y aVF para determinar un «eje cardiaco
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normal» segin un sistema 2D). Dado que la onda T representa la repolarizacion
ventricular, siguiendo el mismo procedimiento podemos situar en las tres dimensiones del
espacio cual es la direccion del vector de repolarizacion ventricular, como veremos mas
adelante en el apartado «1.3.4 DRP y envejecimiento» gracias a esto es posible calcular

las dinamicas de repolarizacion periodica (DRP).

El ECG de 12 derivaciones es el instrumento de referencia para medir la actividad
eléctrica del corazon, su imprescindible papel en el diagnéstico reafirma el premio Nobel
recibido por Willem Einthoven en 1924. No obstante, en la actualidad la monitorizacién
cardiaca va mas all& de las puertas de los centros sanitarios, un ejemplo son los monitores
de frecuencia cardiaca. Estos dispositivos portatiles ya son capaces de registrar ECG de
una derivacion, ademas en mediciones mas sencillas como el intervalo RR han mostrado
una precision similar a un ECG de laboratorio (82). Dado el bajo coste de los monitores
de frecuencia cardiaca su uso se ha expandido al publico general, entre las marcas mas
conocidas encontramos Polar, Garmin o Suunto. Y a pesar del alto ritmo al que las
compafiias lanzan nuevos modelos al mercado, los sensores mas usados suelen estar
validados en reposo y ejercicio (83-85). Sin embargo, normalmente los dispositivos se
validan en grupos de voluntarios jovenes, sanos y fisicamente activos (83-85), pero son
usados por individuos con variadas caracteristicas fenotipicas, sin tener en cuenta si esto

podria influenciar la medicion.

El ECG registra la actividad eléctrica del corazén a través de electrodos situados
en la superficie corporal. Por una parte encontramos las diferencias inter-sujeto en el
espacio que separa el tejido cardiaco del electrodo, por ejemplo la fibrosis miocardica
asociada a la edad, la cantidad de grasa subcutanea o la localizacion del electrodo (86).
Por otra parte el voltaje original estd influenciado por el tamafio ventricular, asi que

también varia entre sujetos, por lo tanto los grupos con mayores voltajes QRS (hombres,
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negros, jovenes, atletas) seran mas facilmente medibles (87). Por ultimo, algunas
circunstancias como el ejercicio de alta intensidad afiaden ruido al registro y
comprometen la medicién (88). Cuando coincidan varias circunstancias desfavorables
algunos latidos cardiacos podrian no ser detectados, lo cual no afectaria
considerablemente a la frecuencia cardiaca media, pero si alteraria notablemente la
evaluacion de la VFC. Todavia no se ha estudiado si las caracteristicas fenotipicas de los
sujetos podrian afectar las mediciones en reposo Yy ejercicio registradas por los monitores

de frecuencia cardiaca ampliamente usados por la poblacion general.
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1.3.3 VFC y envejecimiento

La VFC, «Heart rate variability -HRV—» en inglés, se define como la oscilacion
en los intervalos temporales entre latidos consecutivos, es decir la oscilacion en los
intervalos RR (89). La VFC es el resultado de la interaccion de maltiples mecanismos
reguladores que operan en diferentes escalas temporales, incluyendo mecanismos a largo
plazo como los ritmos circadianos, la temperatura corporal o el metabolismo, y
mecanismos a corto plazo que involucran los sistemas autonomo, cardiovascular y
respiratorio (90). La VFC no debe equipararse a la «arritmia sinusal respiratoria» (ASR),
fenomeno que ocurre debido a la respiracion: durante la inhalacion, la presion
intratoracica aumenta y el centro cardiovascular acelera el corazon, por el contrario

durante la exhalacion se restaura la inhibicion vagal y el corazon se ralentiza.

El estudio de la VFC es un area de gran interés puesto que se trata de una
herramienta no invasiva y de bajo coste que abre una ventana al SNA del corazén. Los
indices frecuenciales se derivan al dividir las oscilaciones ritmicas del corazén en bandas
de frecuencia, por ejemplo la banda de baja frecuencia, «low frequency» (LF), va de 0,04-
0,15Hz y proporcionaria informacion de la actividad barorrefleja, SNS y SNP; por su
parte la banda de alta frecuencia, «high frequency» (HF), de 0,15 a 0,40Hz, es dirigida
por la ASR y proporcionaria informacion de SNP, sin embargo la interpretacion
fisioldgica de estos indices es controvertida (91,92). Otro tipo de indices son los basados
en el dominio temporal del ECG, entre ellos podemos encontrar: «Standard deviation of
all R-R intervals» (SDNN) que refleja todos los componentes ciclicos responsables de la
VFC y podria ser considerado un indicador global de la regulacion autonoma; «Root
mean square of successive differences» (RMSSD), «Percentage of successive normal

sinus RR intervals more than 50 ms» (pNN50) y «SD of successive differences» (SDSD)
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son tres indices que correlacionan con la banda HF y se considera que tienen un origen

fisiologico vagal (92).

Un corazon sano no es un metronomo, en general una menor VFC ha sido
asociada con peor prondstico en diferentes condiciones clinicas, mientras que una mayor
VFC, especialmente HF, ha sido asociada con una mejor salud. En particular, se han
reportado reducciones de la VFC en varias enfermedades cardiovasculares, ademas la
VFC ha sido usada para estratificar el riesgo, confirmando su valor como predictor de
mortalidad (93-95). También se han descrito valores bajos de VFC en un amplio rango de
enfermedades no cardiovasculares, incluyendo patologias psiquidtricas como la

depresion, la ansiedad o la esquizofrenia (96).

Los factores ambientales y comportamentales influyen en la VFC (97). En
psicologia es comun el uso de la VFC, debido a que es modulada por los estados de
animo, emociones o capacidad cognitiva (96). Asimismo, la VFC es una herramienta muy
atil en el campo de las ciencias del deporte dada su sensibilidad a los cambios en la
condicion fisica, fatiga y rendimiento (98). Habitos saludables tales como el ejercicio, una
dieta equilibrada, meditacion o intervenciones psicoldgicas han mostrado incrementar los
indices de VFC que evaltan la funcion vagal (96,97). Adicionalmente, factores no
modificables como la edad y el sexo también influyen en la regulacion auténoma del
corazén, la VFC presenta un descenso progresivo asociado a la edad, en cuanto al sexo
las mujeres muestran valores de HF mas altos y valores de LF méas bajos que los hombres
(99,100). La mayor actividad vagal de las mujeres podria deberse a factores como los
estrégenos, la oxitocina y el control neural (100), sin embargo, estas diferencias entre
sexos desaparecerian en los mayores por la restructuracion hormonal tras la menopausia

(100-102).
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En lo que respecta al envejecimiento, el corazon afioso presenta una serie de
alteraciones electrofisioldgicas asociadas a procesos de remodelado eléctrico y estructural
gue ocurren progresivamente con la edad. A nivel celular, el potencial de accién cardiaco
se ve prolongado debido a la regulacidn negativa de corrientes de potasio y la regulacién
positiva de corrientes de calcio, ademés de otros ajustes en el ciclo de calcio (103).
Asimismo, se producen cambios en la masa/volumen de las cavidades cardiacas, pérdida
del nimero de cardiomiocitos asi como hipertrofia celular, los cuales se acompafian de un
aumento muy notable de la fibrosis y una reduccion del acoplamiento entre las distintas
células que forman los tejidos cardiacos (104). Todos estos cambios tienen
manifestaciones a nivel de la sefial ECG, entre las que se incluyen alteraciones en la VFC
asi como en otros intervalos caracteristicos de la repolarizacion (105). A estas ultimas
manifestaciones contribuyen también los efectos que presenta el envejecimiento sobre el
SNA, en gran medida relacionados con la desregulacion e hiperactividad de su rama
simpatica, la cual tiene un rol en la fisiopatologia de enfermedades como la hipertension,

el infarto de miocardio y la insuficiencia cardiaca (106,107).

Solamente unos pocos estudios han analizado la VFC en centenarios. Piccirillo et
al. y Paolisso et al. encontraron que sus centenarios presentaban una mayor HF y una
menor LF que una muestra de adultos mayores (81-100 afios en Piccirillo et al. y 75-100
afios en Paolisso et al.), sugiriendo un incremento del SNP y una reduccion del SNS en
relacién con la edad extrema (108,109). Estos resultados estan en linea con los obtenidos
por Zulfigar et al., quienes reclutaron sujetos de hasta 99 afios y mostraron que los indices
temporales de VFC relacionados con SNP disminuyen con la edad, alcanzando un nadir
en la 72-8% década. A partir de la 8* década de edad, estas mediciones mostraban un
aumento, por lo que los autores propusieron que evitar el descenso del SNP podria ser un

determinante clave en la longevidad (110). Por el contrario, otro estudio llevado a cabo en
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centenarios mostré que entre todas las variables frecuenciales, el ratio LF/HF estaba
asociado con la supervivencia a 4 afios (111). En resumen, la evidencia disponible sobre

VFEC en centenarios es escasa y contradictoria.

Hasta ahora hemos hablado de mediciones de VCF en reposo, pero las dindmicas
de la VFC durante el ejercicio también han sido extensamente descritas en la literatura.
En un test incremental, los indices de VFC muestran un descenso subito con el comienzo
del ejercicio, seguido por un decaimiento curvilineo en funcién de la intensidad del
esfuerzo y una restitucion de los niveles de reposo durante la recuperacién. Las variables
relacionadas con SNP (Ej. RMSSD y HF) suelen presentar valores cercanos a cero a
intensidades moderadas, 50-60% del VOmax, (probablemente asociado con el primer
umbral ventilatorio) (112,113), en ocasiones se observa un incremento de estas variables
en intensidades proximas al maximo, aunque dichos aumentos estan mediados por el

efecto mecanico de la respiracion sobre el nddulo sinoauricular (114).

Muchos estudios han mostrado que el ejercicio fisico, como tratamiento no
farmacoldgico en pacientes con enfermedad cardiovascular, puede restaurar el equilibrio
simpatovagal evaluado mediante VFC en reposo (107). En la poblacion no patoldgica
hasta un 60% de la varianza de la VFC podria estar determinado por factores genéticos y
menos del 15% estaria determinado por factores modificables (115,116). Por lo tanto a
nivel individual el objetivo de las intervenciones no deberia de ser «aumentar la VFC»,
sino usarla para medir y gestionar los estresores agudos del dia a dia, adaptando el
comportamiento y consecuentemente obtener beneficios en la salud y el rendimiento
(116). Por ejemplo, parece que los deportistas de resistencia que siguen un entrenamiento
guiado dia a dia por VFC podrian tener un rendimiento igual o incluso superior al de sus
homologos que siguen una planificacién predefinida Ej. Periodizacion por bloques

(117,118).
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1.3.4 DRP y envejecimiento

En el apartado anterior nombrabamos que la hiperactividad del SNS tiene una
importancia cardinal en la fisiopatologia de diferentes enfermedades cardiacas, sin
embargo herramientas como la VFC no son capaces de medir el SNS de forma aislada. La
hiperactividad del SNS también ha mostrado aumentar la actividad desencadenada y la
dispersion de la repolarizacion ventricular, lo que contribuye a acentuar la probabilidad
de sufrir una arritmia ventricular fatal o una muerte subita cardiaca (119). Recientemente
se ha propuesto un marcador basado en ECG que si reflejaria los efectos del SNS en el
miocardio ventricular (120). Este marcador es la DRP, «Periodic repolarization dynamics
—PRD- » en inglés, y cuantifica la magnitud de las oscilaciones LF en el angulo dT entre

vectores de onda T de latidos consecutivos (120).

La DRP se obtiene a partir de un ECG ortogonal, por lo tanto es necesario
registrarlo en la configuracion de Frank o bien transformar un ECG de 12 derivaciones
mediante la matriz inversa de Dower (121). En la Figura 15, podemos observar los pasos
para el calculo de dT: a) Partimos del ECG ortogonal donde se delimita el comienzo y fin
de cada onda T, b) A continuacion se calcula el vector medio de la onda T para cada
latido, c) Para obtener el angulo dT entre latidos consecutivos, se realiza el producto
escalar de los vectores medios de onda T para cada pareja de latidos consecutivos.
Finalmente se filtra la sefial dT obtenida (Figura 15-d) y se realiza un analisis de ondas,

obteniendo DRP como la potencia en la banda LF para cada instante de tiempo (120,122).
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Figura 15. Célculo de dT a partir de un ECG ortogonal.

dT (°)

40 50 60 70 80 90 100 110 120 130 140
Beat number

Fuente: La figura pertenece al articulo «<ECG Ventricular Repolarization Dynamics during Exercise:
Temporal Profile, Relation to Heart Rate Variability and Effects of Age and Physical Health» publicado en
2021 en la revista «Int J Environ Res Public Health» (123). Licencia: Creative Commons (CC BY).
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Los mecanismos fisioldgicos subyacentes a la génesis de DRP todavia no se han
descrito por completo, en particular lo concerniente a la intervencion de la actividad
oscilatoria simpatica en la regulacion del miocardio ventricular (119). La importancia de
las oscilaciones LF a la hora de proporcionar informacion potencialmente relacionada con
el SNS ha sido descrita a través de: diferentes marcadores obtenidos a partir de la onda T,
grabaciones de actividad nerviosa simpatica, VFC, potenciales de accion o presion
arterial sistolica (119). En lo que respecta a la DRP en concreto, existe evidencia clinica y
experimental que muestra su aumento ante activacion simpética (bien sea inducida
mediante una mesa basculante o ejercicio) y su supresion frente al bloqueo adrenérgico
mediante farmacos (120,124). Ademas, las DRP han mostrado ser independiente de la
actividad respiratoria en cerdos ventilados de forma mecanica (120), asi como en
humanos cuando se comparan volimenes constantes pero con frecuencias respiratorias de
10 vs. 20/min (125). Asimismo, DRP ha confirmado no ser un epifendmeno de la
frecuencia cardiaca o la VFC, lo que esta sostenido por el hecho de que el marcapaseado
auricular ejerce un efecto modesto en la DRP, mientras que abole por completo la VFC y
varia ampliamente la frecuencia cardiaca (120,126). Esto ha sido respaldado mas tarde
por estudios que realizan un test de ejercicio incremental, en los cuales se han descrito
bajas correlaciones entre DRP y frecuencia cardiaca o VFC (124). Sin embargo, todavia
no se conoce bien como varia la DRP durante las diferentes fases de una prueba de
gjercicio incremental (estimulo simpético creciente). Tampoco se ha cuantificado la
fraccion de la DRP relacionada y no relacionada con la VFC, ni las dinamicas de estas
dos fracciones durante un test incremental. Responder a estas preguntas seria interesante
tanto en poblacion general como en subgrupos estratificados segln ciertas caracteristicas

fenotipicas o patoldgicas.
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Un meta andlisis con 6758 pacientes sugiere que un valor elevado de DRP medido
en reposo es un fuerte predictor de mortalidad por todas las causas y mortalidad
cardiovascular (127). Estudios retrospectivos en pacientes post-infartados mostraron que
un DRP incrementado es predictor de mortalidad por todas las causas, mortalidad
cardiovascular y muerte subita cardiaca (120,128). Lo cual fue confirmado
posteriormente en un estudio de disefio prospectivo, en particular un DRP >5.75 grados®
fue predictor de mortalidad a 3 afios en pacientes post-infartados agudos/crénicos asi
como en pacientes con fraccion de eyeccién del ventriculo izquierdo reducida/preservada
(129). Del mismo modo un estudio prospectivo en pacientes con insuficiencia cardiaca
crénica mostrd la capacidad de la DRP para predecir riesgo de muerte subita cardiaca y
muerte por fallo de bomba (130). Ademas la capacidad estratificadora de DRP mostro ser
independiente de la de otras variables clinicas y derivadas del ECG, entre las que
podemos encontrar: fraccion de eyeccion del ventriculo izquierdo, VFC, diabetes mellitus
y puntuacion en el «Global Registry of Acute Coronary Events» en las poblaciones de
post-infartados (129); y ser independiente de la clasificacion de la «New York Heart
Association» en poblaciones con insuficiencia cardiaca crénica (130). Por ultimo, cabe
destacar que DRP ha mostrado ser capaz de predecir reducciones de la mortalidad
asociadas a implantes profilacticos de desfibriladores en pacientes con cardiomiopatias y

por lo tanto podria ayudar a tomar decisiones sobre el tratamiento (131).

Tal y como acabamos de ver, este marcador derivado del ECG tiene un gran poder
como estratificador del riesgo, pero no se sabe practicamente nada sobre cdmo cambia en
funcién de la edad, condicion fisica, composicion corporal, etcétera. Conocer estas
relaciones podria permitir entender como la exposicion crénica a determinadas variables
0 comportamientos afecta a la repolarizacién ventricular mediada por el SNS y cémo esto

puede estar relacionado con un riesgo aumentado de mortalidad.
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Si atendemos al comportamiento de la DRP durante una prueba de ejercicio
incremental, Unicamente existen dos estudios que hayan proporcionado una descripcion a
fondo, y los patrones que explican son contradictorios. Podemos tratar de explicar esta
disonancia de resultados si pensamos en que las caracteristicas de las sefiales dT y DRP
podrian variar en funcién del protocolo utilizado en el test incremental. Hamm et al.
utilizaron un protocolo incremental en escalones y describieron que dT aumentaba de
forma concordante a la frecuencia cardiaca hasta alcanzar el umbral anaerdbico de lactato
(medido con método de Dickhuth y con umbral fijo de 4mM) y después comenzaba a
descender de forma discordante a la frecuencia cardiaca (126). Milagro et al. consideraron
un protocolo en rampa mas exigente y no observaron dicho valle en la sefial dT, pero
reportaron un perfil trifasico de las sefiales dT y DRP durante el esfuerzo incremental.
Este perfil trifasico consisti6 en un rapido incremento desde el reposo y un
comportamiento en meseta durante el ejercicio de intensidad ligera, en segundo lugar se
mostraba un ligero incremento desde el punto donde la VFC alcanzaba su minimo
(probablemente asociado con el primer umbral ventilatorio), la tercera y dltima fase se
caracterizaba por un incremento subito tras alcanzar el segundo umbral ventilatorio (124).
En resumen, este nuevo indice estd comenzando a ser estudiado por las ciencias del
deporte, futuros estudios terminaran de desentrafiar sus dinamicas durante el ejercicio y

su aplicacion como método de deteccion de umbrales (124,126).
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2. Hipatesis [Hypothesis]

En lo que respecta a la metodologia: i) Los puntos de corte de acelerometria son
especificos para cada poblacidn, no existen puntos de corte para los muy mayores y el uso
de puntos de corte desarrollados con personas de 60-80 afios podria presentar un efecto
suelo en centenarios; las métricas libres de puntos de corte podrian resolver algunas de las
limitaciones de los puntos de corte tradicionales. ii) La edad y otras caracteristicas
fenotipicas también podrian influir en la recogida de datos a través de monitores de
frecuencia cardiaca, dado que un menor voltaje QRS o variaciones inter-sujeto en el
espacio que separa el tejido cardiaco del electrodo podrian hacer que no se detectaran

algunos latidos, lo cual alteraria la evaluacion de la variabilidad de la frecuencia cardiaca.

El envejecimiento se caracteriza por el detrimento en la funcion de todos los
sistemas; por lo tanto esperamos un deterioro asociado a la edad en las diferentes
variables estudiadas, es decir: descensos en los niveles de actividad fisica, descensos en la
variabilidad de la frecuencia cardiaca y aumentos en las dindmicas de repolarizacion

periddica.

Los niveles de actividad fisica, la variabilidad de la frecuencia cardiaca y las
dindmicas de repolarizacién periddica ya han mostrado relaciones con diferentes
marcadores de salud en otros segmentos poblacionales, por lo que esperamos encontrar

resultados similares a pesar de la edad de los sujetos.

Por ultimo, pero no menos importante, la evidencia cientifica soporta los efectos
beneficiosos del ejercicio fisico, incluso en personas nonagenarias, fragiles,
institucionalizadas u hospitalizadas. Nuestra hipdtesis es que los centenarios fragiles
institucionalizados no seran una excepcion, y el ejercicio de fuerza podria incrementar la

fuerza muscular asi como otras de las variables del estudio.
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2. Hypothesis

Regarding the methodology: i) The accelerometry cut-points are specific for each
population, there are no cut-points for the oldest-old and the use of cut-points developed
with people aged 60-80 could present a floor effect in centenarians; cut-point-free metrics
could overcome some of the limitations of conventional cut-points. ii) Age and other
phenotypic characteristics could also influence data collection through heart rate
monitors, since a lower QRS voltage or inter-subject variations in the space that separates
the cardiac tissue from the electrode could prevent the detection of some heart beats,

which would alter the assessment of heart rate variability.

Aging is characterized by the detriment in the function of all systems; therefore
we expect an age-related deterioration in the different outcomes studied, in other words:
decreases in physical activity levels, decreases in heart rate variability and increases in

periodic repolarization dynamics.

Physical activity levels, heart rate variability and periodic repolarization dynamics
have already shown relationships with different health markers in other population

segments, consequently we expect to find similar results despite the age of the subjects.

Last but not least, scientific evidence supports the beneficial effects of physical
exercise, even in nonagenarian, frail, institutionalized or hospitalized people. Our
hypothesis is that frail institutionalized centenarians will not be an exception, and

resistance training could increase muscle strength as well as other study outcomes.
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3. Objetivos [Aims]

El objetivo general de la presente Tesis Doctoral es analizar las limitaciones de los
métodos de medicion de los niveles de actividad fisica y la electrofisiologia cardiaca al
utilizarse en poblacion mayor, asi como aportar resultados descriptivos en personas muy
mayores estudiando su relacion con diferentes marcadores de salud, para finalmente

examinar los efectos de un programa de ejercicio fisico en centenarios.

Los objetivos especificos enmarcados en cada uno de los cinco articulos que

componen esta Tesis Doctoral son:

Articulo I.
e Evaluar objetivamente la actividad fisica y el sedentarismo en centenarios y

nonagenarios.

Articulo I1.
e Describir la actividad fisica en el limite de esperanza de vida humana a través
de métricas de acelerometria libres de puntos de corte.
e Comparar las métricas de acelerometria basadas en puntos de corte versus las
métricas libres de puntos de corte, en dos niveles:
o Evaluando el efecto suelo de las diferentes métricas.

0 Explorando las asociaciones de las métricas con un estado positivo en
diferentes variables relacionadas con la salud.

Articulo I11.
e Examinar los efectos de 12 semanas de entrenamiento supervisado de fuerza
sobre la condicidn fisica, independencia funcional, fragilidad y calidad de vida

relacionada con la salud en centenarios fragiles institucionalizados.
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Articulo IV.

Evaluar la validez del analisis de variabilidad de la frecuencia cardiaca
derivado de los intervalos RR registrados por el sensor de frecuencia cardiaca
PolarH7 en reposo y durante el ejercicio y la recuperacion en diferentes
grupos fenotipicos segun la edad, la composicion corporal y la condicion

fisica.

Articulo V.

Investigar las posibles diferencias en la variabilidad de la frecuencia cardiaca
de las mujeres adultas, octogenarias y centenarias.

Evaluar si los indices de variabilidad de la frecuencia cardiaca pueden predecir
la mortalidad por todas las causas en centenarios que fueron seguidos hasta el

momento de la muerte.

Articulo VI.

Cuantificar de forma continua las dinamicas de repolarizacion periodica en
reposo y durante el ejercicio, evaluando su dependencia de la variabilidad de
la frecuencia cardiaca.

Caracterizar los efectos de la edad, el indice de masa corporal y el nivel de
aptitud cardiorrespiratoria sobre las dinamicas de repolarizacion periddica en

reposo y durante el ejercicio.
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3. Aims

The general aim of the present Thesis is to analyze the limitations of the methods
for measuring physical activity levels and cardiac electrophysiology when used in the
elderly population, as well as to provide descriptive results in the oldest old studying its
relationship with different health markers, to finally examine the effects of a physical

exercise program in centenarians.

The specific aims of each of the five articles that compose this Thesis are:

Manuscript I.

e To objectively assess physical activity and sedentary behaviour in centenarians

and their nonagenarian peers.

Manuscript II.

e To describe physical activity at the end of the human lifespan through cut-
point-free accelerometer metrics.
e To compare cut-point-based versus cut-point-free accelerometer metrics at two
levels:
o Evaluating the floor effect in the different metrics.

0 Exploring the associations of the metrics with a positive status in a
variety of health outcomes.

Manuscript 1.

e To examine the effects of 12-weeks supervised resistance training on physical
function, functional independence, frailty and health-related quality of life in

frail institutionalized centenarians.
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Manuscript 1V.

e To evaluate the validity of heart rate variability analysis derived from RR
intervals recorded by PolarH7 heart rate sensor at rest and during exercise and
recovery in different phenotype groups based on age, body composition and

fitness level.

Manuscript V.

e To investigate potential differences in women’s heart rate variability between
young adults, octogenarians, and centenarians
e To assess whether heart rate variability variables can predict all-cause

mortality in centenarians followed up until the time of death.

Manuscript VI.

e To continuously quantify periodic repolarization dynamics at rest and during
exercise, assessing its dependence on heart rate variability
e To characterize the effects of age, body mass index and cardiorespiratory

fitness level in periodic repolarization dynamics at rest and during exercise.
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4. Resultados y discusion [Results and discussion]

4.1 Articulo |

Publicado en Journal of Aging and Physical Activity, 2019.
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ABSTRACT

This study aims to objectively assess physical activity (PA) levels and sedentary behavior (SB)
in a cohort of Spanish centenarians and their nonagenarian peers. PA and SB patterns were
objectively measured by an ActiGraph GT3X accelerometer in centenarians [n=18; 83%
women; 100.8+0.8 (100-103) years] and nonagenarians [n=11; 91% women; 93.3+2.5 (90-98)
years]. Centenarians showed less counts per minute (17.6£7.1 vs 46.1+23.7, P=0.003, d=1.851)
and steps per day (455+237 vs 1,249+776, P=0.007, d=1.587) than nonagenarians. The daily
number of sedentary breaks was also lower in the former (5.0+1.5 vs 6.7+2.0, P=0.019,
d=0.971). When observing time distribution the most active day period in both groups was the
morning, with a peak between 10:00-11:59. Our data suggest that the decline in PA levels

continues to worsen until the end of the human lifespan.

Keywords: longevity, accelerometry, centenarian, sedentary lifestyle, physical activity.
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BACKGROUND

The population of centenarians (>100 years) is steadily increasing globally (Byass,
2008) being the paradigm of human extreme longevity and healthy aging, because they have
postponed, if not avoided, major age-related diseases, e.g. cancer, cardiovascular disease or
neurodegeneration (Salvioli et al., 2008), as well as the onset of disability (Christensen,
McGue, Petersen, Jeune, & Vaupel, 2008; Terry, Sebastiani, Andersen, & Perls, 2008). Despite
this global demographic development, very old individuals (i.e. centenarians) remain an
understudied and underserved population and little is known about their physical activity (PA)
and sedentary behavior (SB) patterns, both factors contributing to healthy aging and longevity
(Hall et al., 2014).

It is well-known that PA levels decline with age, being older adults (65+ years) the
most physically inactive population (Troiano et al., 2008). It has also been reported that older
adults spend 8.5-9.6 hours per waking daytime in SB (usually defined as the length of time
spent sitting or lying, i.e., energy expenditure of 1-1.5 metabolic equivalents) (Sedentary
Behaviour Research Network, 2013; Wullems, Verschueren, Degens, Morse, & Onambgélé,
2016). Further, ‘oldest-old’ individuals (85+ years), who account for the fastest growing
population segment in western societies, seem to be more sedentary than their younger older
adults peers (Harvey, Chastin, & Skelton, 2015).

Despite this trend, very old people including centenarians, do not routinely receive
counseling by health care professionals on lifestyle habits linked to an improved quality of life
and prolonged survival, particularly PA (Berra, Rippe, & Manson, 2015). The current physical
activity recommendations of the World Health Organization for adults aged 65 and above, that
are the same than those proposed for younger adults from 18 to 64 years old, include to do at
least 150 minutes of moderate-intensity aerobic physical activity throughout the week or do at

least 75 minutes of vigorous-intensity aerobic physical activity throughout the week or an
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equivalent combination of both. However, due to the common health and physical conditions
of this older population, the WHO recommends to be as physically active as their abilities and
conditions allow. WHO emphasize the importance of adjusting the PA for each individual,
based on their exercise capacity and specific health risks or limitations (World Health
Organization, 2010). For this reason, PA levels and SB patterns and indicators need to be
accurately assessed in the different population subsets with the aim of conducting knowledge
based counseling.

Although the exceptional longevity is partially conditioned genetically (Santos-Lozano,
Santamarina, et al., 2016), being physically active has demonstrated to delay and even prevent
the pathophysiology of several non-communicable disease and alterations associated with
aging including Alzheimer’s disease, metabolic syndrome-related disorders, hypertension and
cardiovascular disease, some type of cancers, sarcopenia and skeletal muscle dysfunction
(Garatachea et al., 2015; Pareja-Galeano, Garatachea, & Lucia, 2015; Alejandro Santos-
Lozano, Pareja-Galeano, et al., 2016).

The conventional method of obtaining self-reported PA data through questionnaires is
inexpensive and generally well accepted by study participants. However, the validity of such
data is questionable (Tucker, Welk, & Beyler, 2011) because of biases arising from different
levels of social desirability and the cognitive challenge of quantifying both the intensity and
duration of PA (Adams et al., 2005; Hills, Mokhtar, & Byrne, 2014; Welk, 2002). Such biases
have prompted an interest in finding a less subjective way of monitoring PA. Accelerometers
provide minute-by-minute recordings of PA and have been shown to be a reliable method for
assessing both PA and SB in older adults (Gorman et al., 2014; Prince et al., 2008). Although
PA and SB have been assessed by accelerometers during free living in older adults from 70-90
years (Chase, Lockhart, Ashe, & Madden, 2014; Johannsen et al., 2008; Simmonds et al.,

2014), there is no accelerometry data available, to our knowledge, for centenarians until now.
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Therefore, the purpose of this study was to objectively assess PA and SB in Spanish

centenarians and their nonagenarian peers.

METHODS
Experimental design

The study participants were of the same Caucasian (Spanish) descent for >3 generations
and lived in different areas of Spain. Inclusion criteria were to be a woman or a man, aged >90
years in the group of nonagenarians and >100 years in the case of centenarians. With regard to
the exclusion criteria, the bedridden older adults were excluded, however, patients with reduced
mobility were included, and also if they were helped by the caregivers, they used walking stick
or walker. Likewise, older adults who were going through an acute disease process were
excluded; nevertheless, the presence of chronic diseases or mental disorders such as dementia
was not considered an exclusion criterion given the high prevalence in the last decades of life.
Table 1 shows the descriptive characteristics of both groups. Almost all were women (83% of
centenarians and 91% of nonagenarians). The most frequent chronic diseases were: arterial
hypertension, osteoarthritis and cardiopathy. The number of diseases (2.4 vs. 5.5) and number
of drugs consumed (2.1 vs. 9.9) by nonagenarians was greater. However, nonagenarians showed
greater independence in the activities of daily living.

Accelerometry was recorded during 7 days. The subjects and their caregivers were
required by written and verbal instructions to wear the accelerometer from the moment they
woke up in the morning until bedtime at night. Also, they were asked to note in a provided
diary the time when they wear the devices, when they were removed at the end of the day, and
any time when the devices were removed and reattached during the day.

The study was approved by the Ethical Committee for Clinical Research of Aragon
(ID of the approval: P117/0082) and was conducted adhering to the tenets of the Declaration of

Helsinki. Signed informed consent was obtained from all participants or their caregivers.
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Measures

PA was objectively measured by an ActiGraph GT3X accelerometer (Actigraph, LLC,
Pensacola, FL). The device was mounted on the right hip with an adjusted elastic belt to ensure
close contact with the body. Monitors were set to record PA in a 15-second epoch and the “Step
Count” mode was selected. This device is lightweight (27 g), compact (3.8 x 3.7 x 1.8 cm) and
has a rechargeable lithium polymer battery. The GT3X collects movement in three axes with a
range of ~0.05 to 2.5 Gs, then the accelerometer output is digitized, each sample is summed
over an “epoch”, and the output is given in an arbitrary unit called “counts”. The value of
the counts will vary based on the frequency and intensity of the raw acceleration. ActiGraph
GT3X accelerometer has been validated for the assessment of PA and SB in older adults
(Aguilar-Farias, Brown, & Peeters, 2014; A. Santos-Lozano et al., 2013) with a high
classification accuracy (ROC-AUC of 0.81, 0.85, and 0.82 for 1-, 15-, and 60-s epochs,
respectively) (Aguilar-Farias et al., 2014) and an intra-instrument coefficient of variation of
<2.5% (Alejandro Santos-Lozano et al., 2012).

Results were processed with Actilife version 6.5.4 software (Actigraph). The
classification of wear and non-wear intervals was done using an algorithm based on >90
minutes of consecutive counts per minute (CPM) equal to zero, without allowing for
interruptions (Peeters, van Gellecum, Ryde, Farias, & Brown, 2013). Also, 10 hours was
established as the minimum necessary to be considered a valid day (Matthews, Hagstromer,
Pober, & Bowles, 2012), with at least five valid days (Hart, Swartz, Cashin, & Strath, 2011),
including one weekend day (Masse et al., 2005; Trost, Mciver, & Pate, 2005), to include the
subject in the analysis. Moreover, only hours with >45 valid wear minutes were included
(Sartini et al., 2015). The previously reported cut-points proposed by Aguilar-Farias et al.
(Aguilar-Farias et al., 2014) for older individuals in free-living environments were used to

estimate the time spent in SB (<10 counts/15 seconds for the vertical axis), and active time
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(>10 counts/15 seconds), in this way, the definition achieved when registering in 15 seconds
epoch was not lost. Finally, bouts analysis was performed using counts relative to 60 seconds
because the Actilife software does not allow different units of one minute, >25 CPM at vertical
axis was defined for 10-minute activity bouts, and the sedentary bouts were calculated for 30
minutes (<25 CPM at vertical axis) (Aguilar-Farias et al., 2014), these durations are not
random, the international physical activity guidelines recommend that aerobic activity should
be performed in bouts of at least 10 minutes duration, and 30 minutes is a common used
duration in the scientific literature to describe "Prolonged sedentary time™ (Thorp et al., 2012;
World Health Organization, 2010). Breaks in SB were defined as an activity above 25 CMP
after having been more than 30 minutes below this threshold, in other words, the end of a
sedentary bout.

Additionally, an analysis of time-of-day effect was also carried out. For this purpose,
all outcomes were also calculated during 3 different periods of a day: morning (7:00 to 12:59),
afternoon (13:00 to 18:59) and night (19:00 to 6:59) (Davis et al., 2011; Garriguet & Colley,

2012; Sartini et al., 2015).

Statistics

Data are presented as mean=SD values. The normality of data was checked with the
Shapiro-Wilk test. Unpaired Student’s t-test was used to analyze significant differences in
variables between groups (or its non-parametric equivalent, the Mann-Whitney U test). In order
to test if there was an interaction between group and period of the day two-way analysis of
variance was carried out. Statistical analyses were performed using IBM SPSS (v.20 for

Windows, Chicago, IL, USA) and the significance level was set at P<0.05.

RESULTS
Eighteen centenarians [83% women; mean+SD (range): 100.8+0.8 (100-103) years]

and eleven nonagenarians [91% women; 93.3+2.5 (90-98) years] (Table 1), met inclusion
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criteria of the accelerometry analysis (i.e., five valid days with at least 10h recorded, including
one weekend day). Table 2 shows the results obtained by accelerometry. Centenarians had
significantly lower CPM values (P=0.003, d=1.851) and steps per day (P=0.007, d=1.587) than
their nonagenarian peers. The number of daily sedentary bouts (P=0.018, d=0.914) and breaks
(P=0.019, d=0.971) was also lower in the former.

Figure 1 represents the number of steps per day during the last decades of life. Since
our study begins in nonagenarians, data from Dauvis et al. is showed from 70-85 years. As can
be seen, when the age increases, the decrease in the number of steps was more and more
accentuated: -31% (70-74 vs. 80-84 years) -61% (75-79 vs. >85 years), -68% (80-84 vs. 90-99
years) and -75% (=85 vs. >100 years).

Table 3 shows PA outcomes in different periods of the day. There was a significant
interaction effect between the age group and the period of the day, on the PA performed (CPM,
activity time and steps) (P<0.001, n,°=0.018), which indicates that centenarians and
nonagenarians PA were affected differently by period of the day. As can be seen in Table 3
and Figure 2, nonagenarians had greater activity than centenarians mainly because of the
morning activity. Similarly, the younger group had a greater activity at night. On the other
hand, the afternoon activity was similar in both groups.

Finally, Figure 2 shows the mean number of steps per hour throughout the day. There
were observed three main peaks where nonagenarians’ activity was significantly greater: early
morning (7:00 to 10:59) at 14:00 and at the beginning of the night (20:00 to 22:59).
Centenarians seem to increase their number of steps at the end of the morning while decrease

progressively until night, although its activity was never significantly greater.

DISCUSSION
To our knowledge, this is the first evidence in which PA levels have been objectively

assessed by accelerometers in centenarians. Centenarians were less active (CPM and steps per
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day, -62% and -64% respectively) and in consequence more sedentary (30" sedentary bouts;
+29%) than nonagenarians. This results indicate that even in people aged >90, PA level
continue decreasing with age. Davis et al. also reported lower values of steps per day (by -
61%) in persons aged >85 years as compared with younger older adults (75-79.9 years) (1,786
vs 4,543 steps/day, respectively), whereas the difference was smaller (-31%) when
comparisons were made among younger age ranges, 70-74.9 years (5,661 steps/day) vs 80—
84.9 years (3,880 steps/day), as can be seen in Figure 1 (Davis et al., 2011), which represents
a greater loss than the 7.5% decline per decade indicated by Doherty et al. in subjects from 45
to 79 years (Doherty et al., 2017).

Although rare, there are cases of centenarians who not only avoid the usual fall of PA
but continue participating in sports competitions, even improving their sports performance
(+11%) and maximal oxygen uptake (VO2max) (+13%) between 101 and 103 years, which
reflects the plasticity and ability of human tissues to favorably adapt to PA at any age (Billat
et al., 2017). This could indicate that, although the decrease of PA seems to be higher during
the last decades of life, it is never too late to start exercising given that ‘oldest-old” adults (>90
years) who are more active have a greater functionality (indeed, the distance reached in a 6-
minute walk test is positively associated with PA levels)(Johannsen et al., 2008). Functional
independence is directly dependent on physical fitness, i.e. ‘‘the ability to carry out daily tasks
with vigor and alertness, without undue fatigue and with ample energy to enjoy leisure-time
pursuits and to meet unforeseen emergencies’’(Park, 1989). In turn, physical fitness is
determined Dby several measurable health-related phenotypes, including mainly
cardiorespiratory fitness and muscle function.

SB has recently emerged as an independent risk factor for cardiovascular disease,
diabetes, mental health problems and some cancers, as well as all-cause cancer and

cardiovascular disease mortality (Biswas et al., 2015; de Rezende, Rey-L6pez, Matsudo, & do

-03.



Carmo Luiz, 2014; Koster et al., 2012; Thorp, Owen, Neuhaus, & Dunstan, 2011). Some
authors have pointed to PA decrement from youth to adulthood, and then PA and SB seem to
be stable until retirement age, when another decline occurs (Johannsen et al., 2008). Along this
line, centenarians group spent more than 15 hours per day in SB, which is twofold higher than
the levels usually found in young older-adults (Wullems et al., 2016). Thus, nonagenarians
spent 91% of their waking time in SB, with this value reaching 94% in centenarians, who in
addition also showed a more inactive pattern. This indicates that the most rapidly growing
subgroup of the population (i.e., oldest-old) is at the same time the most inactive.

On the other side, growing strong epidemiological evidence support that regular PA is
an influencing factor for healthy aging and is associated with lower risk of all-cause mortality
and major chronic diseases (Hallal et al., 2012). Centenarian group spent only 63 minutes a day
actively, while nonagenarians spent 98 minutes. Several studies with mice have shown that
voluntary wheel running decreases with age (Garcia-Valles et al., 2013; Holloszy, Smith,
Vining, & Adams, 1985; Stolle et al., 2018). In addition, life-long spontaneous exercise
improves survival (more mice attain old age) (Holloszy et al., 1985) and also ameliorates
healthspan, i.e. the portion of the life span during which function is sufficient to maintain
autonomy, control, independence, productivity and well-being (Garcia-Valles et al., 2013). So
it could be hypothesized that although centenarians perform less PA now, the protective effect
of lifelong PA could be a key factor that allowed them to achieve a long and healthy life.
However, it should not be forgotten that exceptional longevity is a complex trait, some authors
say that non-genetic factors, including diet, PA, health habits, and psychosocial factors
contribute approximately 50% of the variability in human lifespan with another 25% explained
by genetic differences (Rea, Dellet, & Mills, 2016).

In our study, both groups were more active during the morning than afternoon or night

and nonagenarians were more active than centenarians during morning and even during night
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(P<0.05). Results during the afternoon were similar between groups, being the PA during the
morning the main contributor to the difference between nonagenarians and centenarians i.e. 7
min vs. 5 min of moderate-to-vigorous PA per hour (P<0.001, 1,°=0.003) or 124 vs. 50 steps
per hour (P<0.001, n,°=0.008). In consonance, morning has already been pointed out by other
authors as one of the moments of greatest variability in PA levels, and therefore a great moment
in order to implement PA enhancement programs (Sartini et al., 2015).

When time-of-day effect was analyzed for number of steps (Figure 2), we found similar
results to previous studies in older adults (71-91 years), the highest number during the morning
(with a peak between 10:00-11:59) and a small increase at 14:00 (Doherty et al., 2017; Sartini
et al., 2015). However some slight differences deserve to be discussed. First, nonagenarians’
showed another peak at the beginning of the night (20:00pm to 22:59pm) that could be due to
cultural differences, since in Spain this period corresponds with dinner time (Eurostat, 2007).
Also PA levels during the morning were different between groups. Nonagenarians seems to be
more active at early morning (7:00 to 10:59) and centenarians at the end of the morning (9:00
to 13:59), this behavior could be related to the fact that older adults with high fatigability reach
their peak of PA later in the morning (Wanigatunga et al., 2018), or it could also be because
some participants were institutionalized and their schedules were more defined.

The identification of time patterns of behavior will allow to make some
recommendations that could be taken into account when proposing an intervention with the
oldest-old adults. Some interventions ideas could be as follow: (i) The morning is the time of
greatest variability in PA, whereby is a good time to: try to extend the duration of bouts of PA
and/or encourage to increase the intensity of PA in older adults with a level of functionality
that allows it. (ii) It is important to try to individualize the intervention: adults with greater
fatigability seem to reach their peak of activity at the end of the morning, time patterns may

depend on cultural differences as well as whether the older adults are institutionalized or not.
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(iii) The afternoon is the time of the day with the highest SB, as recent studies have shown
(Nagai et al., 2018) replacing just 30 minutes of SB with light PA decreases the risk for frailty
in older adults.

We believe that the main strength of this study comes from the elevated sample size,
considering that exceptional longevity is a rare phenotype (=1/10.000 individuals live to the
age of 94-110) (Martin, Bergman, & Barzilai, 2007) and the novelty of the study because it's
the first time that PA and SB have been objectively assessed in centenarians. Another important
strength of our study is the measurement of PA and SB in everyday life during a whole week,
using a device and cut points validated in older adults, so there is a great ecological validity.
On the other hand, although most of the long-lived older adults are women and suffer from
chronic diseases, one of the main limitations is selection bias since we use a sample of
convenience. Other limitation is that all the participants are Spanish and Caucasian and the
generalization of the results could be partly limited. In future research, and in order to replicate
the results obtained with our cohort, future studies with more representative samples of
exceptionally long-lived older adults are necessary.

Up to now it has been shown that the level of PA decreases progressively in the older
adults, the present study confirms that this trend continues to worsen until the end of the human
lifespan. A progressive decrease in PA and exercise capacity leads to a downward spiral of
reduced physical function and health, which translates into increased health costs. Thus,
maintaining high levels of PA and reducing SB must be viewed as a main priority for health

policy makers.
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Table 1: Descriptive characteristics of centenarians and nonagenerians group.

Outcome Centenarians Nonagenarians

Age (years) 100.8+0.8 (100-103) 93.3+2.5 (90-98)

Sex (%) Women 83 91

Chronic diseases (%0) Dementia 11 9
CvD 11 0
Osteoarthritis 22 64
Cardiopathy 33 64
Cancer 22 18
Diabetes 6 18
AHT 56 45
COPD 0 9
Others 50 82

Total number 2.4+1.3 (0-5) 5.5+1.7 (3-9)

Number of drugs 2.1+1.2 (0-4) 9.9+3.5 (2-14)

Activities of Daily Living (%)

Dressing Independent 0 36
Needs help 21 0
Dependent 79 64

Bed to chair and back Independent 7 36
Needs help 14 18
Dependent 79 46

Walk more than 50m Independent 7 36
Needs help 22 19
Dependent 71 45

Bath or shower Independent 0 27
Needs help 0 0
Dependent 100 73

Scale values are meanzstandard deviation (SD) and (min-max); CVD= Cardiovascular disease; AHT= Arterial
hypertension; COPD= Chronic obstructive pulmonary disease
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Table 2: Physical activity and sedentary behavior in centenarians and nonagenarians group.

Outcome Centenarians  Nonagenarians P-value* d
Counts per minute for y-axis 17.6+7.1 46.1+23.7 0.003 1.851
Activity time (min/day) 63+38 98+59 0.061 0.722
Activity bouts (times/day) 0.55+0.71 1.17+1.16 0.130 0.663
Steps/day 4554237 1.249+776 0.007 1.587
Sedentary time (min/day) 920+193 1.007£167 0.225 0.483
Sedentary bouts (times/day) 5.2+1.5 6.8+2.0 0.018 0.914
Sedentary breaks (times/day) 5.0+£1.5 6.7+£2.0 0.019 0.971

Values are meanzstandard deviation (SD). Significant P-values are in bold. *unpaired Student’s t test. d= Cohen's
d size effect.
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Table 3: Physical activity outcomes during different periods of the day in centenarians and nonagenarians group.

Centenarians

Nonagenarians

Outcome
Morning Afternoon Night Morning Afternoon Night
38.0+90.3* " 20.0£57.2 ™" 4.6£17.3*™2 113.3£258.7*" 23.5£72.3™ 23.6+66.2*
CPM m
Activit 4.5+7.3*" 4.2+6.6" 1.0+2.8*m* 7.1£12.0**" 49+6.8™" 2.0x4.8*m2
y time
(min/h)
Steps/ 49.5+160.4*" 23.8£78.7™" 3.8£12.9*™ 123.8+£303.0**" 36.0£126.1™ 25.1+88.8*
hour ) "

CPM= Counts per minute for y-axis. Values are meanzstandard deviation (SD). * = Differences between centenarians and nonagenarians, same period of the day (p<0.05).
™ = Different to morning, same group (p<0.05). @ = Different to afternoon, same group (p<0.05). " = Different to night, same group (p<0.05).
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4.2 Articulo 11

Bajo revision en Medicine & Science in Sports & Exercise.
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ABSTRACT

Introduction: Assessment of physical activity (PA) levels can serve as basis for
knowledge-based health counseling. Accelerometer-derived PA measures commonly rely
on cut-points that are population-specific and would result in a floor effect when applied
to centenarians. The aim of this study was to describe and compare PA characteristics at
the end of the human lifespan using conventional cut-point-based versus novel cut-point-

free accelerometer metrics.

Methods: Eighteen institutionalized centenarians (101.5+2.1 years, 72.2% female, 89%
frail) wore a GENEActiv accelerometer mounted on the non-dominant wrist 24h/day for
7 consecutive days to objectively measure habitual PA. Conventional metrics, such as
time spent in light-intensity PA (LiPA) and moderate-to-vigorous intensity PA (MVPA)
were calculated according to standardized cut-points. Furthermore, the following cut-
point-free metrics were evaluated: average acceleration (mg), intensity gradient and Mx
metrics (mg), the latter measuring the PA intensity in the X most active minutes (Mx).
For both cut-point-based and cut-point-free metrics, Mann-Whitney U tests were used to
determine differences between dichotomous groups of various health outcomes
(functional, cognitive and physical capacities; health-related quality of life; and 1-year

survival).

Results: Depending on the cut-point, centenarians accumulated a median of 15 to 132
min/day of LiPA and 3 to 15 min/day of MVPA. The average acceleration was 9.2mg
[Ql: 6.7mg — Q3: 12.6mg] and the intensity gradient was —3.2 [-3.3 - —3.1]. The
distribution of Z-values revealed positive skew for MVPA, indicating a potential floor
effect, whereas the skew magnitude was attenuated for cut-point-free metrics like

intensity gradient or M5. Although both cut-point-based and cut-point-free metrics
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presented associations with the studied health outcomes, only the cut-point-free M30

index was significantly associated with 1-year survival.

Conclusions: This is the first time that PA has been described in centenarians using cut-
point-free metrics. Our results suggest that new analytical approaches could overcome
cut-point limitations when studying the oldest-old. Future studies using these new cut-
point-free PA metrics are warranted to provide more complete and comparable

information across groups and populations.
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INTRODUCTION

The population of “oldest-old”, i.e. people aged 80 and over, is growing faster than any
other segment of the population and is projected to triple by 2050, reaching 426.4 million
worldwide (1). The increase in total life expectancy is, however, not accompanied by an
equivalent increase in healthy life expectancy, with 16-20% of life spent in late-life
morbidity (2). Although aging leads to functional decline of all systems and eventually to
death, a physically active lifestyle may attenuate the impact of age on morbidity and
mortality (3,4). It is well known that physical activity (PA) levels decline with age, being
“older adults™, i.e. people aged 65 and over, the most inactive segment of the population
(5). This trend continues to worsen until the end of the human lifespan (>100 years) (6),
as maintaining a physically active lifestyle becomes more difficult in the aging population
due to various socio-environmental barriers and to a progressive lowering of physical

functions and capabilities, especially in frail older people (7,8).

Knowledge-based counseling, including the PA recommendations by the World Health
Organization, usually rely on epidemiological associations between objective measures
and health outcomes (9). For this purpose, PA levels should be accurately assessed in all
population segments, but very old individuals (i.e. centenarians) remain an understudied

population.

For evaluation of habitual PA, accelerometry is considered as the gold standard since it is
an objective method that precisely records bodily accelerations over long periods of time.
The analysis of accelerations during the activities of daily living (ADLs) allows
researchers to identify the proportion of time spent in sedentary activities or performing
PA at different intensities [e.g. light (LiPA), moderate-to-vigorous (MVPA)]. PA patterns

and relative intensities depend on physiological factors like age or cardiorespiratory
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fitness. Considering that basal metabolism is substantially lower in older adults as
compared to the general population, cut-points should be population-specific and
protocol-specific (10,11). Despite recent efforts determining cut-points in people above
70 years of age, there are no established cut-points for 100-year-old or frail individuals.
The use of cut-points validated in younger older adults would result in a floor effect when
applied to centenarians, with the time spent by centenarians in LiPA or MVPA being

under-estimated due to the inappropriateness of the “one size fits all” approach (12).

Novel analytical approaches have been recently developed to assess associations between
accelerometer-derived PA measures and health parameters in epidemiological studies.
These alternatives include the use of Mx metrics measuring the PA intensity in the X
most active minutes (13). Also, they involve a deeper examination of the intensity
distribution throughout the activity profile, calculating the intensity gradient (IG) in
combination with a metric of overall PA volume defined by the average acceleration (14).

These cut-point-free measures could help overcome the abovementioned floor effect.

The aim of this study was to describe PA at the end of the human lifespan through cut-
point-free accelerometer metrics. The present study also aimed to compare cut-point-
based versus cut-point-free accelerometer metrics at two levels: evaluating the floor effect
in the different metrics, and exploring the associations of the metrics with a positive
status in a variety of health outcomes. We hypothesized that cut-point-free accelerometer
metrics could solve the limitations of the conventional cut-point-based measures when

studying centenarians.
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METHODS

Participants

The study population consisted of men and women living in different areas of the region
of Aragon in Spain. Only institutionalized individuals reaching at least 100 years of age
by the end of the year of the measurements were included. Bedridden centenarians or
those going through an acute disease were excluded. Patients with reduced mobility,
either helped by their caregivers, using walking stick or walker, and those suffering from
chronic diseases or mental disorders such as dementia were included in the study given
the high prevalence in the last decades of life. In total, nineteen volunteers (born between
1912 and 1920) were included in the study. After a clear explanation of the potential risks
and benefits of the study, all volunteers (or their legally responsible tutor for older adults
with cognitive impairments) provided written informed consent to participate in the study.
This study was approved by the ethical committee for clinical research of Aragon (ID of
the approval: P118/381). It was conducted by adhering to the Declaration of Helsinki and

complying with the European Union General Data Protection Regulation (EU 2016/679).

Protocol

Centenarians were evaluated at their own geriatric nursing home. All the assessments
were carried out by the same team of researchers, using the same procedures and
equipment. Each participant was evaluated in two sessions. In the first session, volunteers
were requested to wear GENEActiv tri-axial accelerometers (Activinsights Ltd.,
Cambridgeshire, United Kingdom) 24h/day for 7 consecutive days. The device was
mounted on the non-dominant wrist and was set to record accelerations at 10 Hz.
GENEACctiv accelerometers were initialized and data downloaded in binary format using

GENEactiv PC (version 3.2). In the second session, eight days after the first one,
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accelerometers were collected and health outcomes were assessed in the following order:
Health-Related Quality of Life (HRQoL); Mini-Mental State Examination (MMSE);
Short Physical Performance Battery (SPPB); Fried’s Frailty Phenotype (FFP); Barthel

Index; and Frailty Trait Scale-short form (FTS-5).

Health outcomes

Frailty was assessed by FFP (15) and FTS-5 (16). FFP classifies a person as frail if 3 or
more of the following 5 criteria are met: unintentional weight loss; weak grip strength;
self-reported exhaustion; slow walking speed; and low PA. FTS-5 is a shorter version of
the Frailty Trait Scale (17), with similar performance in the diagnosis and evolution of
frailty. FTS-5 evaluates 5 domains through 5 items: body mass index, Physical Activity
Scale for the Elderly, progressive Romberg test, handgrip strength and walking speed.
Each item ranges from 0 (best) to 10 (worst). A total score was calculated as the sum of
all item scores (0 to 50) and >25 points was used as the cut-off point to identify frailty

(16).

Functional independence was measured using the Spanish version of the Barthel Index of
independence during ADLs: feeding, bathing, grooming, dressing, bowel control, bladder
control, toileting, chair transfer, ambulation and stair climbing (18). The index yields a
total score out of 100 and allows to classify elders in 5 levels: total dependence (0-20
points), severe dependence (21-60 points), moderate dependence (61-90 points), slight
dependence (91-99 points) and independence (100 points) (19). The sample was
dichotomized in 2 groups: “negative outcome” including 6 “totally dependent”
centenarians and “positive outcome” including the remaining 13 participants with a score

>20 points.

-117-



Cognitive capacity was assessed by the Spanish version of the MMSE (from 0-30 points),
which is used worldwide to assess global cognitive functioning through the examination
of different domains such as orientation to time, orientation to place, registration,
attention and calculation, recall, language, repetition and ability to follow commands
(20). The conventional cut-off score for cognitive impairment screening was used to
classify subjects according to a dichotomous variable: subjects with <23 points were
classified in the “negative outcome” group and subjects with 24 points or more were

classified in the “positive outcome” group.

Physical capacity was measured using the SPPB test scores (from 1-12 points), depending
on performance in: hierarchical standing balance test, gait speed over 4m and 5-sit-to-
stand test (21). Centenarians were classified in four stages: dependent (1-3 points), frail
(4-6 points), pre-frail (7-9 points) and robust (10-12 points) (22). According to these
criteria, 12 centenarians were classified as “dependent” and were included in the
“negative outcome” group, while the remaining 7 centenarians with a score >3 points

were included in the “positive outcome” group.

HRQoL was assessed with the visual analog scale (VAS) of the Spanish EuroQoL-5
Dimension (EQ-5D) questionnaire (23). The EQ-5D is a standardized HRQoL
questionnaire widely used throughout the world. In particular, the VAS is a vertical scale
ranging from 0 “worst imaginable health state” to 100 “best imaginable health state” and
participants are asked to tick the level they think their current health corresponds to. VAS
cut-off values were extracted from the available normative data (Spanish values),
corresponding to 66.7 for older males (>75y) and 59.4 in the case of older females (>75y)
(24). Participants who had a VAS score below their cut-off value were classified in the
“negative outcome” group, while participants who showed a HRQoL above the cut-off

value were classified in the “positive outcome” group.
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Date of birth and date of death were obtained from the Spanish National Dead Index
(Ministry of Health, Consumer Affairs and Social Welfare). The study population was
followed up for 1.5 years from baseline. Early mortality was defined as all-cause
mortality within 1 year following the measurements. Centenarians in the early mortality
group (<1 year) where classified as “negative outcome” and those in the survival group

where classified as “positive outcome”.

Accelerometer processing

The analysis of accelerometry data was carried out using the GGIR 2.3-0 (25) package of
the statistical programming language R v.3.5.1 (26). Non-wear time detection and
minimum valid time requirements for each accelerometry register were evaluated using
GGIR’s default settings to facilitate comparability with previous studies. Supplementary
Table 1 includes the relationship between the nomenclature used throughout this paper

and the variable names from GGIR output.

Time spent in LiPA (18-60mg) and MVPA (>60mg) were calculated using the sensitivity
optimized cut-points proposed by Migueles et al. (10). These cut-points were established
based on a population of older adults (>70 years old) but not the oldest elders. Moreover,
data were also analyzed using other previously reported cut-points based on Euclidean
Norm Minus One G (ENMO), such as the cut-points for adults published by Hildebrand
et al. (LiPA: 45.8-93.2mg; MVPA: >45.8mg) (27,28) and the cut-points for older adults

published by Sanders et al. (LiPA: 57-104mg; MVVPA: >104mg) (29).

In addition to these traditionally used metrics, recently proposed approaches were
evaluated (30), including the average acceleration, the IG or the Mx metrics (14).
Average acceleration (14) reflects the average acceleration throughout the entire

measurement period and can be used as a proxy for total daily PA-related energy
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expenditure (30) or PA volume. IG, calculated as the slope (negative) of the linear
regression between natural logs of time and acceleration intensity, assesses PA intensity

across all levels.

Mx metrics (13) evaluate the most active X minutes from a participant’s daily activity
(e.g. M30 refers to the acceleration above which the most active 30 minutes were spent),
which can in turn be used to describe the distribution of intensities across different time
frames and to establish a direct comparison with health-related PA guidelines. Here, the
intensity levels corresponding to the most active 1, 5, 15, 30, 60, 120 and 480 minutes

were recorded.

Statistical analysis

Statistical analyses were carried out using the statistical software Jamovi v.2.2.5. The
statistical significance was set at an alpha value of 0.05. Descriptive values of all
previously defined variables were obtained and the skewness and kurtosis of the variable
distributions were guantified to detect a potential floor effect. Standardized values were

calculated for each variable to allow comparability among them.

Given that the normality assumption was violated, as checked with the Shapiro-Wilk
normality test, non-parametric tests were selected. After dividing the sample into
dichotomous groups according to the abovementioned health and functional outcomes,
Mann-Whitney U tests and its associated effect sizes (31) were used to identify

differences in LiPA, MVPA, average acceleration, IG and Mx metrics between groups.
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RESULTS

Participants

Eighteen out of nineteen centenarians had accelerometry registers that met the inclusion
criteria for the analysis. Only one subject was excluded due to issues with the
accelerometer during the recording. Table 1 shows the descriptive characteristics of the
centenarians: 72.2% of them were women and almost all were frail, i.e. 83.3% according

to FFP and 88.9% according to FTS-5 (15,16).

Table 1. Outcome measures (mean and SD) for the overall group and for each

dichotomized group according to health outcomes.

Outcome Overall (N = 18) Negative outcome Positive outcome
Mean SD N Mean SD N Mean SD
Age (years) 101.5 2.1 - - - - - -
FFP (5-0) 3.3 0.9 - - - - - -
FTS-5 (50-0) 33.1 6.1 - - - - - -
Barthel (0-100) 39.7 23.5 6 17.5 2.7 12 50.8 21.2
MMSE (0-30) 22.1 59 9 17.6 51 9 26.6 1.4
SPPB (0-12) 2.9 2.8 11 1.3 1.3 7 5.6 2.4
VAS (0-100) 60.3 335 7 24.3 19.0 11 83.2 145
1-year survival - - 6 - - 12 - -

The scoring ranges for the outcomes are expressed as (worst score - best score). FFP = Fried’s
Frailty Phenotype; FTS-5 = Frailty Trait Scale-short form; Barthel = Barthel index of
independence during activities of daily living; MMSE = Mini-Mental State Examination;
SPPB = Short Physical Performance Battery; VAS = Visual Analog Scale of health-related
quality of life. For each health outcome the sample was dichotomized into "negative
outcome™ and "positive outcome" groups. SD = Standard deviation.
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Descriptive accelerometry results

Table 2 shows the descriptive results obtained by accelerometry. Depending on the cut-
point, centenarians accumulated a median of 132 min/day [Interquartile range (IQR):
129.5 min/day] to 14.6 min/day [IQR: 32 min/day] of LiPA and 15.5 min/day [IQR: 36.7
min/day] to 3.3 min/day [IQR: 7.9 min/day] of MVPA. The cut-point-free measures for
average acceleration (proxy for PA volume) and 1G (proxy for PA intensity) were 9.2mg

[IQR: 5.9 mg] and —3.2 [IQR: 0.2], respectively.

Table 2. Descriptive results of physical activity in centenarians.

Outcome Minimum Q1 Median Q3 Maximum Skewness Kurtosis
LIPA 18mg 1.2 895 1320 2190 3130 0321  -0.735
(min/day)
LIPA 45.8mg 18 131 274 521 1180 1.080 0.032
(min/day)
LIPA 57mg 1.2 66 146 386 853 1.180 0.279
(min/day)
MVPA 60mg 16 67 155 434 1050 1130  -0.135
(min/day)
MVPA 93.2mg 0.6 17 44 131 608 2100 4370
(min/day)
MVPA 104mg 0.4 13 33 9.2 53.5 2,520 6.900
(min/day)
Avg. Accel. (mg) 5.3 6.7 9.2 12.6 17.9 0.696 -0.786
IG 36 33 32 31 25 1.260 3.410
Mx metrics (mg)
M480 5.7 71 96 133 211 0.989  -0.038
M120 103 132 205 279 452 0.758  -0.566
M60 133 163 248 347 573 0792  -0.372
M30 158 200 290 409 684 0.858  -0.142
M15 188 251 336 479  80.2 0.949 0.193
M5 250 350 409 599  97.7 1.010 0.476
ML 330 464 588 788 1320 1.270 2.090

LiPA = Light-intensity physical activity; MVPA = Moderate-to-vigorous physical activity;
Avg.Accel. = Average acceleration; IG = Intensity gradient; Mx metrics = acceleration above
which a person’s most active X minutes (Mx) are accumulated.
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Comparison of cut-point-based and cut-point-free approaches

Figure 1 shows box plots representing the distribution of the Z-values for the
conventional and cut-point-free PA accelerometer metrics. Regarding PA volume
variables, see Figure 1.A, no remarkable differences were observed in the floor effect
between cut-point-based (LiPA) and cut-point-free metrics (i.e. Avg. Accel. and M120).
Table 2 shows a positive skew for MVVPA (Skewness 1.13 to 2.52), indicating a potential
floor effect for the conventional cut-points as hypothesized. The magnitude of the skew
and kurtosis was attenuated for the cut-point-free metrics. Similar observations can be

made from Figure 1.B, presenting PA intensity variables.

Differences between dichotomous groups of health outcomes according to conventional
and cut-point-free PA accelerometer metrics are presented in Table 3. Both cut-point-
based and cut-point-free metrics presented significant associations with variables like
Barthel Index, MMSE or SPPB. Only the cut-point-free index M30 was significantly

associated with 1-year survival.

Descriptive results for the dichotomized groups presenting significant differences are
displayed in Table 4. Centenarians who survived more than 1-year presented a median of
36.8 mg [IQR: 19.8 mg] for M30, while those who died in the year following the

measurements reported a median of 19.6 mg [IQR: 7.7 mg] for M30.
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Figure 1. Box plots representing the distribution of Z-values for the conventional (grey)
and cut-point-free (blue) physical activity accelerometer metrics, corresponding to

physical activity volume (panel A) and intensity (panel B).
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LiPA = Light-intensity physical activity; Avg.Accel. = Average acceleration;
M120 = acceleration above which the most active 120 minutes of the day are
accumulated. MVPA = Moderate-to-vigorous physical activity; IG = Intensity
gradient; M5 = acceleration above which the most active 5 minutes of the day are
accumulated.
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Table 3. Differences in physical activity variables between dichotomous groups for

different health outcomes.

_PAT Barthel MMSE SPPB VAS 1-year
variable survival
Outcome U ES §] ES §] ES §] ES §] ES
LiPA 18mg 13* 0.639| 7 0.827| 12* 0688| 34 0.117| 18 0.500
LiPA 45.8mg 7 0806 9* 0.778| 6* 0844| 36 0.065| 19 0.472
LiPA 57mg 7* 0.806| 11* 0728 | 5* 0.870| 35 0.091| 20 0.444
MVPA 60mg 7* 0806 | 14* 0.654| 5* 0.870| 34 0.117| 19 0.472
MVPA 932mg | 6* 0.833| 15* 0.630| 5 0870| 32 0.169| 20 0.444
MVPA 104mg | 4* 0.889| 15* 0.630| 5 0.870| 30 0.221| 22 0.389
Avg. Accel. 9° 0750[ 13° 0679 7 0818[ 33 0.143] 15 0583
IG 9" 0750| 15 0630| 11° 0.714| 31 0.195| 26 0.278
Mx metrics
M480 1qf 0.722 11: 0.728 7: 0.818| 33 0.143| 17 0.528
M120 8 0778| 14 0654| 5 0870| 33 0143| 16 0.556
M60 9° 0750| 14 0654| 5 0870| 34 0117| 15 0583
M30 100 0722| 15 0630 6 0844| 33 0143| 14 0611
M15 11" 0694| 17 0580 | 7 0818| 34 0117| 16 0556
M5 9° 0750| 170 0580| 5 0870| 34 0.117| 18 0.500
M1 10" 0.722| 16° 0605| 6 0.844| 35 0.091| 21 0.417

PA= physical activity; LIPA = Light-intensity physical activity;
vigorous physical activity; Avg.Accel. = Average acceleration; IG = Intensity gradient; Mx
metrics = acceleration above which a person’s most active X minutes (Mx) are accumulated. *
= Significant differences between “negative outcome” and “positive outcome” groups (p <
0.05, Mann-Whitney U-test). U = U Statistic. ES = Effect size. Barthel = Barthel index of
independence during activities of daily living; MMSE = Mini-Mental State Examination;
SPPB = Short Physical Performance Battery; VAS = Visual Analog Scale of health-related

quality of life.
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Table 4. Descriptive results of physical activity in the dichotomized groups of

centenarians (median and interquartile range) for the health outcomes with statistical

differences.

PA Barthel MMSE SPPB
variable Negative Positive Negative Positive Negative Positive
Outcome (N=6) (N=12) (N=9) (N=9) (N=11) (N=7)
LiPA 18mg 81.5(53.8) 169 (115) | 89.1(40.6) 209 (85.0) | 92.8(68.9) 231 (83.0)
LiPA 45.8mg 10.3(8.0) 51.0(54.2) | 140(11.2) 52.3(73.1) | 14.0(19.5) 65.3 (58.6)
LiPA 57mg 54(38) 321(365) | 7.1(76) 345(535) | 7.1(10.4) 41.3(37.2)
MVPA 60mg 57(35) 35.0(658) | 6.9(81)  39.0(61.9) | 6.9(10.7)  79.0 (46.9)
MVPA 93.2mg | 15(0.8) 104(19.7) | 1.7(28) 125(19.4) | 17(29)  23.8(2L.3)
MVPA 104mg 1.1(05)  7.2(13.4) 14(1.9)  8.7(13.0) 14(22)  16.3(15.8)
Avg. Accel. 6.7 (1.4) 11.2 (6.8) 6.5 (1.5) 10.5 (5.3) 7.2 (3.0) 15.1 (4.6)
IG -34(0.2) -32(01) | -34(02)  -31(01) | -33(03) -3.1(0.2)
Mx metrics
M480 7.3 (1.8) 122(65) | 6.8(1.9)  11.1(7.8) | 79(3.3)  146(7.5)
M120 12.1(3.3) 248(17.7) | 132(4.4) 259(13.3) | 13.2(9.2) 35.3(11.9)
M60 15.8 (3.8)  32.3(20.5) | 16.4(4.3) 33.8(13.1) | 16.4(9.7) 42.4(13.5)
M30 20.2 (4.6) 39.2(22.9) | 20.8(4.2) 40.7(13.4) | 20.8(9.5)  49.5 (15.6)
M15 247 (6.0) 45.6(24.2) | 25.6(6.5) 46.0(12.3) | 25.6(9.8) 55.4(18.2)
M5 338(6.7) 57.2(26.9) | 358(6.1) 59.0(14.8) | 35.8(9.3) 67.0(18.3)
M1 448 (4.0) 70.5(26.0) | 46.8(10.4) 74.9(15.3) | 46.8(16.0) 81.4(17.2)

PA= physical activity; LiPA = Light-intensity physical activity; MVPA = Moderate-to-vigorous
physical activity; Avg.Accel. = Average acceleration; 1G = Intensity gradient; Mx metrics =
acceleration above which a person’s most active X minutes (Mx) are accumulated. For each health
"negative outcome” and positive
"positive outcome” groups. Barthel = Barthel index of independence during activities of daily
living; MMSE = Mini-Mental State Examination; SPPB = Short Physical Performance Battery.

outcome the sample was dichotomized into negative
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DISCUSSION

The daily time spent by a centenarian in LiPA and MVPA varies greatly depending on the
cut-point used for the calculation. Our centenarians showed a potential floor effect in
MVPA, being intensified in the most exigent cut-points. Regarding cut-point-free metrics,
decreased PA volume and intensity could be observed in centenarians as compared to
values reported in younger populations. This age-related decrease in PA volume and
intensity up to the limit of human lifespan should be confirmed in futures studies
providing more extensive characterization in the 80-100-year-old population. The
advantages and disadvantages of cut-point-free metrics with respect to cut-point-based

metrics are discussed below.

Descriptive accelerometry results

To the best of our knowledge, there is only one published study that assessed PA levels in
centenarians using accelerometry (6). That study evaluated conventional metrics and,
thus, just a few of the reported results can be directly compared. In addition, it should be
taken into account that the cut-points, brand and location of the accelerometer were
different between studies. The centenarians in (6) accumulated a mean of 63 min/day of
active time (LiPA and MVPA), with the centenarians in the present study accumulating
17.9 to 147.5 min/day depending on the cut-point used. One of the main conclusions from
(6) was that the decline in PA levels continues to worsen until the end of the human
lifespan (6), which should be interpreted with caution, as it depends on the cut-point used
in the evaluation. As an example, if the lowest cut-point reported in (10) were used, our
centenarians would perform a median of 147.5 min/day of active time, being higher than
the 98 min/day reported in nonagenarians (6), or the 117.6 min/day measured in subjects

aged 85 years or older (32).

-127-



The selection of a cut-point is avoided when using cut-point-free metrics, since they are
not based on intensity thresholds. There are currently no available cut-point-free data for
octogenarians and nonagenarians. In this study, average acceleration in centenarians was
9.2mg. Previous studies have reported values of 27.1mg and 34.3mg in populations of
postmenopausal women and 13-14yr adolescent girls, respectively (33). Considering that
more than 7.2% of all-cause deaths and up to 8% of non-communicable diseases are
attributable to physical inactivity (34), it is worrying that the most rapidly growing
subgroup of the population (i.e. oldest-old) is highly inactive. The physical inactivity of
the oldest-old should be viewed as an urgent priority for policy makers, given its

implications for HRQoL and the associated healthcare cost (35).

For another cut-point-free metric like 1G, a decline with age has been reported: -1.96
(Sample mean age: 9.6yr), -2.19 (12.3yr), -2.28 (13.6yr), -2.55 (41.2yr), -2.66 (46.2yr), -
2.74 (59.0yr), -2.74 (64.2yr) (33). In concordance with this, our centenarians rendered an
IG value of -3.2 [IQR: 0.2]. These results can be interpreted in light of the independent
positive association between 1G and physical function (14) and the fact that aging leads to

functional decline of all systems (4).

Regarding Mx metrics, an age-related decrease can be observed for all Mx durations,
being more pronounced for short-duration Mx, see Figure 2. According to these results,
centenarians perform all their efforts at a more similar intensity, while young people can
reach high intensities in short-duration efforts. Nevertheless, our results should be
interpreted with caution, since our sample is just composed of institutionalized
centenarians. A broad variation in functional capacity can be observed in centenarian
populations, with some centenarians performing all ADLs and others being bedridden
(36), resulting in a wide range (2-89%, mean 37.3%) of centenarians living in geriatric

nursing hommes across European countries (37). Due to the aforementioned selection
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bias, certain centenarian populations could show equal or even improved results than

those of older adults. In fact, there are some inspirational examples of centenarian athletes

who continue participating in sport competitions, including marathon or 1500m

swimming (38).

Figure 2. Mx metrics during the lifespan.
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Comparison of cut-point-based and cut-point-free approaches

The limitations of cut-points are well known and lead to some problems that we have
noticed throughout this article (41). First, cut-points are protocol- (e.g. accelerometer
placement) and population- (e.g. age group) specific, therefore: i) results are not
comparable across studies; ii) the time spent by a centenarian in LiPA and MVPA can
vary greatly depending on the cut-point used; iii) scientists have to select one among the
many available cut-points for a population e.g. older adults, with no cut-points available
for specific age segments like centenarians (10,29,42). Cut-point-free metrics emerged as
a solid alternative since they are population-independent, although are wear-site specific

and may differ between some brands of monitors (13).

A second limitation of cut-points is that two participants score very different if one has
activity falling just above the cut-point and one has activity falling just below the cut-
point (41). These crude boundaries between intensity levels do not exist in human
physiology. Third and last, many participants fail to reach any activity above cut-points
(particularly in the vigorous range) (41). In particular, our centenarians showed a
potential floor effect in MVPA, being intensified in the most exigent cut-points. This is
avoided when using cut-point-free metrics, with no participant scoring near zero values.
We expected a more attenuated right-skewed distribution for the variables that cover the
intensity spectrum continuously (i.e. Average acceleration and 1G) than for Mx metrics,
which was confirmed for average acceleration while IG skewness was similar to that of

the Mx metrics (13).

With the Mx approach, data is not collapsed into categories but the continuous nature of
the data is maintained and post-hoc interpretations can be made in relation to any cut-

point (e.g. in order to see the prevalence of meeting PA guidelines) and/or accelerations
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indicative of typical activities, facilitating the development of public-health friendly
recommendations (13). Moreover it should be highlighted that in the Mx metrics, minutes
can be accumulated in any way across the day, with no need for the activity to be in
bouts, being coherent with the “every move counts” perspective from the World Health
Organization PA recommendations (9). As an example Rowlands et al. (41), estimated
MVPA thresholds representative of a brisk walk (170mg) or a fast walk (250mg) for
adults, and our centenarians do not reach those accelerations even in M;. However, the
descriptive data presented in this manuscript can be compared in the future with as many
alternative cut-points as needed, for example if the VO, age-equivalent cut-points were
expanded to the whole human lifespan (43). In the same vein, research in the area of cut-
point-based metrics is moving towards post-data collection approaches such as

personalized accelerometer cut-points using machine learning (12).

Previous studies stated that: “Future research should assess how the PA profile is related
with health outcomes by age and disease categories with a view to informing
acccelerometer-driven PA prescriptions and recommendations™ (44). The present study
responds to this demands, providing an insight into the PA profile of people who have
lived 20-30 years longer than the average westerner. The dose-response associations
between PA and health are so strong (45) that, despite its limitations, conventional cut-
point-based metrics also found differences between groups with "negative"” vs. “positive”
functional independence, cognitive capacity and physical capacity. Therefore,
conventional cut-point-based metrics preserve certain clinical utility since they are

capable of identifying health status in our sample.

Currently the World Health Organization PA guidelines recommend that older adults
should be as physically active as their functional ability allows (9). The present study

provides PA profile descriptive results for a specific population, i.e. institutionalized
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centenarians, as well as for subgroups associated with “positive outcome” in different
health variables, see Table 4. As an example, if the proposed 70mg threshold
representative of a slow walking for adults is applied (40), descriptive results show that
the “slow walking” intensity can be mantained during 1 minute (i.e. M1) by those
centenarians with “positive outcome” in functional independence, cognitive capacity and
physical capacity. This information may result in evidence-based PA guidelines for
institutionalized centenarians or as an objective for maintaining these specific health
outcomes until the end of our lives. Moreover, the applicability of accelerometers is not
restricted to evaluation of PA outcomes. When accelerometer-driven PA guidelines are
available for the oldest old, accelerometers could be used to motivate them to reach

evidence-based goals on PA intensity, duration, timing or type (14).

Strengths and limitations

The present study has several main strengths. One of them is the exceptionality of the
sample, particularly considering that being centenarian is a rare phenotype 7.9/100000
world inhabitants, 31.2/100000 U.S.A (46), 21.6/100000 Europe (47). The percentage of
women in our sample was similar to the overall centenarian population in Europe (83%
women) (37). This study is novel and represents the first study in centenarians that
assessed PA using cut-point-free metrics. Another important strength of our study is the
measurement of PA in everyday life during a whole week using a validated device and
calculating different cut-point-based variables. In addition, several health outcomes were
measured, with centenarians being followed up during a year for early mortality.
Therefore the study is not merely descriptive, but also explores the relationship between
the PA profile and health outcomes. Last but not least, the study makes a comparison of
cut-point-based and cut-point-free approaches, and discusses possible future application

of accelerometers in centenarian populations.
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On the other hand, the main limitation to be acknowledged is the specificity of the
sample. All the participants are Spanish, white and institutionalized. Consequently,
generalization of our results could be partly limited. In future research, samples including
non-institutionalized centenarians would allow to complete the image, expanding and

confirming the results obtained by this study.

CONCLUSIONS

This is the first time that PA has been described in centenarians using cut-point-free
metrics. In line with literature reports describing that cut-point-free metrics presents an
age-related reduction in PA volume and intensity; our centenarians had the lowest values
in all the variables. This is in contrast to cut-point-based metrics like MVPA, which
presented a floor effect, suggesting that cut-point-free approaches could overcome cut-
point-based metrics limitations when studying the oldest-old. Both cut-point-based and
cut-point-free measures were related to health states, but the cut-point-free M30 was the
only one related to early mortality. Future studies are warranted to confirm the value of

the cut-point-free PA metrics in centenarians.
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Supplementary Table 1. Correspondence between the nomenclature of the present paper

and variable names from GGIR outputs.

Nomenclature in this _ _ Results file
Variable names in GGIR )

paper in GGIR
LiPA dur_day total LIG_min_pla Part 5
MVPA dur_day_total MOD_min_pla Part 5
Average acceleration AD_mean_ENMO_mg_0-24hr Part 2
Intensity gradient AD ig_gradient ENMOQO_0-24hr Part 2
M1 p99.93_ ENMO_mg_0-24h_fullRecording Part 2
M5 p99.65 ENMO_mg_0-24h_fullRecording Part 2
M15 p98.96 ENMO_mg_0-24h_fullRecording Part 2
M30 p97.92_ENMO_mg_0-24h_fullRecording Part 2
M60 p95.83_ENMO_mg_0-24h_fullRecording Part 2
M120 p91.67_ENMO_mg_0-24h_fullRecording Part 2
M480 p66.67_ENMO_mg_0-24h_fullRecording Part 2
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4.3 Articulo 111

Borrador presentando resultados preliminares.
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EFFECTS OF 12-WEEK RESISTANCE EXERCISE TRAINING IN FRAIL

INSTITUTIONALIZED CENTENARIANS: A RANDOMIZED CONTROLLED

TRIAL.

KEYPOINTS

Question: Can fralil institutionalized people over 100 years old benefit

from exercise training?

Findings: Significant group-by-time interaction was observed and no

adverse effects of exercise training were reported. Physical function,
functional independence, frailty and health-related quality of life were

improved in the intervention group after 12 weeks of resistance training.

Meaning: No one is too old or too unfit to benefit from resistance

training, being a safe intervention despite the frailty of the centenarians.
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ABSTRACT

Importance: The population aged 80 and over is growing faster than any other age
groups in the world, with the number of centenarians being increasing too. The oldest-old
are at high risk of intrinsic capacity deterioration with subsequent loss of functional

independence, which translates into increased personal vulnerability and health cost.

Objective: To determine whether a resistance training intervention can improve physical
function, functional independence, frailty and health-related quality of life in frail

institutionalized elderly over 100 years old.

Design: Multicenter, pilot randomized controlled trial.

Setting: Conducted at 11 geriatric nursing homes in Spain.

Participants: A total of 12 frail institutionalized centenarians (101.33£2.06 yrs, 83.3%

female) were included between June 11, 2019, and March 15, 2020.

Intervention: Centenarians were randomized to an intervention (n = 6) or a control group
(n = 6). The intervention group performed supervised resistance training (1-3 sets of 8-10
repetitions as fast as possible, at 50-70% of the estimated one-repetition maximum; 8

exercises) at 2 sessions/week for 12 weeks.

Main Outcome(s) and Measure(s): Physical function [Short Physical Performance
Battery (SPPB), Physical Performance Mobility Examination (PPME), isometric knee
extension strength (IKE) and 30-second Sit-to-stand], functional independence [Barthel
index], frailty [Fried’s Phenotype and FTS-5] and health-related quality of life [EuroQoL-
5D index (EQ-5D) and Visual Analog Scale (VAS)] were evaluated in both groups before

and after the intervention.
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Results: Repeated measures ANOVA revealed significant group-by-time interaction
(p<0.05) for all the measured outcomes. After the 12-week training period, the
intervention group significantly improved all the variables except for FTS-5: PPME
(Baseline: 3.8+2.6points vs. Post-training: 6.5+3.3points), IKE (9.7£4.3kg vs.
12.5+3.9kg), Barthel index (32.50+18.64points vs. 50.00+19.24points), Fried’s Phenotype
(3.83%0.75 vs. 3.00+£0.63) and EQ-5D (0.112+0.118 vs. 0.233+£0.090) among others (all

p<0.05).

Conclusions: To our knowledge this is the first time that the effects of 12-week
resistance training have been described in centenarians. The results suggest that no one is
too old to benefit from resistance training, delay the age-related loss of functionality and
improve the quality of life. Additionally, no major adverse effects were noted over the

intervention period despite the frailty of the centenarians.
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INTRODUCTION

The population of “oldest-old” (i.e. people aged >80 years) is growing faster than
any other age segment, and is projected to reach 426.4 million individuals in the world by
2050 (1). Within this group the number of individuals aged 100 and over has risen
exponentially, with currently 621,000 centenarians (7.9/100,000 worldwide, 31.2/100,000
U.S.A), and the United Nations projections suggest there will be 3.2 million centenarians

across the globe in 2050 (32.8/100,000 worldwide, 112.3/100,000 U.S.A) (1).

The oldest-old are at high risk of intrinsic capacity decline (i.e. physical and
cognitive impairment) with subsequent loss of functional independence (2). No single
drug can reverse the age-related deterioration in intrinsic capacity. However, emerging
evidence supports the health benefits of exercise training, also in frail, institutionalized or
hospitalized older adults (2). Even small increases in physical activity levels have been
associated with a 2-year improvement in life expectancy for the oldest-old (3). Resistance
training induces multiple health benefits among older adults, including improvements in:
muscle mass, bone mass, muscular strength, independence, risk of falls, chronic disease

management, well-being and quality of life (4).

The benefits of exercise training have not been assessed at the limits of human
lifespan (5,6). Therefore, the aim of this randomized controlled trial was to examine the
effects of 12-weeks supervised resistance training on physical function, functional
independence, frailty and health-related quality of life in frail institutionalized
centenarians. We hypothesized that exercise training would significantly increase muscle
strength which in turn could improve some of the other study outcomes such as functional

independence.
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METHODS

Study Design and Settings

This was a multicenter pilot randomized control trial performed from June 2019 to
March 2020. Centenarians were randomized in a 1:1 fashion to either a control group of
usual care or an intervention group of 12-week resistance training plus usual care.
Participants were evaluated at baseline and at the end of the 12-week period. After a clear
explanation of the potential risks and benefits of the study, all the participants (or their
legally responsible for subjects with cognitive problems) provided written informed
consent to participate in the study. The study was approved by the ethical committee for
clinical research of Aragdn, Spain (#P118/381), was conducted by adhering to the
Declaration of Helsinki and complying with the European Union General Data Protection

Regulation (EU 2016/679).

Participants

Women and men aged 100 years and over living in 11 geriatric nursing homes
were screened. Participants were excluded if they were bedridden, going through an acute
disease or presented any clinical condition contraindicating physical exercise as outlined
in the American College of Sports Medicine’s Guidelines. Although 19 centenarians were
finally enrolled, only 12 completed the study, since 7 participants could not finish the

entire protocol due to the COVID-19 lockdown (Figure 1).
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Figure 1. CONSORT Flow Diagram Depicting the Study Design

32 Screened

13 Excluded
5 Not eligible
2 Bedridden
3 Acute disease
8 Declined to participate

A 4

19 Randomized

10 Allocated to 12 weeks of 9 Allocated to 12 weeks of
resistance training usual care
y A
4 Lost to follow-up (COVID-19) 3 Lost to follow-up (COVID-19)
y A 4
6 Analyzed 6 Analyzed

Resistance Training Program

The intervention group performed twice per week, nonconsecutive, resistance
training sessions over 12 weeks (24 sessions in total). All the sessions were face-to-face,
in the gym of the geriatric nursing home, one person at a time and supervised by an
experienced (5 years) strength and conditioning trainer (MSc in Sports Science). After the
baseline assessment, participants enrolled in the program conducted the corresponding
resistance exercise routine (Type 0-2) with 8 different exercises according to their

Functional Ambulation Classification (FAC) level (Supplement 1) (7,8).
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Each session lasted 40-60 minutes, including a 10-minute warm-up and 30-50 minutes of
resistance training. Warm-up was composed of 1 set of 8 single-joint seated exercises
without resistance, 10 repetitions, 30-second rest between exercises. Resistance training
consisted of 1-3 sets of the 8-exercise routine adjusted to FAC (8-10 repetitions as fast as
possible, at 50-70% of the estimated one-repetition maximum) with resting periods of 1
minute between exercises and 3-5 minutes between sets (4). Load, number of sets and
type of exercise routine were adjusted to the new physical capacity level every two

weeks.

Outcomes

The primary outcome was physical function measured by: Short Physical
Performance Battery (SPPB) (9), Physical Performance Mobility Examination (PPME)
(10), isometric knee extension (IKE) strength (Lafayette Manual Muscle Testing Systems,
Lafayette, IN, USA), and 30-second sit-to-stand. Secondary outcomes included:
functional independence (Barthel index of independence during activities of daily living
(ADLs)) (11); frailty [Fried’s Frailty Phenotype and Frailty trait scale-short form (FTS-
5)] (12,13); and health-related quality of life with the EuroQoL-5 Dimension

questionnaire [EuroQoL-5D index (EQ-5D) and Visual Analog Scale (VAS)] (14).

Statistical analysis

Exploratory data analysis and the Kolmogorov-Smirnov test demonstrated the
normality of the data. Variables are expressed as meanzstandard deviation (SD). A
repeated measure ANOVA was performed to analyze group-by-time interaction. Paired

T-test was calculated for within-group comparisons from baseline to the end of the 12-

-149-



week period. Independent samples T-test was used for comparisons between groups at
baseline and after the 12-week period. All analyses were performed using IBM SPSS

(version 25; Chicago, IL, USA). The significance level was set at p < 0.05.

RESULTS

12 institutionalized centenarians (101.33+£2.06 years, 83.3% female) completed
the study. Table 1 shows the descriptive characteristics of the two study groups at
baseline, with no statistical differences found between groups. All the centenarians were

frail according to Fried’s Frailty Phenotype and FTS-5.

Table 1. Descriptive characteristics of the intervention and control groups at

baseline

Outcome Intervention (N= 6) Control (N= 6)
Age (years) 101.08 + 2.74 101.58 + 1.29
Sex (% female) 66.7% 100%

Body mass (kg) 49.50 £ 9.74 59.15 + 19.57
Height (m) 1.53+0.03 1.54 £ 0.06
Body mass index (kg-m™) 21.06 + 3.96 24.74 +7.65
FAC=0; 1; 2 (%) 33%; 33%; 33% 50%; 33%; 17%
SPPB (range 0-12) 2.33%2.07 1.00+1.10
PPME (range 0-12) 3.83 + 2.64 3.67 +1.97
Isometric knee extension (kg) 9.67 +4.31 7.40 + 3.87
30-second sit-to-stand (N°) ¥ 8.33 £+ 1.53 5.00 = 3.00
Barthel (range 0-100) 32.50 + 18.64 23.33+7.53
Fried (range 5-0) 3.83+£0.75 3.50+0.84
FTS-5 (range 50-0) 34.08 £ 4.04 38.25+2.14
EQ-5D (-0.224 - 1) 0.11+0.12 0.09 £0.10
VAS (range 0-100) 39.17 + 35.83 56.67 + 32.04

Values are expressed as mean + standard deviation (SD) or %. The scoring ranges for the
test are expressed as (worst score — best score). FAC= Functional Ambulation
Classification; FAC 0= cannot ambulate; FAC 1= continuous manual contact; FAC 2=
light assistance. SPPB= Short Physical Performance Battery. PPME= Physical
Performance Mobility Examination. = only centenarians with a Functional Ambulation
Classification of 1-2 were able to perform the test. Barthel= Barthel index of
independence during activities of daily living. Fried= Fried’s frailty phenotype. FTS-5=
Frailty trait scale-short form. EQ-5D= EuroQol-5D index. VAS= Visual Analog Scale.
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Repeated measures ANOVA revealed significant group-by-time interaction
(p<0.05) for all the measured outcomes (see Table 2).

Table 2. ANOVA group-by-time interaction

Outcome p n? Effect size (eta”)
SPPB (range 0-12) 0.006 * 0.544
PPME (range 0-12) <0.001* 0.875
Isometric knee extension (kg) 0.013 * 0.515
30-second sit-to-stand (N°) ¥  0.007 * 0.866
Barthel (range 0-100) <0.001* 0.771
Fried (range 5-0) 0.001 * 0.653
FTS-5 (range 50-0) 0.027 * 0.399
EQ-5D (—0.224 - 1) <0.001* 0.776
VAS (range 0-100) 0.001 * 0.680

*= p<0.05. The scoring ranges for the test are expressed as (worst score — best score).
SPPB= Short Physical Performance Battery. PPME= Physical Performance Mobility
Examination. = only centenarians with a Functional Ambulation Classification of 1-2
were able to perform the test; Intervention (Baseline N=4; Follow-up N=5); Control
(Baseline N=3; Follow-up N=2). Barthel= Barthel index of independence during activities
of daily living. Fried= Fried’s frailty phenotype. FTS-5= Frailty trait scale-short form.
EQ-5D= EuroQol-5D index. VAS= Visual Analog Scale.

When studying within-group comparisons from baseline to the end of the 12-week
period, the intervention group significantly improved all the variables, except for FTS-5
(see Table 3). Regarding the control group, a tendency to deterioration of all outcomes
was observed after the 12-week period, although the only variables that showed
significant differences were: PPME, Barthel index of independence and VAS.

Figure 2 depicts the changes in some of the measured variables after the 12-week
period. It should be highlighted that after 12 weeks, one centenarian from the intervention
group (FAC=2 at baseline) managed to leave the frailty condition (Fried’s Phenotype = 2
points and FTS-5 = 19 points). At the end of the intervention all variables, except for
Fried’s Phenotype, were different between groups.

After approximately 150 hours of resistance training, the only adverse effects

occasionally reported by some participants in the intervention group were mild

musculoskeletal discomfort and delayed onset muscle soreness.
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Table 3. Within-group comparisons from baseline to the end of the 12-week period

Outcome Intervention (N= 6) Control (N= 6)
Baseline Follow-up p Baseline Follow-up p

SPPB (range 0-12) 2.33+£2.07 5.00 £ 3.79 0.025* 1.00+1.10 0.67 £0.82 0.175
PPME (range 0-12) 3.83 +2.64 6.50 + 3.27 0.005* 3.67 +1.97 1.67+1.97 0.001*
Isometric knee extension (kg) 9.67 +4.31 12.53 £ 3.94 0.003* 7.40 + 3.87 5.16 £ 1.53 0.260
30-second sit-to-stand (N°) ¥ 8.33+1.53 12.00 + 2.00 0.008* 5.00 + 3.00 2.33+1.15 0.157
Barthel (range 0-100) 3250+ 18.64 50.00 +19.24 0.003* 23.33+7.53 16.67 + 2.58 0.043*
Fried (range 5-0) 3.83+0.75 3.00 £ 0.63 0.004* 3.50+£0.84 3.83+£0.75 0.175
FTS-5 (range 50-0) 34.08 + 4.04 30.75 £ 6.23 0.064 38.25+2.14 38.58 + 2.50 0.175
EQ-5D (-0.224 - 1) 0.11+0.12 0.23+£0.09 0.001* 0.09 £0.10 0.04 £ 0.09 0.070
VAS (range 0-100) 39.17 £35.83  80.00 + 14.14 0.012* 56.67 + 32.04  35.00 + 35.64 0.048*

Values are expressed as mean + standard deviation (SD). The scoring ranges for the test are expressed as (worst score — best score). SPPB=
Short Physical Performance Battery. PPME= Physical Performance Mobility Examination. ¥= only centenarians with a Functional Ambulation
Classification of 1-2 were able to perform the test; Intervention (Baseline N=4; Follow-up N=5); Control (Baseline N=3; Follow-up N=2).
Barthel= Barthel index of independence during activities of daily living. Fried= Fried’s frailty phenotype. FTS-5= Frailty trait scale-short form.
EQ-5D= EuroQol-5D index. *= p<0.05 in the paired T-test by group. VAS= Visual Analog Scale.

-152-



Figure 2. Box plots showing the changes in each group after the 12-week period.
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DISCUSSION

Centenarians display a broad variation in functional independence. Some of them
perform all activities of daily living while others are bedridden (15), which together with
cultural factors, institutional support and family resources results in a wide range (2-89%, mean
37.3%) of centenarians living in nursing homes across European countries (16). Regarding their
intrinsic capacity, normative data from the Georgia Centenarian Study identified 73.0% of
centenarian men and 86.0% of centenarian women as severely disabled (0-3 points) according to
the SPPB (17), but these numbers vary across studies because of recruitment bias, small sample
sizes, birth year cohort, different test instruments and difficulties in the assessment of
centenarians (18,19). At baseline, our sample of institutionalized centenarians showed a similar

percentage (83.3%) of severely disabled individuals as the normative results from the USA (17).

To the best of our knowledge, only three case studies training centenarians have been
reported: one of them was the training program that Robert Marchand followed to set the 1h
cycling record (26.92km), considered to be the best performance achieved by a centenarian (-
50.6% compared with the all-age world record) (20,21); secondly, a study of a 99.5-year-old
male with a history of world records in master athletic competitions (22); third and last, a study
of the effects of a functional electrical stimulation training program in a centenarian woman
(23). As there is no control group, these case studies only have descriptive utility. In addition,
two of these studies were in elite athletes, the intervention lasted more than a year and was
poorly detailed (20,22). Therefore, our study is the first study of its kind, including a control
group, and the first study assessing the effects of exercise training in centenarians who are not

athletes.
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Aging, especially in frail older people, leads to a progressive lowering of physical
functions and capabilities (24). Consequently, the tendency to deterioration of all outcomes that
we observed in the control group after the 12-week period was expected. Importantly, repeated
measures ANOVA revealed significant group-by time interaction for all the measured outcomes,
extending the known benefits of physical exercise in the oldest-old to the limit of the human
lifespan (2). Moreover, it should be outlined that the intervention group not only eluded the age-
related decline, but also significantly improved their physical function, functional independence,
frailty and health-related quality of life. Last but not least, the National Strength and
Conditioning Association emphasizes that injuries in older adults who perform resistance
training are mainly related to incorrect technique and exercise selection (4). In concordance with
it, no major adverse effects were noted in our sample of centenarians, in the same line as

previous studies with older adults (25).

CONCLUSIONS

This is the first published randomized control trial study investigating the effects of 12-
week resistance training in centenarians. The results suggest that no one is too old to benefit
from resistance training, delay the age-related loss of functionality and improve their quality of
life. Additionally, no major adverse effects were noted over the intervention period despite the

frailty of the centenarians.
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SUPPLEMENT 1

Detailed description of exercises for each resistance exercise routine adjusted to Functional Ambulation Classification.
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Exercise name Equipment *  Exercise description [Position 1 (P1) — Position 2 (P2) — Position 1 (P1) = 1 repetition]
1. Biceps curl - P1: Sitting upright with the arms extended down in the sides.
P2: Move the hands towards the shoulders, bending the elbows and keeping them close to the ribcage.
2. Shoulder abduction/ - P1: Sitting upright with the arms extended down in the sides.
adduction P2: Raise the arms outward and upward to shoulder height (like a bird flapping its wings).
3. Shoulder horizontal - P1: Sitting upright with the arms lifted in front of you at the height of the chest. EIbows straight.
abduction/ adduction P2: Open the arms out to the sides, maintaining chest height (like a big hug / clap).
s 4. Leg extension and - P1: Sitting upright, with one leg extended horizontally, perpendicular to the floor.
€ & hip rotation P2: Turn inward and outward the toes of the raised leg. Repeat with the other leg.
m = 5. Ankle extension/ - P1: Sitting upright, with the heels on the floor, and the tip of the feet pointing to the ceiling.
O = flexion P2: Lift the heels by rolling the sole until you are on tiptoe (like the pedal of an old sewing machine).
6. Knee extension/ - P1: Sitting upright.
flexion P2: Horizontally extend one leg trying to keep it as straight as possible. Repeat with the other leg.
7. Trunk extension/ - P1: Sitting at the edge of the chair, leaning forward from the hips, while keeping the upper back straight.
flexion P2: Use the armrest and rock back until reaching the back of the chair. Without lifting the feet.
8. Upper-body twist - P1: Sitting upright. Place the right hand on the left knee and hold the chair with the left hand.
P2: Turn the upper body and head to the left. Repeat on the opposite side.
1. Hip abduction RB P1: Sitting upright, place the elastic band centered over the knees.
P2: Separate the knees gradually until you can’t more.
2. Biceps curl D P1: Sitting upright with the arms extended down in the sides, with a weight in each hand.
P2: Move the hands towards the shoulders, bending the elbows and keeping them close to the ribcage.
3. Calf muscles AW P1: Sitting upright, with the feet flat on the floor, and wearing a ballasted ankle brace in each ankle.
P2: Get on your tiptoes until you are as high as possible, and remain in that position for 3 seconds.
o 4. Hip adduction Ball P1: Sitting upright, place a ball between the thighs, just over the knees.
2 P2: Squeeze the ball tightly during 3 seconds.
2> 5. Hip flexion AW P1: Sitting upright, with the feet flat on the floor and wearing a ballasted ankle brace in the exercising leg.
P2: Lift one leg vertically, with the knee bent, as far as is comfortable. Repeat with the other leg.
6. Knee extension AW P1: Sitting upright, wearing a ballasted ankle brace in the exercising leg.
P2: Horizontally extend one leg trying to keep it as straight as possible. Repeat with the other leg.
7. Low row RB P1: Sitting upright with the arms extended in front of you, grasping a stretched RB anchored to the wall rack.
P2: Pull the elbows back behind you. Maintain the elbows close to the ribcage and scapular retraction.
8. Flexed configuration WV P1: Sitting upright with the hands on the wall rack. Wear the weighted vest to achieve the required load.
after lift-off (wall rack) P2: Rise from the seat using the wall rack, without rising to a full standing position (half squat).




Detailed description of exercises for each resistance exercise routine adjusted to Functional Ambulation Classification. (Continued)
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Exercise name Equipment *  Exercise description [Position 1 (P1) — Position 2 (P2) — Position 1 (P1) = 1 repetition]
1. 3-meters walk AW P1: Stand at the beginning of the parallel walking bars.
P2: Walk 3 meters using the handrails. [Note that only 2 repetitions were performed per set]
2. Biceps curl D P1: Sitting upright with the arms extended down in the sides, with a weight in each hand.
P2: Move the hands towards the shoulders, bending the elbows and keeping them close to the ribcage.
3. Balance on 2 legs - P1: Stand up from the chair.
P2: Once you are up, try to stand for 10 seconds before sitting down again. [Only 2 repetitions per set]
- 4. Flexed configuration WV P1: Sitting upright. Wear the weighted vest to achieve the required load.
2 after lift-off P2: Get up from the seat without rising to a full standing position (half squat). Use armrest if needed.
2> 5. Half squat WV P1: Stand with the hands on the wall rack. Wear the weighted vest to achieve the required load.
P2: Bend over, flexing the hips and knees; then, before sitting on the chair, return to the initial position.
6. Knee extension AW P1: Sitting upright, wearing a ballasted ankle brace in the exercising leg.
P2: Horizontally extend one leg trying to keep it as straight as possible. Repeat with the other leg.
7. Low row RB P1: Sitting upright with the arms extended in front of you, grasping a stretched RB anchored to the wall rack.
P2: Pull the elbows back behind you. Maintain the elbows close to the ribcage and scapular retraction.
8. Squats (wall rack) WV P1: Sitting upright with the hands on the wall rack. Wear the weighted vest to achieve the required load.
P2: Stand up using the wall rack. Once you are up, stand for 2 seconds before sitting down again.
1. Stand up AW P1: Stand up, wearing a ballasted ankle brace in the exercising leg. Use the wall rack if needed.
hip abduction P2: Raise one leg outward and upward. Keep the back straight and feet forward. Repeat with the other leg.
2. Biceps curl D P1: Sitting upright with the arms extended down in the sides, with a weight in each hand.
P2: Move the hands towards the shoulders, bending the elbows and keeping them close to the ribcage.
3. Stand up AW P1: Stand up, wearing a ballasted ankle brace in the exercising leg. Use the wall rack if needed.
knee flexion P2: Flex the knee keeping the foot back. Maintain the back straight. Repeat with the other leg.
~ 4. Flexed configuration WV P1: Sitting upright. Wear the weighted vest to achieve the required load.
@ after lift-off P2: Get up from the seat without rising to a full standing position (half squat). Use armrest if needed.
2> 5. Half squat WV P1: Stand with the hands on the wall rack. Wear the weighted vest to achieve the required load.
P2: Bend over, flexing the hips and knees; then, before sitting on the chair, return to the initial position.
6. Knee extension AW P1: Sitting upright, wearing a ballasted ankle brace in the exercising leg.
P2: Horizontally extend one leg trying to keep it as straight as possible. Repeat with the other leg.
7. Low row RB P1: Sitting upright with the arms extended in front of you, grasping a stretched RB anchored to the wall rack.
P2: Pull the elbows back behind you. Maintain the elbows close to the ribcage and scapular retraction.
8. Squats WV P1: Sitting upright. Wear the weighted vest to achieve the required load.
P2: Stand up. Once you are up, stand for 2 seconds before sitting down again. Use armrest if needed.

P1= Position 1; P2= Position 2. *= The required load was obtained through overloads such as: WV= Weighted vest; D= Handheld dumbbells; RB= Sports rubber band; AW;
Ankle weights; or through the assistance of the strength and conditioning trainer if body weight exceeded the load. The motivational strategy consisted of reinforcement
techniques, with the strength and conditioning coach emphasizing the improvements, giving positive feedback and commending the older adults for their efforts.
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Abstract: This work aims to validate the Polar H7 heart rate (HR) sensor for heart rate variability
(HRV) analysis at rest and during various exercise intensities in a cohort of male volunteers with
different age, body composition and fitness level. Cluster analysis was carried out to evaluate how
these phenotypic characteristics influenced HR and HRV measurements. For this purpose, sixty-
seven volunteers performed a test consisting of the following consecutive segments: sitting rest, three
submaximal exercise intensities in cycle-ergometer and sitting recovery. The agreement between
HRYV indices derived from Polar H7 and a simultaneous electrocardiogram (ECG) was assessed
using concordance correlation coefficient (CCC). The percentage of subjects not reaching excellent
agreement (CCC > 0.90) was higher for high-frequency power (Pyg) than for low-frequency power
(PLp) of HRV and increased with exercise intensity. A cluster of unfit and not young volunteers
with high trunk fat percentage showed the highest error in HRV indices. This study indicates that
Polar H7 and ECG were interchangeable at rest. During exercise, HR and Ppr showed excellent
agreement between devices. However, during the highest exercise intensity, CCC for Pyr was lower
than 0.90 in as many as 60% of the volunteers. During recovery, HR but not HRV measurements were
accurate. As a conclusion, phenotypic differences between subjects can represent one of the causes
for disagreement between HR sensors and ECG devices, which should be considered specifically
when using Polar H7 and, generally, in the validation of any HR sensor for HRV analysis.

Keywords: electrocardiography; wearable devices; HRV analysis; cluster analysis; exercise test

1. Introduction

Heart rate (HR) variability (HRV) is the oscillation in the intervals between consecutive
heartbeats (RR intervals) [1]. In the last decades, the use of HRV has been popularized,
since it allows assessing cardiac autonomic modulation using simple and non-invasive
techniques. In general, lower HRV has been associated with poorer prognosis in different
clinical conditions, while higher HRV, especially regarding high-frequency oscillations, has
been associated with better health. In particular, reduced HRV has been reported in several
cardiovascular diseases and has been used for risk stratification, confirming its value as a
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predictor of total and cardiac mortality [2—4]. Also, low HRV has been described in a wide
range of non-cardiovascular diseases, including psychiatric disorders such as depression,
anxiety or schizophrenia [5].

Environmental and behavioral factors influence HRV [6]. In psychology, HRV is com-
monly used due to its modulation by mood states, emotions or cognitive capacity [5].
Likewise, HRV is a useful measurement in the sports field since it is sensitive to changes in
fitness, fatigue and performance [7]. Healthy habits like exercise, balanced diet, mindful-
ness or psychological interventions have been shown to increase HRV measures indexing
vagal function [5,6]. Additionally, non-modifiable factors, such as age or sex, also influence
the autonomic regulation of the heart, with HRV having been reported to progressively
decline with age and to present enhanced high-frequency oscillations and attenuated low-
frequency oscillations in females as compared to males [8]. Because of these high inter-
and intra-individual variations in HRYV, it is key to use wearable devices validated for
HRYV analysis that can allow for precise interpretation of cardiac responses to different
autonomic states.

A recent systematic review and meta-analysis showed that HRV measurements de-
rived from portable devices are generally accurate when compared to lab-based electro-
cardiogram (ECG) [9]. Given the low cost of HR monitors it is not surprising that they
are widely used by practitioners and researchers. Particularly, Polar Electro Oy (Kempele,
Finland) is one of the most well-established brands in HR monitoring, with Polar H7/H10
HR sensors having been validated both at rest and during exercise [10-12]. Nevertheless,
previous Polar validation studies have been carried out in small groups of young, lean,
healthy and physically fit volunteers [10-12]. However, the device is commonly used by
individuals with various phenotypic characteristics, regardless of how these may affect the
accuracy of the measurements [13,14]. In the meta-analysis described in [9], the absolute
error of portable devices was found to vary with the evaluated HRV metric, tilt/recovery
position and the percentage of women in the study sample. The characteristics of the
subjects and their influence on the measurements provided by portable devices have not
been analyzed yet.

The ECG records the electrical activity of the heart using electrodes placed on the
surface of the body. Therefore, differences between measurements from HR sensors and
ECG could vary depending on the characteristics of the population under study. To start
with, the age-related myocardial fibrosis present in the cardiac tissue, the amount of
subcutaneous fat or the electrode placement are expected to affect the voltage tracings [15].
Additionally, voltage will be influenced by ventricular size or mass, as observed when
comparing trained athletes with non-athletes [16]. Accordingly, some groups of subjects
such as men, athletes or black/African have been reported to have higher QRS voltage
and, consequently, RR intervals become easier to be detected [16]. On the other hand,
obesity, older age and sedentary lifestyle may cause lower voltage, which may result in
lower accuracy of portable devices. In particular, under such circumstances, some heart
beats can be misdetected and, while this may not considerably affect mean HR, it may
notably hamper HRV assessment. For these reasons and in light of previous studies, we
hypothesized that when the quality of the Polar H7 ECG is compromised by high noise
during intense exercise and/or by specific phenotypic characteristics of the subjects, HRV
measures can be distorted, particularly those related to high-frequency power [17].

The purpose of the present study was to evaluate the validity of HRV analysis derived
from RR intervals recorded by Polar H7 HR sensor at rest and during exercise and recovery
in different phenotype groups based on age, body composition and fitness level.

2. Materials and Methods
2.1. Subjects

A total of sixty-seven males agreed to participate in the study. The sample consisted
of three groups of volunteers: 22 young adults (20-30 years old), 22 middle-aged adults
(40-50 years old) and 23 older adults (60-70 years old). Only subjects within the prede-
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fined age ranges were included in the study. Subjects were excluded from the study if
they were going through an acute disease, were suffering from heart diseases (e.g., heart
failure or atrial fibrillation), were on cardiac medication or presented any clinical condition
contraindicating physical exercise. However, subjects who were overweight, sedentary or
suffering from chronic diseases such as hypertension, diabetes or hypercholesterolemia
were included in the study, because of their high prevalence in the society. Table 1 shows
the descriptive characteristics of the three age groups. The study was approved by the
ethical committee for clinical research of Aragon (ID of the approval: PI17/0409), and was
conducted by adhering to the Declaration of Helsinki. After a clear explanation of the
potential risks of the study, all volunteers provided written informed consent.

Table 1. Descriptive characteristics of the three age groups.

Outcome Young Adults Middle-Aged Adults Older Adults
(n=22) (n=22) (n=23)

Age (years) 25.46 £2.85 43.17 £ 3.32 63.97 £2.79
Height (m) 1.75 £ 0.06 1.77 £ 0.06 1.71 £ 0.05
Weight (kg) 72.01 £11.92 78.19 £ 10.30 76.31 £7.76
BMI (m/kg?) 2343 +2.95 25.02 + 2.83 26.21 + 2.84
Body fat (%) 15.25 £ 5.59 19.69 + 5.65 23.38 £5.17
Trunk fat (%) 16.31 + 6.32 21.29 £ 6.38 25.69 + 6.42
PWCgqe, (W/kg) 2.00 + 0.64 2.01 + 0.58 1.73 +0.65

Values are expressed as mean + standard deviation (SD). BMI = Body mass index; PWCgge, = Physical Work
Capacity at 80% of maximum HR (208 — 0.7 * age in years) in watts/kg bodyweight.

2.2. Procedure

All subjects completed one test session. Prior to the test, they were asked to adhere to
the following instructions [18]: (1) avoid exercise or strenuous physical activity the day
before the test; (2) drink plenty of fluids over the 24-h period preceding the test; (3) get
an adequate amount of sleep (6-8 h) the night before the test; (4) avoid substances such
as tobacco, alcohol or stimulants (caffeine, theine, taurine, etc.) in the 8 h before the test;
(5) avoid food intake for 3 h prior to performing the test; and (6) wear comfortable, loose-
fitting clothing. Subjects’ skin was prepared by using a razor to remove any hair from
the electrode sites, cleaning the skin with alcohol and drying it with a gauze. A 12-lead
high-resolution Holter ECG was acquired, with the 10 electrodes placed as indicated by
the manufacturer (H12+, Mortara Instrument, Milwaukee, W1, USA), ensuring that they
did not interfere with the HR sensor strap (Polar H7, Polar Electro Oy).

The test was conducted in an environmentally controlled room (22-23 °C), between
16:00-20:00, and was divided into 3 consecutive segments: resting (Srgsr), cycling (Scy) and
recovery (Srgc). During Sggst, volunteers were monitored while seated at rest for 5 min,
without any movement or talking. A period of 2-3 min was established to change from
the chair to the cycle-ergometer, namely from Sggst to Scy, during which the subject rode
the electrically braked cycle-ergometer (Ergoselect 200 K, Ergoline; Bitz, Germany) at 50 W
workload and chose a cadence which was maintained during the entire test according to
the workload and cadence displayed in the cycle-ergometer screen. Scy was a submaximal
cycle-ergometer test divided into three stages lasting 5 min each. In order to avoid a
maximal exercise test, the maximum heart rate (HRmax) was estimated for each subject by
using the formula defined by Tanaka et al. HRmax = 208 — 0.7 * age (years) [19]. Workload
was adjusted during each stage to 60, 70 and 80% of HRmax, with these stages denoted
as Scyeo, Scyzo and Scys, respectively. Finally, during Sggc, volunteers remained seated
again for 5 min without any movement or talking. Figure 1 shows an example of the
temporal evolution of RR intervals from a subject throughout the entire test.
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cycling stage [22]. Cardiorespiratory fitness was assessed using the approach of “Physical
Work Capacity” (PWC). PWC in watts was measured during Scygy of the submaximal
cycle-ergometer test and was subsequently divided by the subject’s body weight (PWCgge,
in W/kg). Alternatively to the use of fixed HR thresholds, this method incorporates the
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age-dependent decline of HRmax [23,24] and has been previously used as an objective
assessment of cardiorespiratory fitness [25,26].

2.4. Data Analysis and Processing

Raw RR interval time series, RRp (i), recorded by PolarH7 were downloaded from the
“Polar Flow” web platform. RR interval time series from the ECG, RRg, (i), were extracted
using a multi-lead approach by a wavelet-based detector [27] with optimized parameters
for noisy environments as described in [28]. Each beat detection was manually verified by
an operator with a dedicated interface.

The delay between the RR interval series RRp (i) and RRg, (i) was estimated as the time
lag maximizing their cross-correlation over the first 3 min of the test when the subject is
relaxed. Then, both series were synchronized by compensating for this delay. Since the two
RR interval series can have different lengths, due to, e.g., wrong or missed beat detections
in the Polar data, an algorithm was developed to match the RR intervals from both series,
thus allowing characterization of the agreement between the paired series RRp (ip) and
RRg (ip), where ip refers to the indices of beats that are matched in the two series.

2.5. Heart Rate Variability

HRYV indices were obtained by algorithms specifically developed and previously
published by our research group using MATLAB version R2017a (MATLAB, MathWorks
Inc., Natick, MA, USA) [17,27-30].

2.5.1. Temporal Domain

The following temporal HRV indices were studied [1]: mean HR (MHR), standard
deviation of normal-to-normal RR intervals (SDNN) and root mean square of successive
differences of adjacent normal-to-normal RR intervals (RMSSD). MHR was obtained as the
inverse of the mean of the RR intervals. SDNN is considered a measure of the total power
of HRV and was calculated from the standard deviation of the NN intervals, i.e., normal
RR intervals after correcting for ectopic beats [29]. RMSSD is a measure of short-term
variability and was computed by the root mean square of successive differences between
adjacent NN intervals. These indices were obtained from RRp (i) and RRg (i) in each
segment of the test.

2.5.2. Frequency Domain

The instantaneous HR signal, dyg (1), was derived from both RRp (i) and RRg (i) and
sampled at 4 Hz. The integral pulse frequency modulation (IPFM) model was used while
dealing with the presence of ectopic beats [29]. This signal was high-pass-filtered (0.03 Hz)
to remove the very low-frequency components, dppr(7), and it was also corrected by it:
m(n) = (dur(n) — dmur(n))/dmur(n) [30].

The smoothed pseudo Wigner—Ville distribution (SPWVD) was applied to m(n) to
estimate its time-varying spectrum. Time and frequency smoothing windows were chosen
as described in [17]. The instantaneous power in the low-frequency band, P (n), was
extracted integrating the SPWVD from 0.04 to 0.15 Hz for each time instant. The instanta-
neous power in the high-frequency band, Pyr (n), was computed in a band centered on
the respiratory frequency with a bandwidth of 0.25 Hz. Figure 2 shows an example of
dyr(n), Prr (n) and Pyr (n) obtained from RRg. In some analyses, mean Pry and Pyp were
calculated from Py (n) and Pyr (n) for each segment of the test.
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Figure 2. Example of dyr (1), PLp (n) and Pyp (n) obtained from RRg, for one subject: Resting segment
(left) and cycling segment (right). Note that the axes have different scales. dyg (1) = instantaneous
HR signal; Pr g (n) = Instantaneous low-frequency power; Pyr (n) = Instantaneous high-frequency
power; RRg = RR intervals series from the ECG.

2.6. Statistical Analysis

The normality of data was checked with the Kolmogorov-Smirnov test. Since the
data distribution violated the assumption of normality of the parametric tests, and such a
condition was not achieved by commonly employed transformations, a non-parametric
analysis was performed. Descriptive values are presented as mean + standard deviation
(SD) and HRV values are reported as median and interquartile range. Statistical analyses
were performed using IBM SPSS (version 25; Chicago, IL, USA). The significance level was
setatp < 0.05.

Wilcoxon test for paired samples, the non-parametric equivalent of the paired samples
t-test, was used to determine differences between the temporal domain HRV data obtained
from PolarH7 and from ECG. The magnitude of the differences was calculated by deter-
mining the effect size (ES): ES = Z/+/n where Z represents the Z-score for the Wilcoxon
statistic and 7 is the total number of observations [31]. Differences were considered small
when ES < 0.2, small to medium when ES = 0.2-0.5, medium to large when ES= 0.5-0.8 and
large when ES > 0.8 [32].

Lin’s concordance correlation coefficient (CCC) was used to study the agreement
between the following PolarH7-derived and ECG-derived signals: RR (ip), Pur (n) and
Prr (n). CCC determines how much the observed data deviate from the perfect concor-
dance line at 45° on a square axis scatter plot [33]. CCC was evaluated in each segment
(SresT, Scyso, Scy70, Scyso and Srec). A CCC value greater than 0.90 was considered “ex-
cellent” [34] and the percentage of subjects with CCC values below this threshold was
reported for each segment.

Cluster analysis was performed to identify groups of subjects with similar character-
istics in terms of the following three variables of interest: age, body composition (trunk
fat percentage) and fitness level (PWCgq,). Trunk fat percentage was selected among all
body composition variables, since it is the most specific to the electrode placement area.
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Following the methodology described in previous studies [35,36], two types of cluster anal-
yses were combined: hierarchical clustering (Ward’s method) and k-means clustering. First,
individual and multivariate outliers (according to Mahalanobis distance) were detected to
reduce the sensitivity of the Ward’s method to outliers. Second, hierarchical cluster analysis
was used, as the number of clusters in the data were unknown beforehand. Examination of
dendrograms showed that a four-cluster solution produced good differentiation between
groups. Finally, k-means cluster was performed with four possible solutions. Compared
to hierarchical methods, k-means cluster analysis is considered less sensitive to outliers
and has been found to result in greater within-cluster homogeneity and between-cluster
heterogeneity [35].

To assess differences in the percentage of error for each HRV index between the
four cluster groups, a Kruskal-Wallis test (non-parametric equivalent of one-way analysis
of variance, ANOVA) with Bonferroni correction was performed. The Dunn-Bonferroni
post hoc method was used for pairwise comparisons. The relative error in HRV indices
was calculated as the absolute error of the PolarH7 with respect to the ECG measurement
divided by the reference ECG measurement, e.g., (SDNNgcg — SDNNpy0r17)/ SDNNEcG,
which was then multiplied by 100 to obtain the percentage of error (%Error). In the case
of the frequency HRV variables, %Error was calculated from the mean value for each
segment of the test. To evaluate the magnitude of the differences, ES was calculated as:
ES = H/((n*> —1)/(n+1)), where H stands for the Kruskal-Wallis test statistic and n is
the total number of observations [31].

3. Results

Table 2 shows the descriptive characteristics of the 4 cluster groups, which were
described as CLUSTER A (High PWCge,), CLUSTER B (Low PWCgg9, and low age),
CLUSTER C (Low PWCgqe,, high age and medium trunk fat percentage) and CLUSTER D
(Low PWCgge,, high age and high trunk fat percentage).

Table 2. Descriptive characteristics of the four cluster groups.

Outcome CLUSTER A CLUSTER B CLUSTER C CLUSTER D Main Effect
(n=19) (n=13) (n=18) n=17) r Effect Size

Age (years) 3899 +1331BP  24354+220ACP 5261410208 5747 +£12234B  <0.001* 0.586
Height (m) 1.77 £ 0.05 P 1.72 + 0.06 1.74 4 0.06 1.72 £ 0.07 & 0.020 0.149
Weight (kg) 72.65 + 9.13 69.18 +12.27DP 76.32 +£7.13 82.72 +8.78 B 0.007 0.182
BMI (m/kg?) 23.00 £2.24D 2323 +£2.77P 25.17 £ 1.40 28.04 +£2.79 AB <0.001 * 0.430
Body fat (%) 14.09 + 4.11 &P 15.45 + 4.54 P 2040 + 23640 2767 £242ABC <0001 * 0.743
Trunk fat (%) 14.76 4+ 5.11 &P 16.64 +5.03 D 2219428640 3069 £2.124BC  <0.001 * 0.725
PWCgqq, (W/kg) 2.73 £ 0.39 BCD 1.61 +£0.37 4 1.79 + 0.28 AD 1.35 + 0.22 A€ <0.001 * 0.704

Values are expressed as mean + standard deviation (SD). BMI = Body mass index; PWCgy, = Physical Work Capacity at 80% of HRmax
(208 — 0.7 * age in years) in watts/kg bodyweight. Clusters were based on: age, body composition (trunk fat percentage) and fitness
level (PWCgps, ). * = Significant differences between clusters (p < 0.05, Kruskal-Wallis test). # = Different to CLUSTER A; B = Different to
CLUSTER B; € = Different to CLUSTER C; P = Different to CLUSTER D.

Table 3 shows the values of HRV indices obtained from PolarH7 and ECG. Mean
Prr and Pyr were calculated from Prp (n) and Py (n) for each segment (differently from
Table 4, where the instantaneous series were used). Wilcoxon test for paired samples
revealed that Py and temporal domain HRV indices (MHR, SDNN and RMSSD) were
lower at all cycling stages (Scyso, Scy7o and Scysp) when measured by PolarH7, with Py
being lower at the highest intensity (Scygp) when measured by PolarH7. The magnitude of
all these differences was small to medium, i.e., 0.2-0.5 according to the effect sizes.
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Table 3. HRV indices obtained from PolarH7 and ECG data (1 = 67).

PolarH7 ECG p ES

Pr (e 9.78 (3.88 to 24.74) 9.76 (3.85 to 24.78) 0.074 0.155

Pur (e74) 5.77 (2.30 to 10.91) 5.74 (2.22 t0 10.84) 0.067 0.159

SrEst MHR (bpm) 62.55 (53.25 to 71.95) 62.84 (53.36 to 72.00) <0.001 * 0.378
SDNN (ms) 60.27 (40.50 to 75.22) 60.28 (40.33 to 75.26) 0.570 0.049

RMSSD (ms) 39.48 (22.48 to 60.04) 39.26 (22.39 to 60.66) 0.336 0.083

Prr (e%) 1.17 (0.62 to 2.01) 1.17 (0.65 to 2.23) 0.112 0.137

Pur (e74) 0.51 (0.26 to 1.29) 0.86 (0.44 to 2.07) <0.001 * 0.419

Scyso MHR (bpm) 106.00 (100.45 to 112.91) 106.66 (100.75 to 113.17) <0.001 * 0.433
SDNN (ms) 15.94 (12.06 to 20.77) 16.21 (12.85 to 20.32) 0.010* 0.222

RMSSD (ms) 6.48 (4.34 to 8.51) 8.38 (5.67 to 10.65) <0.001 * 0.482

Prr (e 0.45 (0.21 to 0.87) 0.46 (0.22 to 0.88) 0.851 0.016

Pur (e74) 0.30 (0.15 to 0.55) 0.41 (0.24 to 0.75) <0.001 * 0.377

Scyno MHR (bpm) 124.24 (115.77 to 130.89) 124.32 (115.76 to 130.92) <0.001 * 0.482
SDNN (ms) 10.22 (8.19 to 12.93) 10.48 (8.40 to 13.10) 0.001 * 0.280

RMSSD (ms) 3.74 (2.96 to 4.91) 4.37 (3.64 to 6.68) <0.001 * 0.443

Prr (e 0.13 (0.09 to 0.23) 0.18 (0.10 to 0.26) <0.001 * 0.364

Pur (e74) 0.23 (0.14 to 0.36) 0.37 (0.25 to 0.66) <0.001 * 0.362

Scyso MHR (bpm) 141.01 (130.62 to 148.81) 141.09 (130.69 to 149.05) <0.001 * 0.451
SDNN (ms) 8.11 (6.20 t0 9.92) 8.10 (6.34 to 10.65) <0.001 * 0.378

RMSSD (ms) 2.90 (2.32 to 3.90) 3.75 (3.16 to 5.52) <0.001 * 0.405

Prr (e7%) 4.75 (1.83 to 10.25) 4.59 (1.88 t0 9.97) 0.881 0.015

Pyr (e74) 2.06 (0.65 to 4.71) 2.12(0.82 to 4.70) 0.308 0.102

Srec MHR (bpm) 99.76 (90.76 to 112.15) 98.39 (90.12 to 111.35) 0.002 * 0.268
SDNN (ms) 33.11 (23.27 to 58.30) 33.67 (23.04 to 57.40) 0.094 0.147

RMSSD (ms) 12.87 (7.65 to 23.78) 12.90 (7.99 to 23.32) 0.603 0.046

Values are expressed as median and interquartile range. Segments are based on the test phases: resting (Sgest), cycling (Scy) and recovery
(SreC)- Scy was divided in three stages at 60, 70 and 80% of HRmax, denoted as Scyso, Scyzo and Scyso, respectively. Prr = low-frequency
power; Pyp = high-frequency power; MHR = mean HR; SDNN = SD of the NN intervals; RMSSD = root mean square of successive
differences between NN intervals. ES = Effect size. * = Significant differences between devices (p < 0.05, Wilcoxon test for paired samples).

Table 4. Agreement between devices in: RR (ip), PLF (n) and PHF (n). CCC mean and percentage of subjects not reaching

excellent agreement for each segment.

SREST Scyeo Scyzo Scyso SreC
Whole sample RR (ip) 0.9929 (10/0) 0.9560 (60/0) 0.9467 (15:)/0) 0.9319 (160/0) 0.9612 (140/0)
= 67) Pir (n) 0.9885 (1%) 0.9713 (4%) 0.9677 (9%) 0.9106 (19%) 0.8251 (30%)
Pyr (n) 0.9813 (3%) 0.9494 (13%) 0.8858 (27%) 0.6661 (60%) 0.5262 (75%)
CLUSTER A RR (ip) 0.9970 (0%) 0.9844 (0%) 0.9472 (21%) 0.9243 (21%) 0.9778 (6%)
1 219) Pir (n) 0.9999 (0%) 0.9990 (0%) 0.9911 (5%) 0.9169 (16%) 0.7440 (47%)
= Py (n) 0.9982 (0%) 0.9645 (16%) 0.9316 (11%) 0.7970 (37%) 0.4859 (88%)
CLUSTER B RR (ip) 0.9828 (8%) 0.8996 (15%) 0.8690 (23%) 0.9258 (23%) 0.9473 (15%)
P PLr (n) 0.9423 (8%) 0.8544 (23%) 0.9757 (8%) 0.8601 (15%) 0.8838 (15%)
= Pyr (n) 0.9284 (8%) 0.8710 (23%) 0.9112 (23%) 0.7455 (62%) 0.7402 (54%)
CLUSTER C RR (ip) 0.9943 (0%) 0.9363 (11%) 0.9665 (11%) 0.9035 (22%) 0.9615 (12%)
= 15) Pir (n) 0.9990 (0%) 0.9998 (0%) 0.9792 (6%) 0.9164 (28%) 0.7791 (31%)
- Pyr (n) 0.9909 (6%) 0.9670 (6%) 0.8906 (28%) 0.5914 (67%) 0.3843 (88%)
CLUSTER D RR (ip) 0.9945 (0%) 0.9884 (0%) 0.9844 (0%) 0.9751 (0%) 0.9541 (24%)
= 17) PLr (n) 0.9999 (0%) 0.9996 (0%) 0.9233 (18%) 0.9361 (18%) 0.9045 (24%)
= Py (n) 0.9929 (0%) 0.9739 (12%) 0.8100 (47%) 0.5381 (76%) 0.5366 (65%)

Values are expressed as CCC mean and (percentage of subjects under 0.9 threshold). Segments are based on the test phases: resting
(SrEst), cycling (Scy) and recovery (Srgc). Scy was divided in three stages at 60, 70 and 80% of HRmaXx, denoted as Scygo, Scy7o and Scyso
respectively. The characteristics of each cluster were the following: CLUSTER A = high fitness; CLUSTER B = low fitness and low age;
CLUSTER C = low fitness, high age and medium trunk fat percentage; CLUSTER D = low fitness, high age and high trunk fat percentage.
RR (ip) = paired RR interval series; Prr (n) = instantaneous low-frequency power; Pyr (n) = instantaneous high-frequency power.

Table 4 shows CCC values for RR (ip), PLr (n) and Pyr (n) and outlines the percentage
of subjects not reaching excellent agreement (CCC > 0.90) for each segment of the test. The
number of subjects not reaching excellent agreement was clearly higher for Pir (n) than for
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PLr (n) (x%(degrees of freedom); x?(1) = 45.52; p < 0.001), it increased with exercise intensity
(x*(2) = 38.47; p < 0.001) and was lower during exercise than during Srgc (x*(1) = 42.31;
p <0.001). When performing the analysis separately for each identified cluster, CLUSTER
A obtained the highest CCC values, with CLUSTER D being the group with less subjects
showing optimal agreement between devices in Pyr (n). Due to the presence of noise in
the RRp (i) series during Sggc, the instantaneous power could not be properly extracted in
4 volunteers and the final sample for Sgpc was N = 63.

Table 5 shows %Error for each HRV index. Kruskal-Wallis test demonstrated signif-
icant differences between clusters in Pyr at Srgst and during exercise (Scy7o and Scysgo).
With regards to temporal domain HRV indices, SDNN showed significant differences
between groups at Sggst and during exercise (Scysg and Scysg) and RMSSD showed signif-
icant differences at the highest intensities (Scy7g and Scygp). Both for Py and for temporal
domain HRV indices, CLUSTER D was the group with the highest %Error. The magnitude
of all these differences was small, i.e., <0.2 according to the effect sizes.

Table 5. Percentage of error (%) for each HRV index and comparison between clusters.

CLUSTER A CLUSTER B CLUSTER C CLUSTER D Main Effect

(n=19) (n=13) (n=18) n=17) p Effect Size
Pr 0.0 (—0.2 t0 0.3) 0.2 (—0.3t0 0.6) 0.1(—0.2t00.2) 0.3 (—0.1t0 0.4) 0.534 0.034
S Pur —0.5(—2.3t00.2) —0.2(—0.7 to 0.4) —0.5 (—1.4 to 0.4) 0.5 (—0.3 to 2.0) 0.049 * 0.121
REST SDNN 0.0 (—0.2t0 0.5) B —0.1 (—0.8 to 0.0) AP 0.0 (0.2 t0 0.2) 0.1(0.0t00.2) B 0.021 * 0.147
RMSSD —0.2 (—1.0t0 0.3) —0.1(—23t00.4) —0.1(—1.3t0 0.4) 0.2 (—0.2t0 2.3) 0.150 0.081
Pir 0.8 (—0.7 to 18.7) 0.0 (—0.8t0 1.3) 0.4 (—4.0 to 3.0) 0.8 (—0.5 to 4.4) 0.444 0.041
S Pur 25.7 (10.3 to 48.3) 2.1(—125t017.7) 21.7 (—24to44.6)  27.0(10.9 to 65.6) 0.164 0.077
CY60 SDNN 0.1(—25t009)D —02(-12to0 1.4) 1.2 (—0.1t0 4.2) 22(1.1t085)A 0.018 * 0.153
RMSSD 144 (4.6 to 32.4) 1.8 (—3.2 to 14.6) 21.7 (4.2 t0 29.8) 15.8 (7.9 to 44.1) 0.266 0.060
Pr 1.6 (—0.5t0 7.5) —0.2 (—2.8t00.9) —04 (—1.7t0 2.1) —0.6 (—7.8t0 2.8) 0.125 0.087
S Pyr 92(—6.2t050.8)  —0.9(—42.6t025.6) P 253 (175t057.2)B  51.8(145t071.7) B 0.007 * 0.186
CY70 SDNN 0.6 (—0.5 t0 2.8) 0.2 (=14 to 1.6) 1.5 (=12 to 7.0) 2.3(0.3 to 8.0) 0.104 0.093
RMSSD 15.4 (—2.0 t0 29.5) 0.6 (—27.9 t0 19.3) D 15.6 (142t036.5)  27.1 (14.2 to 56.0) B 0.010* 0.172
Pr 1.5 (—2.6 to 32.0) 2.8 (—1.0t0 3.6) 2.7 (—1.1t012.6) 5.9 (0.3 to 16.1) 0.596 0.029
S Pur 31.6 (—274t087.7) —9.0(—113.1t0564) P  28.0(85t0452) 447 (37.2t077.7)B 0.047 * 0.121
CY80 SDNN 4.0(—0.8t013.7) —04(—29t06.1) 1.1 (0.3 to 4.1) 5.7 (1.6 to 14.3) 0.050 * 0.119
RMSSD 19.2 (—9.9 to 67.0) 8.4 (—43.0t026.1) D 19.0 (47t0327) 329 (22.1t058.2)B 0.028 * 0.137
Pig —0.4 (—33.8100.1) 0.5 (—0.5t0 6.2) 0.2 (—17.6 t0 3.9) 0.2 (—4.9 to 12.7) 0.161 0.105
5 Pur 1.6 (—8.2t05.8) 1.6 (0.1t0 5.9) —12(-83t010.1)  9.3(—02t037.2) 0.053 0.157
REC SDNN —0.1(—0.9t00.1) 0.1 (~1.5t00.3) —0.1(—1.0t0 0.4) 0.0 (—1.8t00.7) 0.933 0.007
RMSSD —0.9 (—2.3 t0 2.0) 0.1 (—9.8t03.0) 1.5 (—~14t05.5) 2.2 (=29 to 11.5) 0.226 0.068

Percentage error (%) values are expressed as median and interquartile range. The characteristics of each cluster were the following:
CLUSTER A = high fitness; CLUSTER B = low fitness and low age; CLUSTER C = low fitness, high age and medium trunk fat percentage;
CLUSTER D = low fitness, high age and high trunk fat percentage. Segments are based on the test phases: resting (Srgst), cycling
(Scy) and recovery (Srgc). Scy was divided in three stages at 60, 70 and 80% of HRmax, denoted as Scyeo, Scy7o and Scysp respectively.
P = low-frequency power; Py = high-frequency power; SDNN= SD of the RR intervals; RMSSD = root mean square of successive
differences between NN intervals. * = Significant differences between clusters (p < 0.05, Kruskal-Wallis test). * = Different to CLUSTER A;
B = Different to CLUSTER B; € = Different to CLUSTER C; P = Different to CLUSTER D.

4. Discussion

In this study, HRV analysis from RR intervals provided by PolarH7 at rest and during
various exercise intensities has been validated against the same analysis from a simulta-
neous ECG recording. Wilcoxon test showed a large number of significant differences
between devices in HRV indices during exercise. However, the effect size was small to
medium and of little practical relevance in the case of MHR. When observing RR (ip),
Prr (n) and Pyr (n) signals, the percentage of subjects not reaching excellent agreement
between devices (CCC > 0.90) increased with exercise intensity and was higher for Py (n)
than for P (n). Cluster analysis revealed that phenotypic characteristics like age, body
composition and fitness level influenced HRV measurements as well as the differences
between PolarH7 and ECG. In particular, CLUSTER D, composed of subjects with low
fitness level, high age and high trunk fat percentage, was the group with the lowest number
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of subjects obtaining excellent agreement between devices for Pyr (n) and with the highest
%Error for time- and frequency-domain HRV indices.

The large number of significant differences in the temporal domain HRV indices
(MHR, SDNN and RMSSD) between PolarH7 and ECG at all cycling stages could be due to
a small but consistent difference between devices. Specifically, PolarH7 values were usually
slightly lower than those measured by the ECG, which is supported by the obtained small
to medium effect sizes. In the case of MHR, the values measured by the two devices for
individual subjects were the same up to the 2nd-3rd decimal figure. Even if significant,
such differences between devices may not be meaningful in practice, as differences of less
than one beat per minute are below what has been reported as the smallest worthwhile
change in previous studies [37].

Regarding analysis of the full paired series of RR intervals, excellent agreement
between devices was found at rest, in accordance with previous validation studies of
PolarH7 /H10 HR sensors [10,12]. Also, our results confirmed that the agreement between
devices decreased with the intensity of exercise, as previously reported [11,12]. Despite
this reduction, Gilgen-Ammann et al. proposed Polar H10 as the gold standard for RR
interval assessment during intense activities for HR and HRV evaluation [12]. It should be
noted, however, that a reduced set of ten healthy, lean and physically fit volunteers was
considered in [12], whereas here we investigated a larger set of volunteers with a broader
range of ages, body compositions and fitness levels. This may explain why we found a
more noticeable reduction in the agreement between devices during exercise.

Frequency-domain HRV indices, including Prr and Pyp, were not usually inves-
tigated in previous studies validating PolarH7/H10 HR sensors. Nevertheless, these
frequency-domain signals were evaluated in the previous Polar RS800 model, reporting
that differences between devices increased with exercise intensity and were higher for Py
than for Py g [17]. In the present study, PLr showed excellent agreement at rest and during
the whole exercise test, meaning that PolarH7 can follow HR oscillations up to 0.15 Hz. Still,
the percentage of subjects reaching excellent agreement for Py at the highest intensities
(81% with CCC > 0.9 at 80% of HRmax) was lower than in [17] (96% with Pearson correla-
tion coefficient > 0.8 at 80-100% of VO,max), possibly due to the greater heterogeneity of
the present population sample. In the case of Py, we found that PolarH7 and ECG showed
disagreement at the highest intensities, in accordance with results reported for Polar RS800,
possibly due to a multifactorial etiology, including the higher respiratory frequency and
higher noise level during exercise, the processing performed by Polar when a beat cannot
be detected and the effect of the body characteristics of the subjects [17]. Since both Py,
reflecting vagal modulation of cardiac activity, and its highly correlated time-domain HRV
measures, such as RMSSD [38], are commonly used to monitor the autonomic status before,
during and after exercise [39], a note of caution on the interpretation of results obtained
from PolarH7 is suggested, especially at exercise intensities greater than 70% of HRmax.

Our results from clustering analysis confirmed the hypothesis that the phenotypic
characteristics of the subjects are one of the causes for the observed differences between
PolarH7 and ECG devices [17]. As initially postulated, CLUSTER D, containing subjects
with low fitness, high age and high trunk fat percentage, was the one showing the highest
%Error for HRV indices, reaching 50% error in Pyp and 30% error in RMSSD for intensities
greater than 70% of HRmax. Nevertheless, even in CLUSTER D, some subjects presented
excellent agreement between devices, confirming that the characteristics of the subjects are
not the only cause of disagreement. Future studies should clarify other possible reasons
underlying the observed differences between devices.

The recovery from exercise was the time period when the lowest CCC values were
measured, especially for Prr and Pyr signals. To our knowledge, this is the first time
that PolarH7 validity has been analyzed during sitting recovery. The lack of agreement
between devices could be due to the noisy signal recorded by PolarH7 in some volunteers,
as illustrated in Figure 3. Consequently, despite the correction algorithms, 10% of Py
signals and 27% of Py signals presented very low agreement (CCC < 0.1). Based on these
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results, assessment of HRV, particularly Py p and Pyp, during the recovery period may not
be reliable if PolarH7 is used. This is in line with Schneider et al., who recommended
evaluation of HR recovery rather than evaluating post-exercise HRV [7].
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Figure 3. Example of RR intervals recorded by both devices during the recovery segment for one
subject. (a) RRg = RR intervals series recorded by ECG; (b) RRp = RR intervals series recorded
by PolarH?7.

Strengths and Limitations

The present study has several main strengths. One of them is the phenotypic variety of
the 67 volunteers. HR sensor validation studies are often carried out in groups of 20, or even
fewer, young, lean, healthy and physically fit volunteers [10-12], and in these conditions
it may be easier to detect RR intervals. Therefore, our larger sample of 20- to 70-year-old
subjects with varied physical conditions is much more heterogeneous and representative of
HR sensor users. Secondly, our assessment of PolarH7 validity as a function of phenotypic
characteristics, including age, is particularly relevant considering that the older population
is growing all around the world and more so in Europe [40], with advanced age being
associated with changes in body composition and reduced cardiorespiratory fitness [41,42].
Taking into account these associations, cluster analysis was used to evaluate how the
concurrence of these characteristics in the volunteers could affect HRV measurements
obtained from PolarH?. In third place, cardiorespiratory fitness and the excess of body fat
are strong predictors of mortality and risk of cardiovascular disease, being age the main
risk factor for multimorbidity [40,42]. Accordingly, it is of special interest to evaluate the
validity of these devices in subjects with these phenotypic characteristics. As discussed in
the introduction of the study, the applications of HRV in the evaluation and management
of a wide range of diseases are growing. The use of these inexpensive and simple to use
devices could be a very useful tool for E-health in primary care. HRV measures that can be
reliably assessed by HR sensors like PolarH7 need to be established so that interpretations
can be safely made. Last but not least, all our body measurements and signal recordings
were performed in the laboratory, under homogeneous conditions, enabling the control of
confounding factors and the reproducibility of the study.

On the other hand, some limitations need to be acknowledged. According to the meta-
analysis by Dobbs et al., the degree of absolute error between portable devices and ECG
measurements was larger among studies involving a greater number of female subjects [9].
Here, only men were studied so that sex was not a confounding variable. Further research
over other populations including not only women but also black/African would allow
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confirming the results obtained by this study in wider populations. Another potential
limitation is that PolarH7 has been superseded by the Polar H10 band. Even so, millions
of users still wear a PolarH7 band and the performance of both bands seems to be similar
during stationary exercise [43]. Future studies could extend the research here presented to
the analysis of other HR sensors.

5. Conclusions

Three major findings have emerged from the present study. First, assessment of HR
and HRV in a relatively large and heterogeneous sample has confirmed that PolarH7 can
accurately measure mean HR and low-frequency oscillations (up to 0.15 Hz) of HR at
rest and during exercise. However, disagreement between PolarH7 and ECG exists when
evaluating high-frequency HR oscillations during moderate-to-high intensity exercise.
Second, the validity of PolarH7 measurements during sitting recovery has been studied
for the first time. The results of the present research support the notion that PolarH?7 is
appropriate to study HR recovery rather than post-exercise HRV. Third, clustering analysis
shows that the agreement between PolarH7 and ECG devices varies depending on the
characteristics of the subjects regarding age, body composition and fitness level. Our results
point to the need of ensuring phenotypic variety in any validation studies of HR sensors.
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Centenarians are the paradigm of human extreme longevity and healthy aging, because
they have postponed, if not avoided, mayor age-related diseases. The purpose of this
study was to investigate potential differences in resting heart rate variability (HRV) between
young adults, octogenarians, and centenarians and assess whether HRV variables are
predictors of all-cause mortality in centenarians. To this end, three groups of participants:
young adults (N = 20; 20.6 + 2.3 years), octogenarians (N = 18; 84.1 + 2.6 years), and
centenarians (N =17; 101.9 + 1.9 years) were monitored for 15 min at rest (seated, without
moving or talking) to measure RR intervals, from which HRV was evaluated. Our results
showed a clear decrease with age in the main parasympathetic HRV variables, as well
as in the standard deviation (SD) of the RR series [SD of normal-to-normal interval (SDNN)]
and in low frequency (LF) heart rate (HR) oscillations, although differences between
octogenarians and centenarians did not reach statistical significance. In 14 centenarians
followed until death, only SDNN showed significant correlation (p = 0.536; p = 0.048) with
survival prognosis. Additionally, SDNN <19 ms was associated with early mortality (<1 year)
in centenarians (Hazard Ratio = 5.72). In conclusion, HRV indices reflecting parasympathetic
outflow as well as SDNN and LF all present an age-related reduction, which could
be representative of a natural exhaustion of allostatic systems related to age. Moreover,
low SDNN values (<19 ms) could be associated with early mortality in centenarians. HRV
seems to play a role in exceptional longevity, which could be accounted for by centenarians’
exposome.

Keywords: electrocardiography, autonomic nervous system, parasympathetic nervous system, heart rate,
heart rate variability, mortality, centenarians, aging
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INTRODUCTION

Heart rate variability (HRV) is defined as “the oscillation in
the interval between consecutive heart beats” (Malik et al., 1996).
HRV is the result of the interaction of multiple regulatory
mechanisms that operate at different time scales, including
long-term mechanisms like circadian rhythms, core body
temperature, or metabolism and short-term mechanisms involving
the autonomic, cardiovascular, and respiratory systems (Shaffer
and Venner, 2013). Short-term spectral analysis of HRV usually
reveals at least two frequency components, a low frequency
(LF) component (0.04-0.15 Hz) and a high frequency (HF)
component (>0.15 Hz; Malik et al., 1996). These components
have been widely used to measure sympathetic and
parasympathetic nervous systems, although their underlying
physiological mechanisms are still unclear and a matter of
debate (Billman, 2013).

In the last decades, several studies have reported that HRV
decreases with age, suggesting an age-dependent decline in
autonomic nervous system (ANS) activity in geriatric patients
(Craft and Schwartz, 1995; Piccirillo et al,, 1995). The majority
of these studies have been mainly performed in older adults up
to 80-85 years old, whereas older adults over age 85 have not
received much attention. Centenarians represent the survival tail
of the population (with a lifespan at least 15-20 years longer
than the average westerner) and a model of healthy aging
(Christensen et al., 2008). Indeed, centenarians escaped the diseases
of the pre-antibiotic era and have postponed/avoided aging-related
diseases as well as their fatal consequences (Salvioli et al., 2008).

The study of centenarians constitutes a fascinating research
into the characteristics that allow individuals to attain an
exceptionally long lifespan. Few works have studied HRV in
centenarians. Piccirillo et al. (1998) and Paolisso et al. (1999)
found that centenarians present higher power in HF heart
rate (HR) oscillations and lower power in LF than old adults
(75-100 years old in Paolisso et al. and 81-100 years old in
Piccirillo et al), suggesting age-related increase in
parasympathetic activity and reduction in sympathetic activity.
These results are in line with those obtained by Zulfiqar (2010)
who enrolled subjects up to 99 years old and demonstrated
that parasympathetic time-domain HRV measures decrease with
age, reaching a nadir in the 7th-8th decade. From the 8th
decade, these HRV measures are shown to rise, with the authors
proposing this reversal of the decrease in parasympathetic
function as a key determinant of longevity. In contrast, another
study conducted in centenarians linked HRV with mortality
during 4-year follow-up, showing that among all frequency-
domain variables only higher LF/HF ratio was associated with
survival (Shimizu et al., 2002).

Eight out of 10 centenarians are women (Teixeira et al., 2017).
In 2016, Koenig and Thayer (2016) published a meta-analysis
with 63,612 participants (31,970 females), revealing that: although
adult women showed greater mean HR (MHR) than adult
male, the female heart is characterized by a dominance of
vagal activity (greater HF) and lower standard deviation (SD)
of normal-to-normal intervals (SDNN). However, these sex
differences may disappear in older adults (Voss et al., 2015;

Koenig and Thayer, 2016), as a consequence of a variety of
age-related changes such as: endocrine, brain structure, brain
perfusion, or behavioral differences.

Due to the lack of current evidence and the discrepancies
in the reported outcomes, the present study aimed at investigating
potential differences in women’s HRV between young adults,
octogenarians, and centenarians and assess whether HRV
variables can predict all-cause mortality in centenarians followed
up until the time of death.

MATERIALS AND METHODS

Participants

Women aged 18-26 years in the group of young adults,
80-90 years in the group of octogenarians, and >100 years
in the case of centenarians were included in the study. Due
to the low number of centenarians, four men were additionally
included in this group. In total, the young adults, octogenarians,
and centenarians groups contained 20, 18, and 17 subjects,
respectively. Exclusion criteria included the following: subjects
going through an acute disease, suffering from heart diseases
(e.g., heart failure or atrial fibrillation), or being on cardiac
medication. Subjects who had a stroke or were suffering from
chronic diseases such as diabetes, hypertension, chronic
obstructive pulmonary disease, osteoarthritis, dementia,
Parkinson’s, or thyroid diseases were included in the study
because of their high prevalence in the last decades of life.
The study was approved by the Clinical Research Ethics
Committee of the University Hospital of Alcorcén (ID of the
approval: 16/50) and was conducted adhering to the Declaration
of Helsinki. After a clear explanation of the potential risks of
the study, all volunteers (or their legally responsible for older
adults with cognitive problems) provided written informed
consent to participate in the study.

Experimental Design

All the subjects completed one test session. Prior to the test
session, subjects were asked to adhere to the following
instructions: (1) avoid exercise or strenuous physical activity
the day before the test; (2) drink plenty of fluids over the
24 h period preceding the test; (3) get an adequate amount
of sleep (6-8 h) the night before the test; (4) avoid substances
such as tobacco, alcohol, or stimulants (caffeine, theine, taurine,
etc.) in the 8 h before the test; (5) avoid food for 3 h prior
to taking the test; and (6) wear comfortable, loose-fitting
clothing. All the subjects were tested in an environmentally
controlled room (22-23°C) between 9:00 and 13:00 h. They
were monitored for 15 min at rest (seated, without any movement
or talking) to measure RR intervals. RR intervals were recorded
on a beat-to-beat basis by using an HR monitor (RS800, Polar
Electro Oy, Kempele, Finland) with a sampling frequency of
1,000 Hz, thus providing an accuracy of 1 ms for each RR
period. This device has been recently validated, showing to
provide comparable performance with respect to the
electrocardiogram when analyzing HRV at rest (de Rezende
Barbosa et al.,, 2016; Hernando et al., 2016).
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HRV Variables

HRV variables have commonly used to assess sympathetic and
parasympathetic nervous systems. The LF component of HRV
is assumed to provide information on cardiac sympathetic and
parasympathetic neural activity, together with other regulatory
mechanisms and baroreflex (Eckberg, 1997). The HF component,
on the other hand, is assumed to be vagally mediated and driven
by respiration, measuring the so-called respiratory sinus arrhythmia
(RSA; Berntson et al, 1993). Based on these assumptions, the
ratio of LF to HF (LF/HF) has been proposed to quantify the
relationship between sympathetic and parasympathetic activities
(i.e., the sympatho-vagal balance; Malik et al., 1996).

However, although these spectral indices are well-standardized,
their physiological interpretation has been criticized. This especially
applies to the relationship between LF power and cardiac sympathetic
regulation (Eckberg, 1997; Billman, 2013; Reyes del Paso et al., 2013),
with LF power decreasing during situations expected to increase
sympathetic activity, such as exercise or myocardial ischemia, and
lack of correlation between direct recording of sympathetic nerve
activity and LF power in either healthy subjects or patients with
heart failure. The interpretation of HF power has been also
challenged, especially when the respiratory rate does not fall within
the HF band (0.15-0.4 Hz; Laborde et al, 2017). Different
approaches have been proposed to overcome this limitation by
redefining the HF band (Bailon et al., 2007; Varon et al., 2018).
It has also been suggested that sympathetic neural activity may
modulate the HF component (Billman, 2013). Therefore, the
physiological interpretation of the LF/HF ratio is unclear and
likely underestimates the complex interactions between the
sympathetic and parasympathetic regulation of HR (Billman, 2013).

Normalized LF power (LFn) represents the proportional
contribution of sympathetic modulation (Malik et al, 1996), in
the same way and with the same limitations as LF/HF ratio
represents sympatho-vagal balance. A mathematical relationship
exists between LFn and LF/HF ratio: LFn = (1 + (LF/HF) — 1) — 1,
so individual LFn values contain no more information than individual
LF/HF ratio values (Heathers, 2014). However, statistical results
on them might differ due to the volatility of the LF/HF ratio
when HF power approaches zero (Billman, 2013; Heathers, 2014).

Regarding time-domain variables, SDNN reflects all the
cyclic components responsible for HRV (Laborde et al., 2017).
Lastly, the root mean square of successive differences (RMSSD),
the percentage of RR intervals which exceed 50 ms from
the previous one (pNN50), and the SD of successive differences
(SDSD) are correlated with the HF band, so vagal activity
is considered to be in the physiological origin of these
three variables. Of these, RMSSD is normally preferred since
it is less influenced by respiration (Laborde et al.,, 2017).
Despite the former caveats in their interpretation, the study
of HRV indices is an area of great interest as they provide
a low-cost and non-invasive window into ANS regulation
of the heart.

Data Acquisition and Processing

HRV analysis was performed on 3-min running windows taken
every 30 s. In each window, outlier RR intervals were identified
by imposing a limit on the derivative of the instantaneous

HR, which cannot exceed a time-varying threshold based on
the median of its previous values (Mateo and Laguna, 2003).
Only those windows with less than 10 outliers (always below
5% in this study) were considered for further analysis. Two
different HRV representations were used for time and frequency
domain HRV indices estimation.

For time domain indices, the RR series was used, after
correction of identified outlier RR values using the interpolation
proposed in Mateo and Laguna (2003). The following indices
were computed: MHR, RMSSD, pNN50, SDSD, and SDNN
(Malik et al., 1996).

For frequency domain indices, the HRV representation used
is the modulating signal, based on the heart timing signal,
since it was shown to outperform other HRV representations
for frequency domain indices estimation (Mateo and
Laguna, 2000). The modulating signal, assumed to carry
information from the ANS, was estimated from the beat occurrence
time series, derived from the recorded RR intervals, based on
the time-varying integral pulse frequency modulation model
(Bailon et al., 2011). First, the instantaneous HR signal was
estimated, sampled at a sampling frequency Fs = 4 Hz, and
denoted by dyx(n). Subsequently, the time-varying MHR signal,
dyir(n), was estimated by low-pass filtering dyp(n) with a cutoff
frequency of 0.03 Hz. The modulating signal, m(n), was estimated
by normalizing the HRV signal, diupy(n) = dur(n) — dyur(n),
by the time-varying MHR, ie., m(n) = dygy(n)/dyur(n). Note
that the modulating signal m(n) is adimensional. The purpose
of this normalization is to alleviate the effect that changes in
MHR have on HRV (Bailon et al, 2011). Then, the power
spectral density (PSD) of the modulating signal m(n) was
estimated using Welch periodogram with internal window of
2 min and 50% overlap. The power in the following bands
was estimated: (i) LE, from 0.04 to 0.15 Hz; (ii) HE from 0.15
to 0.40 Hz; (iii) extended HF (HFext), from 0.15 to half the
MHR, to avoid misestimation of the HF component when
respiratory rate is above 0.4 Hz (24 breaths per minute; Bailon
et al, 2007). The LFn power was computed by dividing LF
power by the sum of LF and HF powers (LFn), and the extended
LFn was determined by dividing LF by the sum of LF and
HFext (LFn_ext). Finally, the ratio between the LF and HF
powers (LF/HF) and the ratio between LF and HFext powers
(LF/HFext) were calculated.

As HRV analysis was performed on running 3-min windows
taken every 30 s, the mean of each HRV variable in all running
windows with less than 10 outlier RR values was computed
to characterize each subject.

Statistical Analysis

Descriptive values are presented as mean * SD and HRV
values are reported as median and (1st quartile-3rd quartile).
The normality of data was checked with the Shapiro-Wilk
test. Since the data distribution violated the assumption of
normality required by parametric tests and could not
be corrected by common transformations, a non-parametric
analysis was used. To assess differences between the three age
groups, Kruskal-Wallis test (non-parametric equivalent of
one-way ANOVA) with Bonferroni correction was performed.

Frontiers in Physiology | www.frontiersin.org

September 2020 | Volume 11 | Article 566399

-181-


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Hernandez-Vicente et al.

HRV and Exceptional Longevity

The Dunn-Bonferroni post hoc method was used for pairwise
comparisons. A multiple linear regression was performed to
control for potential confounding effects like the body mass index
(BMI). To evaluate the magnitude of the difference, effect size
(ES) was calculated as: ES = chi*/(k — 1), where k = total number
of subjects. The difference was considered as small when ES < 0.2,
small to medium when ES = 0.2-0.5, medium to large when
ES = 0.5-0.8, and large when ES > 0.8 (Cohen, 1992).

A sub-analysis was carried out by following centenarians
until their death and calculating Spearman’s correlation
coefficient (p) between HRV variables and “time to death”
For the HRV variables showing significant correlation to
“time to death,” centenarians were divided into two groups
by setting a cut point that defined a high risk group
containing one third of the centenarian population and a
low risk group containing the remaining two thirds. The
Mann-Whitney U test was used to compare differences
between the statistical distributions of the two groups.
Kaplan-Meier survival analysis was performed and the
log-rank test was used to test survival differences between
the two groups. Additionally, the value of HRV variables
in predicting survival was determined by Cox proportional
hazards analyses. Statistical analyses were performed using
IBM SPSS (version 25; Chicago, IL, United States). The
significance level was set at p < 0.05.

RESULTS

Table 1 shows the descriptive characteristics of the groups.

An illustrative example of the RR interval series for each
group is shown in Figure 1. Results obtained for the HRV
variables in each age group are shown in Table 2. Differences
between groups were only observed when analyzing the
parasympathetic variables: RMSSD, pNN50, HF, HFext, and
SDSD as well as LF and SDNN. All these variables decreased
significantly with age (main effect: p < 0.05) but no statistically
significant differences were found between octogenarians
and centenarians.

We were able to follow up 14 centenarians until death. The
three subjects with incomplete data were females but no
significant differences with the 14 subjects included in the
sub-analysis were found either in the descriptive variables or
in the HRV variables. The only HRV variable that presented
significant correlation with survival prognosis in centenarians
(Table 3) was SDNN (p = 0.536, p = 0.048).

The 14 centenarians were divided according to the SDNN
variable into two groups based on a cut point of 19 ms:
Group 1 presenting low SDNN values (N = 4; 15 + 4 ms,
range: 10-18) and Group 2 presenting high SDNN values
(N = 10; 49 + 25 ms, range: 27-110). The difference between
the statistical distributions of the two groups was statistically
significant. Group 2 was associated with greater survival
(1.6 = 0.9 years, range: 0.3-3.5) than Group 1 (0.6 + 0.3 years,
range: 0.3-1.0) in Kaplan-Meier analysis (Log-rank test = 0.010,
Figure 2). Mortality risk in Group 1 was five times higher
(p = 0.028; Hazard Ratio = 5.72) than in Group 2.

TABLE 1 | Descriptive characteristics of the groups.

Variable Young adults  Octogenarians Centenarians
(N =20) (N =18) (N=17)
Age (years) 20.6 £+2.3 84.1+26 101.9+1.9
(18-26) (80-88) (100-105)
Women (%) 100 100 76.5
BMI (kg/m?) 20.7+1.9 27.0+2.8 23.1+3.4
(17-24) (22-31) (17-28)
Chronic diseases (%) Osteoarthritis 50 59
CVD 44 53
Dementia 11 47
Diabetes 33 18
AHT 61 53
COPD 6 6
Others 61 65
Total number 3.3+1.7(0-5 3.3+1.0(2-6)

"All young adults were healthy.

Scale values are mean + standard deviation (SD) and min-max; BMI, body mass index;
CVD, cardiovascular disease; AHT, arterial hypertension; COPD, chronic obstructive
pulmonary disease.

Young adults
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Time (min)
FIGURE 1 | Example of the RR interval series for one subject from each age
group.

No relation was found between subjects’ age at RR recording
time and time to death (p = 0.477).

DISCUSSION

The present study shows that parasympathetic time-domain
HRV measures as well as SDNN and LF all decrease with
age; moreover, other variables such as LFn or LF/HF ratio
do not indicate differences between age groups. In relation
to survival prognosis, SDNN was the only HRV measure
showing moderate correlation (p = 0.5-0.7) with time to
death in centenarians, with SDNN values below 19 ms being
associated with early mortality (<1 year) in centenarians
(Hazard Ratio = 5.72).
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TABLE 2 | Differences between groups using Kruskal-Wallis non parametric test.

Variable Young adults Octogenarians Centenarians Main effect
(N = 20) (N =18) (N=17)
Median (Q-Q;) Median (Q;-Q;) Median (Q,-Q;) P ES

LF 0.0015 (0.0012-0.0031)™* 0.0004 (0.0001-0.0017) 0.0002 (0.0001-0.0004) <0.001" 0.441
LFn 0.5708 (0.5204-0.6266) 0.6131 (0.4608-0.7031) 0.5366 (0.3867-0.6456) 0.504 0.025
LFn_ext 0.5517 (0.4969-0.5997) 0.5701 (0.4286-0.6202) 0.4426 (0.2840-0.5887) 0.168 0.066
HF 0.0016 (0.0007-0.0032)"* 0.0002 (0.0000-0.0009) 0.0001 (0.0001-0.0003) <0.001" 0.414
HFext 0.0018 (0.0008-0.0035)* 0.0002 (0.0001-0.0010) 0.0002 (0.0001-0.0005) <0.001" 0.367
RMSSD 57.97 (41.83-109.35)™* 24.37 (10.14-67.29) 36.37 (18.71-50.55) 0.005" 0.194
pNN50 24.31 (12.61-41.24)" 2.62 (0.26-22.00) 6.88 (0.85-9.29) <0.001" 0.283
SDSD 58.02 (41.91-109.59)" 24.41 (10.16-67.44) 36.44 (18.74-50.57) 0.005" 0.194
SDNN 68.13 (52.55-130.75) 41.38 (17.41-82.03) 36.77 (21.25-45.90) 0.001" 0.276
LF/HF 1.44 (1.12-1.91) 1.78 (0.91-2.39) 1.36 (0.68-2.19) 0.650 0.016
LF/HFext 1.32 (1.03-1.61) 1.41 (0.80-1.75) 0.85 (0.43-1.60) 0.303 0.044
MHR 72.49 (65.87-79.05) 70.50 (64.44-76.62) 72.61 (62.23-85.50) 0.687 0.014
'p <0.05.

'Different to octogenarian.
*Different to centenarian.

Values are expressed as median and (1st quartile-3rd quartile). LF, low frequency; LFn, normalized LF; LFn_ext, extended LFn; HF, high frequency; HFext, extended HF; RMSSD,
root mean square of successive differences; pNN50, percentage of RR intervals which exceed 50 ms from the previous one; SDSD, SD of successive differences; SDNN, SD of the
RR series; LF/HF, ratio between LF and HF; LF/HFext, ratio between LF and HFext; MHR, mean heart rate; p, p-value for Kruskal-Wallis test; ES, effect size.

TABLE 3 | Survival prognosis in centenarians (N = 14).

LF LFn LFn_ext HF HFext RMSSD pPNN50 SDSD SDNN LF/HF LF/HFext MHR
P 0.423 0.172 0.295 0.190 0.232 0.304 0.247 0.304 0.536 0.214 0.251 -0.082
p 0.131 0.557 0.305 0.516 0.426 0.290 0.395 0.290 0.048" 0.463 0.386 0.782

P < 0.05. LF, low frequency; LFn, normalized LF; LFn_ext, extended LFn; HF, high frequency; HFext, extended HF; RMSSD, root mean square of successive differences; pNN50,
percentage of RR intervals which exceed 50 ms from the previous one; SDSD, SD of successive differences; SDNN, SD of the RR series; LF/HF, ratio between LF and HF; LF/HFext,
ratio between LF and HFext; MHR, mean heart rate; p, Spearman’s correlation coefficient with “time to death”; p, p-value for Pearson’s correlation coefficient.

HRV Measures

When analyzing the main parasympathetic HRV variables
(RMSSD, pNN50, HF, and SDSD; Malik et al.,, 1996; Laborde
et al, 2017), a clear decrease with age is observed in all of
them, with very remarkable differences between young adults
and older adults but without significant differences between
octogenarians and centenarians. This age-related decrease can
be appreciated in the illustrative examples of Figure 1 and
has already been reported by other authors (Umetani et al,
1998; Bonnemeier et al.,, 2003; Abhishekh et al., 2013). Also,
to the best of our knowledge, this is the first time that it has
been described in centenarians. It should be emphasized that
our results differ from those of Paolisso et al., Zulfiqar et al,
and Almeida-Santos et al. since they establish a parasympathetic
nadir at 75-80, 70-79, and 60-69 years, respectively, and our
study indicates that parasympathetic HRV variables continue
to decrease in centenarians (Piccirillo et al., 1998; Zulfiqar
et al., 2010; Almeida-Santos et al., 2016). There are several
possible explanations for our sample of centenarians not showing
a reversal of the decrease in parasympathetic function. First,
erratic rhythms may have a confounding effect on age-related
changes in parasympathetic HRV indices (Nicolini et al., 2012),
which is why our study only analyzes RR segments free of

erratic patterns, allowing the presence of no more than 10
outlier values in each 3-min window of analysis. Second,
although the BMI of the octogenarian sample was significantly
higher, BMI had no effect as a confounding variable (p > 0.05 in
the multiple linear regression). Some studies have found reduced
HRV in underweight and overweight adult women (Triggiani
et al., 2017; Gerardo et al., 2019), but studies in the literature
investigating the oldest old are scarce. The lower BMI in the
centenarian sample could be an indicator of healthy body
composition but also a simple consequence of age-associated
sarcopenia or osteoporosis. On the other hand, previous studies
in centenarians have been very restrictive in the selection of
subjects, including only very healthy and independent subjects
(Piccirillo et al., 1998; Paolisso et al., 1999; Zulfiqar et al,
2010), which may involve a selection bias (Tan et al, 2019).
The parasympathetic decrease in centenarians found in our
study could, thus, be more representative of a natural exhaustion
of allostatic systems related to age.

As already mentioned, the interpretation of the standard
HF band (0.15-0.4 Hz) is compromised when respiratory rate
does not fall within this band (9-24 bpm). Since breathing
was not monitored, power in the extended HF band (0.15-half
MHR) was computed to account for respiratory rates that
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FIGURE 2 | Kaplan-Meier curves depicting association between survival in
centenarians (N = 14) and SDNN groups based on a cut point of 19 ms.

might exceed 24 bpm, as suggested in Bailon et al., 2007. As
it can be seen in Table 2, results of the standard HF band
were parallel to those of the extended HF band, suggesting
that in this database, respiratory rates were in the standard
HF band (0.15-0.40 Hz). Therefore, HF could be considered
as a measure of the vagal tone (Laborde et al., 2017).

SDNN can be considered as an indicator of global autonomic
regulation, although it has been claimed that in short-term
recordings, the primary source of its variations is
parasympathetically-mediated RSA (Shaffer and Ginsberg, 2017).
In agreement with previous studies (Zulfigar et al, 2010;
Almeida-Santos et al., 2016; Sammito and Bockelmann, 2016),
SDNN values decline with age, further reflecting an
age-dependent decline in ANS activity. LF results were in the
same line as the parasympathetic HRV variables and SDNN,
probably because the recording was made while sitting upright
during resting and under these conditions the primary
contributors to HRV have been suggested to be related to
parasympathetic and baroreflex activity rather than to sympathetic
activity (Shaffer and Ginsberg, 2017).

Other HRV variables, LFn and LF/HFE, whose physiological
interpretation is usually controversial, have been additionally
investigated in our study, neither of them showing statistically
significant differences between groups.

HRV and Survival Prognosis in
Centenarians

In recent decades, HRV has been confirmed as a strong,
independent predictor of morbidity and all-cause mortality
(Billman, 2011; Kemp et al., 2017). To investigate HRV variables

that may be associated with survival prognosis in centenarians,
we followed up subjects until death. Only SDNN showed
significant correlation (p = 0.536, p = 0.048) with survival
prognosis in centenarians. The group of centenarians with low
SDNN values presented five times greater mortality risk than
centenarians with high SDNN values. In the framework of
the research topic “Horizon 2030: Innovative Applications of
Heart Rate Variability, we discuss about HRV and exceptional
longevity. However these results should be read with perspective,
as the sample of centenarians followed wuntil death is
heterogeneous in gender, including 4 men and 10 women.

Since Kleiger et al. set the basis for the use of HRV in
post-acute myocardial infarction risk stratification in 1987,
SDNN is considered as a “gold standard” when recorded over
a 24-h period. SDNN values below 50 ms are classified as
unhealthy, 50-100 ms as compromised health, and above 100 ms
as healthy (Kleiger et al., 1987). According to Bilchick et al. (2002),
each 10-ms increase in SDNN confers a 20% decrease in risk
of mortality. SDNN is the only variable presenting significant
correlation with time to death in our cohort of centenarians.
In particular, SDNN <19 ms turns out to be indicative of
early mortality (<1 year). Of note, one subject presented a
value of SDNN of 110 ms and was the one who lived the
longest time (3.5 years) calculated from the time point when
RR was recorded.

It should be noted that there are other RR-derived variables
that have been related to increased mortality risk in the literature.
The fact that they have not been found to be associated with
time to death in our study could be due to the small sample
of our cohort or to the particular characteristics of the studied
centenarians. A classic example is high resting HR (Zhang
et al,, 2015). Additionally, a recent meta-analysis has established
LF/HF ratio and SDNN as two of the variables with greater
potential as predictors of mortality (Sen and McGill, 2018).
Shimizu et al. (2002) have also observed the relevance of LF/
HF ratio in a cohort of 27 centenarians. Finally, LF is one of
the most controversial HRV indices in the literature. Some
studies, such as the Framingham Heart Study, have associated
a 1-SD decrement in LF with 1.70 times greater hazard for
all-cause mortality (Tsuji et al., 1994). On the other hand,
cross-sectional studies in healthy centenarians have reported
that high LF values are associated with increased mortality
risk (Piccirillo et al., 1998; Paolisso et al., 1999).

Centenarians and the “Neurovisceral
Integration Across a Continuum of Time”
Framework

Centenarians are considered to be a model of healthy and
successful aging. It is well known that exceptional longevity
is a partially inheritable phenotype that could be explained
in 20-35% by the genetic load (Rea et al., 2016). Consequently,
it could be that the ANS of the centenarians had a greater
and innate adaptation level, and therefore they will take 20 years
more than the general population to reach a level of depletion
of the allostatic systems related to mortality. On the other
hand, another feasible explanation would be that centenarians
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have healthy behaviors that allow them to experience a less
marked decrease in the function of the ANS. Non-genetic
factors, including diet, physical activity, health habits, and
psychosocial factors contribute approximately 50% of the
variability in human lifespan (Rea et al., 2016).

Recently, Kemp et al. (2017) published a theoretical
framework called “Neurovisceral Integration Across a
Continuum of Time (NIACT)” where they propose that the
function of the vagus nerve, indexed by resting-state HRYV,
plays a regulatory role on a variety of allostatic systems,
therefore contributing to an increase or decrease in the risk
of future morbidity and mortality. NIACT proposes that while
age decreases vagal function, there are many interventions
that may be applied to contend such decreases including
health behavior, meditation, and positive psychological
interventions (Kemp et al., 2017). Health behaviors related
to improvements in HRV are similar to those that characterize
the lifestyle of centenarians in different populations: regular
physical activity, dietary habits, no drinking, and no smoking
(Ozaki et al., 2007; Kim et al., 2012; Wu et al., 2017). But
psychological moments are also a key element in the NIACT
framework, and in the same way, active engagement in
community activities, high levels of self-perceived well-being,
and satisfaction with life are defining elements of the centenarian
population (Ozaki et al, 2007; Kim et al, 2012; Wu et al,
2017; Hitchcott et al., 2018; Yorgason et al., 2018). Therefore,
the characteristic lifestyle of centenarians would imply a greater
resilience, indexed by greater variability of the HR and, as
described above, higher SDNN values would mean better
survival prognosis in centenarians.

Strengths and Limitations

The main strength of the present study is the exceptionality
of the sample, considering than being centenarian is a rare
phenotype (17.3 centenarians per 100.000 inhabitants; Teixeira
et al., 2017). Secondly, centenarians were followed up to death
and our study proposes SDNN <19 ms as a cutoff point to
define a marker of early mortality (<1 year), which is obtained
from short-term measurements, thus more suitable for ambulatory
care and patient monitoring. Given its ease of recording, short-
term variability allow measurements under homogeneous
conditions, enabling the control of confounding factors and
the reproducibility of the study (Li et al, 2019). Moreover,
RR measurements were acquired using a validated device and
processed with methods that allow better identification of the
erratic patterns.

On the other hand, one of the main limitations was gender
heterogeneity in the centenarian group, with 76.5% of our
centenarians being women. A meta-analysis has highlighted
that women show greater vagal activity compared to men,
noting the following possible etiological factors: estrogen,
oxytocin, and neural control (Koenig and Thayer, 2016). Our
sample, however, is very similar to the overall centenarian
population in Europe (83.5% women; Teixeira et al., 2017),
and sex differences have been reported to disappear in the
last age decades, especially in short-term HRYV, presumably by
the hormonal restructuring especially caused by the menopause

in women (Bonnemeier et al., 2003; Voss et al., 2015; Koenig
and Thayer, 2016). Indeed, when the statistical analysis of our
study was performed by excluding men (N = 4) from the
sample of centenarians, results were similar to those reported
in Table 2. Finally, recording conditions should be taken into
account before generalizing the results. For example, paced
breathing was not considered in our work. Under resting
conditions, the respiratory rate (9-24 bpm) is expected to be in
the 0.15-0.40 Hz band (Shaffer and Ginsberg, 2017), but
processing should account for the possibility that the respiratory
rate goes outside this frequency band, as performed in the
present work. A within-subject repeated measure design would
have contributed to assess the reproducibility of our evaluations.
In future research, more representative samples of centenarians
would allow to confirm the results obtained by this study.

In conclusion, HRV indices reflecting parasympathetic outflow
(RMSSD, pNN50, HE, and SDSD) as well as SDNN and LF
all present an age-related reduction, which could be representative
of a natural exhaustion of allostatic systems related to age.
Moreover, low SDNN values (<19 ms) are indicative of early
mortality (<1 year) in centenarians. HRV seems to play a role
in exceptional longevity, which could be accounted for by
centenarians’ exposome.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Clinical Research Ethics Committee of the University
Hospital of Alcorcén (ID of the approval: 16/50). The patients/
participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

NG designed the overall study. AS-L, GR-R, and AH-V collected
the data. All authors contributed equally in the interpretation
and analysis of the data, revision of manuscript for important
intellectual content and have read and approved the final version.

FUNDING

This work was supported by the European Research Council
under grant agreement ERC-StG 638284, by Ministerio de Ciencia
e Innovacién (Spain) through projects PID2019-105674RB-100
and RTI2018-097723-B-100, and by European Social Fund (EU)
and Aragon Government through BSICoS group (T39_20R) and
projects LMP124-18, LMP24-18 and LMP44-18: Programa
Operativo Fondo Europeo de Desarrollo Regional Aragén

Frontiers in Physiology | www.frontiersin.org

September 2020 | Volume 11 | Article 566399

-185-


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Hernandez-Vicente et al.

HRV and Exceptional Longevity

2014-2020 “Construyendo Europa desde Aragén”. Computations
were performed by the ICTS NANBIOSIS (HPC Unit at University
of Zaragoza). AH-V is supported by Ministerio de Educacion
Cultura y Deporte (grant number FPU16/05879).

REFERENCES

Abhishekh, H. A., Nisarga, P,, Kisan, R., Meghana, A., Chandran, S., Raju, T,,
et al. (2013). Influence of age and gender on autonomic regulation of heart.
J. Clin. Monit. Comput. 27, 259-264. doi: 10.1007/s10877-012-9424-3

Almeida-Santos, M. A., Barreto-Filho, J. A., Oliveira, J. L. M., Reis, E P,
da Cunha Oliveira, C. C., and Sousa, A. C. S. (2016). Aging, heart rate
variability and patterns of autonomic regulation of the heart. Arch. Gerontol.
Geriatr. 63, 1-8. doi: 10.1016/j.archger.2015.11.011

Baildén, R., Laguna, P, Mainardi, L., and S6rnmo, L. (2007). “Analysis of heart
rate variability using time-varying frequency bands based on respiratory
frequency” in Annual International Conference of the IEEE Engineering in
Medicine and Biology - Proceedings. August 22-26, 2007; 6675-6678.

Bailén, R., Laouini, G., Grao, C., Orini, M., Laguna, P,, and Meste, O. (2011).
The integral pulse frequency modulation model with time-varying threshold:
application to heart rate variability analysis during exercise stress testing.
IEEE Trans. Biomed. Eng. 58, 642-652. doi: 10.1109/TBME.2010.2095011

Berntson, G. G., Cacioppo, J. T., and Quigley, K. S. (1993). Respiratory sinus
arrhythmia: origins,  physiological  mechanisms, and
psychophysiological implications. Psychophysiology 30, 183-196. doi: 10.1111/
j.1469-8986.1993.tb01731.x

Bilchick, K. C., Fetics, B., Djoukeng, R., Gross Fisher, S., Fletcher, R. D,
Singh, S. N, et al. (2002). Prognostic value of heart rate variability in
chronic congestive heart failure (Veterans affairs’ survival trial of antiarrhythmic
therapy in congestive heart failure). Am. J. Cardiol. 90, 24-28. doi: 10.1016/
$0002-9149(02)02380-9

Billman, G. E. (2011). Heart rate variability — a historical perspective. Front.
Physiol. 2:86. doi: 10.3389/fphys.2011.00086

Billman, G. E. (2013). The LF/HF ratio does not accurately measure cardiac
sympatho-vagal balance. Front. Physiol. 4:26. doi: 10.3389/fphys.2013.00026

Bonnemeier, H., Wiegand, U. K. H., Brandes, A., Kluge, N., Katus, H. A,
Richardt, G., et al. (2003). Circadian profile of cardiac autonomic nervous
modulation in healthy subjects. J. Cardiovasc. Electrophysiol. 14, 791-799.
doi: 10.1046/j.1540-8167.2003.03078.x

Christensen, K., McGue, M., Petersen, L, Jeune, B., and Vaupel, J. W. (2008).
Exceptional longevity does not result in excessive levels of disability. Proc.
Natl. Acad. Sci. U. S. A. 105, 13274-13279. doi: 10.1073/pnas.0804931105

Cohen, J. (1992). A power primer. Psychol. Bull. 112, 155-159. doi:
10.1037/0033-2909.112.1.155

Craft, N., and Schwartz, J. B. (1995). Effects of age on intrinsic heart rate,
heart rate variability, and AV conduction in healthy humans. Am. J.
Physiol. Heart Circ. Physiol. 268, 1441-1452. doi: 10.1152/ajpheart.1995.
268.4.H1441

de Rezende Barbosa, M. P. C,, da Silva, N. T., de Azevedo, E M., Pastre, C. M.,
and Vanderlei, L. C. M. (2016). Comparison of Polar® RS800G3™ heart
rate monitor with Polar® S810i™ and electrocardiogram to obtain the series
of RR intervals and analysis of heart rate variability at rest. Clin. Physiol.
Funct. Imaging 36, 112-117. doi: 10.1111/cpf.12203

Eckberg, D. L. (1997). Sympathovagal balance: a critical appraisal. Circulation
96, 3224-3232. doi: 10.1161/01.CIR.96.9.3224

Gerardo, G. M., Williams, D. W. P, Kessler, M., Spangler, D. P, Hillecke, T. K.,
Thayer, J. E, et al. (2019). Body mass index and parasympathetic nervous
system reactivity and recovery following graded exercise. Am. J. Hum. Biol.
31:¢23208. doi: 10.1002/ajhb.23208

Heathers, J. A. J. (2014). Everything Hertz: methodological issues in short-
term frequency-domain HRV. Front. Physiol. 5:177. doi: 10.3389/fphys.
2014.00177

Hernando, D., Garatachea, N., Almeida, R., Casajus, J. A., and Bailon, R.
(2016). Validation of heart rate monitor Polar RS800 for heart rate variability
analysis during exercise. J. Strength Cond. Res. 32, 716-725. doi: 10.1519/
JSC.0000000000001662

autonomic

ACKNOWLEDGMENTS

We would like to thank the collaboration of all the subjects,
families, and caregivers who participated in the study.

Hitchcott, P. K., Fastame, M. C., and Penna, M. P. (2018). More to Blue Zones
than long life: positive psychological characteristics. Health Risk Soc. 20,
163-181. doi: 10.1080/13698575.2018.1496233

Kemp, A. H., Koenig, J., and Thayer, J. E (2017). From psychological moments
to mortality: a multidisciplinary synthesis on heart rate variability spanning
the continuum of time. Neurosci. Biobehav. Rev. 83, 547-567. doi: 10.1016/j.
neubiorev.2017.09.006

Kim, H., Lee, T, Lee, S., Kim, K., Lee, S., Kam, S., et al. (2012). Factors
associated with ADL and IADL dependency among Korean centenarians:
reaching the 100-year-old life transition. Int. J. Aging Hum. Dev. 74, 243-264.
doi: 10.2190/AG.74.3.¢

Kleiger, R. E., Miller, J. P, Bigger, J. T., and Moss, A. J. (1987). Decreased
heart rate variability and its association with increased mortality after acute
myocardial infarction. Am. J. Cardiol. 59, 258-282. doi: 10.1016/0002-
9149(87)90795-8

Koenig, J., and Thayer, J. E (2016). Sex differences in healthy human heart
rate variability: a meta-analysis. Neurosci. Biobehav. Rev. 64, 288-310. doi:
10.1016/j.neubiorev.2016.03.007

Laborde, S., Mosley, E., and Thayer, J. E (2017). Heart rate variability and
cardiac vagal tone in psychophysiological research — recommendations for
experiment planning, data analysis, and data reporting. Front. Psychol. 8:213.
doi: 10.3389/fpsyg.2017.00213

Li, K., Ridiger, H., and Ziemssen, T. (2019). Spectral analysis of heart rate
variability: time window matters. Front. Neurol. 10:545. doi: 10.3389/
fneur.2019.00545

Malik, M., Camm, A. ], Bigger, J. T., Breithardt, G., Cerutti, S., Cohen, R. ],
et al. (1996). Heart rate variability. Standards of measurement, physiological
interpretation, and clinical use. Eur. Heart J. 17, 354-381. doi: 10.1093/
oxfordjournals.eurheartj.a014868

Mateo, J., and Laguna, P. (2000). Improved heart rate variability signal analysis
from the beat occurrence times according to the IPEM model. IEEE Trans.
Biomed. Eng. 47, 985-996. doi: 10.1109/10.855925

Mateo, J., and Laguna, P. (2003). Analysis of heart rate variability in the presence
of ectopic beats using the heart timing signal. IEEE Trans. Biomed. Eng.
50, 334-343. doi: 10.1109/TBME.2003.808831

Nicolini, P, Ciulla, M. M., Asmundis, C. D. E., Magrini, E, and Brugada, P.
(2012). The prognostic value of heart rate variability in the elderly, changing
the perspective: from sympathovagal balance to chaos theory. Pacing Clin.
Electrophysiol. 35, 621-637. doi: 10.1111/j.1540-8159.2012.03335.x

Ozaki, A., Uchiyama, M., Tagaya, H., Ohida, T., and Ogihara, R. (2007). The
Japanese centenarian study: autonomy was associated with health practices
as well as physical status. . Am. Geriatr. Soc. 55, 95-101. doi: 10.1111/.1532-
5415.2006.01019.x

Paolisso, G., Manzella, D., Barbieri, M., Rizzo, M. R., Gambardella, A., and
Varricchio, M. (1999). Baseline heart rate variability in healthy centenarians:
differences compared with aged subjects (>75 years old). Clin. Sci. 97,
579-584. doi: 10.1042/cs0970579

Piccirillo, G., Bauco, C., Cinti, A. M., Michele, D., Fimognari, E. L., Cacciafesta, M.,
et al. (1998). Power spectral analysis of heart rate in subjects over a hundred
years old. Int. J. Cardiol. 63, 53-61. doi: 10.1016/S0167-5273(97)00282-9

Piccirillo, G., Fimognari, E L., Viola, E., and Marigliano, V. (1995). Age-adjusted
normal confidence intervals for heart rate variability in healthy subjects
during head-up tilt. Int. J. Cardiol. 50, 117-124. doi: 10.1016/0167-
5273(95)93680-Q

Rea, I. M., Dellet, M., and Mills, K. I. (2016). Living long and ageing well:
is epigenomics the missing link between nature and nurture? Biogerontology
17, 33-54. doi: 10.1007/s10522-015-9589-5

Reyes del Paso, G. A., Langewitz, W,, Mulder, L. J. M., van Roon, A., and
Duschek, S. (2013). The utility of low frequency heart rate variability as
an index of sympathetic cardiac tone: a review with emphasis on a reanalysis
of previous studies. Psychophysiology 50, 477-487. doi: 10.1111/psyp.12027

Frontiers in Physiology | www.frontiersin.org

September 2020 | Volume 11 | Article 566399

-186-


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1007/s10877-012-9424-3
https://doi.org/10.1016/j.archger.2015.11.011
https://doi.org/10.1109/TBME.2010.2095011
https://doi.org/10.1111/j.1469-8986.1993.tb01731.x
https://doi.org/10.1111/j.1469-8986.1993.tb01731.x
https://doi.org/10.1016/S0002-9149(02)02380-9
https://doi.org/10.1016/S0002-9149(02)02380-9
https://doi.org/10.3389/fphys.2011.00086
https://doi.org/10.3389/fphys.2013.00026
https://doi.org/10.1046/j.1540-8167.2003.03078.x
https://doi.org/10.1073/pnas.0804931105
https://doi.org/10.1037/0033-2909.112.1.155
https://doi.org/10.1152/ajpheart.1995.268.4.H1441
https://doi.org/10.1152/ajpheart.1995.268.4.H1441
https://doi.org/10.1111/cpf.12203
https://doi.org/10.1161/01.CIR.96.9.3224
https://doi.org/10.1002/ajhb.23208
https://doi.org/10.3389/fphys.2014.00177
https://doi.org/10.3389/fphys.2014.00177
https://doi.org/10.1519/JSC.0000000000001662
https://doi.org/10.1519/JSC.0000000000001662
https://doi.org/10.1080/13698575.2018.1496233
https://doi.org/10.1016/j.neubiorev.2017.09.006
https://doi.org/10.1016/j.neubiorev.2017.09.006
https://doi.org/10.2190/AG.74.3.e
https://doi.org/10.1016/0002-9149(87)90795-8
https://doi.org/10.1016/0002-9149(87)90795-8
https://doi.org/10.1016/j.neubiorev.2016.03.007
https://doi.org/10.3389/fpsyg.2017.00213
https://doi.org/10.3389/fneur.2019.00545
https://doi.org/10.3389/fneur.2019.00545
https://doi.org/10.1093/oxfordjournals.eurheartj.a014868
https://doi.org/10.1093/oxfordjournals.eurheartj.a014868
https://doi.org/10.1109/10.855925
https://doi.org/10.1109/TBME.2003.808831
https://doi.org/10.1111/j.1540-8159.2012.03335.x
https://doi.org/10.1111/j.1532-5415.2006.01019.x
https://doi.org/10.1111/j.1532-5415.2006.01019.x
https://doi.org/10.1042/cs0970579
https://doi.org/10.1016/S0167-5273(97)00282-9
https://doi.org/10.1016/0167-5273(95)93680-Q
https://doi.org/10.1016/0167-5273(95)93680-Q
https://doi.org/10.1007/s10522-015-9589-5
https://doi.org/10.1111/psyp.12027

Hernandez-Vicente et al.

HRV and Exceptional Longevity

Salvioli, S., Capri, M., Santoro, A., Raule, N., Sevini, E, Lukas, S., et al. (2008).
The impact of mitochondrial DNA on human lifespan: a view from studies
on centenarians. Biotechnol. J. 3, 740-749. doi: 10.1002/biot.200800046

Sammito, S., and Bockelmann, 1. (2016). Reference values for time- and
frequency-domain heart rate variability measures. Heart Rhythm. 13, 1309-1316.
doi: 10.1016/j.hrthm.2016.02.006

Sen, J., and McGill, D. (2018). Fractal analysis of heart rate variability as a
predictor of mortality: a systematic review and meta-analysis. Chaos 28:072101.
doi: 10.1063/1.5038818

Shaffer, F, and Ginsberg, J. P. (2017). An overview of heart rate variability
metrics and norms. Front. Public Health 5:258. doi: 10.3389/fpubh.2017.00258

Shaffer, E, and Venner, J. (2013). Heart rate variability anatomy and physiology.
Biofeedback 41, 13-25. doi: 10.5298/1081-5937-41.1.05

Shimizu, K., Arai, Y., Hirose, N., Yonemoto, T., and Wakida, Y. (2002). Prognostic
significance of heart rate variability in centenarians. Clin. Exp. Hypertens.
24, 91-97. doi: 10.1081/CEH-100108719

Tan, J. P. H, Beilharz, J. E., Vollmer-Conna, U.,, and Cvejic, E. (2019). Heart
rate variability as a marker of healthy ageing. Int. J. Cardiol. 275, 101-103.
doi: 10.1016/j.ijcard.2018.08.005

Teixeira, L., Aratjo, L., Jopp, D., and Ribeiro, O. (2017). Centenarians in Europe.
Maturitas 104, 90-95. doi: 10.1016/j.maturitas.2017.08.005

Triggiani, A. I, Valenzano, A., Ciliberti, M. A. P, Moscatelli, F, Villani, S.,
Monda, M., et al. (2017). Heart rate variability is reduced in underweight
and overweight healthy adult women. Clin. Physiol. Funct. Imaging 37,
162-167. doi: 10.1111/cpf.12281

Tsuji, H., Venditti, E. J., Manders, E. S., Evans, J. C., Larson, M. G., Feldman, C. L.,
et al. (1994). Reduced heart rate variability and mortalit risk in an elderly
cohort. The Framingham Heart Study. Circulation 90, 878-883. doi: 10.1161/01.
CIR.90.2.878

Umetani, K., Singer, D. H., McCraty, R., and Atkinson, M. (1998). Twenty-four
hour time domain heart rate variability and heart rate: relations to age and
gender over nine decades. J. Am. Coll. Cardiol. 31, 593-601. doi: 10.1016/
S0735-1097(97)00554-8

Varon, C., Lazaro, ., Bolea, ]., Hernando, A., Aguilo, J., Gil, E,, et al. (2018).
Unconstrained estimation of HRV indices after removing respiratory influences
from heart rate. IEEE J. Biomed. Health Inform. 23, 2386-2397. doi: 10.1109/
JBHI.2018.2884644

Voss, A., Schroeder, R., Heitmann, A., Peters, A., and Perz, S. (2015). Short-
term heart rate variability — influence of gender and age in healthy subjects.
PLoS One 10:€0118308. doi: 10.1371/journal.pone.0118308

Wu, T, Lu, L, Luo, L, Guo, Y, Ying, L., Tao, Q, et al. (2017). Factors
associated with activities of daily life disability among centenarians in rural
Chongging, China: a cross-sectional study. Int. J. Environ. Res. Public Health
14:1364. doi: 10.3390/ijerph14111364

Yorgason, J. B, Draper, T. W., Bronson, H., Nielson, M., Babcock, K., Jones, K.,
et al. (2018). Biological, psychological, and social predictors of longevity
among Utah centenarians. Int. J. Aging Hum. Dev. 87, 225-243. doi:
10.1177/0091415018757211

Zhang, D., Shen, X., and Qi, X. (2015). Resting heart rate and all-cause and
cardiovascular mortality in the general population: a meta-analysis. CMAJ
188, E53-E63. doi: 10.1503/cmaj.150535

Zulfiqar, U, Jurivich, D. A., Gao, W, and Singer, D. H. (2010). Relation of
high heart rate variability to healthy longevity. Am. J. Cardiol. 8, 1181-1185.
doi: 10.1016/j.amjcard.2009.12.022

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Copyright © 2020 Herndndez-Vicente, Hernando, Santos-Lozano, Rodriguez-Romo,
Vicente-Rodriguez, Pueyo, Bailon and Garatachea. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org

September 2020 | Volume 11 | Article 566399

-187-


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1002/biot.200800046
https://doi.org/10.1016/j.hrthm.2016.02.006
https://doi.org/10.1063/1.5038818
https://doi.org/10.3389/fpubh.2017.00258
https://doi.org/10.5298/1081-5937-41.1.05
https://doi.org/10.1081/CEH-100108719
https://doi.org/10.1016/j.ijcard.2018.08.005
https://doi.org/10.1016/j.maturitas.2017.08.005
https://doi.org/10.1111/cpf.12281
https://doi.org/10.1161/01.CIR.90.2.878
https://doi.org/10.1161/01.CIR.90.2.878
https://doi.org/10.1016/S0735-1097(97)00554-8
https://doi.org/10.1016/S0735-1097(97)00554-8
https://doi.org/10.1109/JBHI.2018.2884644
https://doi.org/10.1109/JBHI.2018.2884644
https://doi.org/10.1371/journal.pone.0118308
https://doi.org/10.3390/ijerph14111364
https://doi.org/10.1177/0091415018757211
https://doi.org/10.1503/cmaj.150535
https://doi.org/10.1016/j.amjcard.2009.12.022
http://creativecommons.org/licenses/by/4.0/

-188-



4.6 Articulo VI

Publicado en International Journal of Environmental Research
and Public Health, 2021.

-189-



-190-



£

and Public Health

International Journal of
Environmental Research

Article

ECG Ventricular Repolarization Dynamics during Exercise:
Temporal Profile, Relation to Heart Rate Variability and Effects
of Age and Physical Health

Adrian Hernandez-Vicente
Nuria Garatachea 1:2-3.6,7

check for

updates
Citation: Hernandez-Vicente, A.;
Hernando, D.; Vicente-Rodriguez, G.;
Bailon, R.; Garatachea, N.; Pueyo, E.
ECG Ventricular Repolarization
Dynamics during Exercise: Temporal
Profile, Relation to Heart Rate
Variability and Effects of Age and
Physical Health. Int. |. Environ. Res.
Public Health 2021, 18, 9497. https://
doi.org/10.3390/ijerph18189497

Academic Editor: Paul B. Tchounwou

Received: 9 August 2021
Accepted: 6 September 2021
Published: 9 September 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1,2,3,%

1,2,3,6,7

. David Hernando 450, German Vicente-Rodriguez , Raquel Bailén 45

and Esther Pueyo 5

Growth, Exercise, NUtrition and Development (GENUD) Research Group, University of Zaragoza,

50009 Zaragoza, Spain; gervicen@unizar.es (G.V.-R.); nugarata@unizar.es (N.G.)

Department of Physiatry and Nursing, Faculty of Health and Sport Science (FCSD), University of Zaragoza,
22002 Huesca, Spain

Red espafiola de Investigacion en Ejercicio Fisico y Salud en Poblaciones Especiales (EXERNET),

50009 Zaragoza, Spain

Biomedical Signal Interpretation and Computational Simulation (BSICoS), Aragén Institute for Engineering
Research (I3A), IIS Aragon, University of Zaragoza, 50018 Zaragoza, Spain; dhernand@unizar.es (D.H.);
rbailon@unizar.es (R.B.); epueyo@unizar.es (E.P.)

5 CIBER de Bioingenieria, Biomateriales y Nanomedicina (CIBER-BBN), 28029 Madrid, Spain

Centro de Investigaciéon Biomédica en Red de Fisiopatologia de la Obesidad y Nutricién (CIBER-Obn),
28029 Madrid, Spain

Instituto Agroalimentario de Aragon -IA2- CITA-Universidad de Zaragoza, 50013 Zaragoza, Spain

*  Correspondence: ahernandez@unizar.es

Abstract: Periodic repolarization dynamics (PRD) is a novel electrocardiographic marker of cardiac
repolarization instability with powerful risk stratification capacity for total mortality and sudden car-
diac death. Here, we use a time-frequency analysis approach to continuously quantify PRD at rest and
during exercise, assess its dependence on heart rate variability (HRV) and characterize the effects of
age (young adults/middle-aged adults/older adults), body mass index (non-overweight/overweight)
and cardiorespiratory fitness level (fit/unfit). Sixty-six male volunteers performed an exercise test.
RR and dT variabilities (RRV, dTV), as well as the fraction of dT variability unrelated to RR vari-
ability, were computed based on time-frequency representations. The instantaneous LF power of
dT (Pgrv), representing the same concept as PRD, and of its RRV-unrelated component (Pyryyrry)
were quantified. dT angle was found to mostly oscillate in the LF band. Overall, 50-70% of P4ty
was linearly unrelated to RRV. The onset of exercise caused a sudden increase in Pqy and Pgrvyrry,
which returned to pre-exercise levels during recovery. Clustering analysis identified a group of
overweight and unfit individuals with significantly higher Pyry and Pqryyrry values at rest than
the rest of the population. Our findings shed new light on the temporal profile of PRD during
exercise, its relationship to HRV and the differences in PRD between subjects according to phenotypic
characteristics.

Keywords: electrocardiography; ventricular repolarization; time-frequency analysis; sympathetic
nervous system; periodic repolarization dynamics; heart rate variability; exercise test; cluster analysis

1. Introduction

Sudden cardiac death is responsible for 15-20% of all deaths in Western societies [1].
It is strongly associated with, and can be caused by, ventricular arrhythmias. Although
rare, when an athlete’s life is claimed by sudden cardiac death, the impact on society is
very high. Nevertheless, the absolute number of cases in athletes is not higher than in
the general population, but intense exercise appears to increase the risk of sudden cardiac
death in individuals harboring certain cardiac conditions [2]. Considering that less than 5%
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of people with an out-of-hospital cardiac arrest survive, the search for reliable markers able
to identify athletes and non-athletes at high arrhythmic risk is urgently needed. This would
help in the election of a cost-effective treatment, such as antiarrhythmic drugs, prophylactic
implantation of a cardioverter defibrillator or catheter ablation [3]. Among the variety of
non-invasive methods proposed in the literature to assess arrhythmic risk, methods can
be found that quantify heart rate variability (HRV), baroreflex sensitivity or ventricular
repolarization characteristics, such as the QT interval duration and hysteresis, T-wave
alternans, T-peak-to-end/RR interval curvature or T-wave morphology restitution [4-8].

Sympathetic nervous system (SNS) hyperactivity has been shown to increase trig-
gered activity and enhance dispersion of ventricular repolarization under different clinical
conditions, thus contributing to accentuate the vulnerability to fatal ventricular arrhyth-
mias and sudden cardiac death [9]. Recent studies have proposed an electrocardiogram
(ECG)-based risk predictor, which has been suggested to reflect sympathetic effects on
ventricular myocardium [10]. This marker, called periodic repolarization dynamics (PRD),
quantifies the magnitude of low-frequency (LF) oscillations (<0.1 Hz) in the angle dT
between T-wave vectors of consecutive heart beats [10]. Elevated PRD measured at rest
has been shown to be a strong predictor of all-cause mortality, cardiac mortality or sudden
cardiac death in patients with acute and chronic myocardial infarction and in patients
with chronic heart failure [10-14]. The stratification capacity of PRD has been shown to be
independent of that of other clinical and ECG variables including left ventricular ejection
fraction, HRV, diabetes mellitus and Global Registry of Acute Coronary Events score in
myocardial infarction populations and New York Heart Association class in chronic heart
failure populations [13,14]. In addition, PRD has been shown to predict mortality reduction
associated with prophylactic implantation of defibrillators in cardiomyopathy patients and
could thus help guide treatment decisions [15].

The physiological mechanisms underlying the genesis of PRD are yet to be fully
described, particularly regarding the direct involvement of sympathetic oscillatory activity
on regulation of the ventricular myocardium [9]. The importance of LF oscillations in
providing information potentially related to sympathetic neural activity has been described
through different markers obtained from the T-wave vector, sympathetic nerve activity
recordings, HRV, action potentials or systolic arterial blood pressure [9]. Specifically
regarding PRD, clinical and experimental studies have so far provided evidence that it
is enhanced by sympathetic activation, induced by either tilt table test or exercise, and
suppressed by pharmacological 3-adrenergic blockade [10,16]. PRD has been verified to
occur independently of respiratory activity in volume-controlled ventilated swine [10]
and in humans when comparing respiratory rates of 10 and 20/min with constant minute
ventilation [17]. Moreover, PRD has been confirmed not to be an epiphenomenon of
HR and HRYV, as substantiated by the fact that fixed atrial pacing exerts modest effects
on PRD despite fully abolishing HRV and despite varying HR at fixed values in a large
range [10,18]. This has been later supported by studies using an incremental exercise test,
which have described low correlation between PRD and HR or HRV [16]. Nevertheless,
there is yet limited information on how PRD varies continuously with time so that a
full characterization of its temporal profile following physiological sympathoexcitatory
interventions can be established. In addition, no study has so far provided quantifications of
the PRD fractions related and unrelated to HRV and on the variation of these two fractions
with time in response to sympathetic provocations. This is of interest, both in a general
population but also in subpopulations stratified by certain phenotypic characteristics.

The aim of this study is to continuously quantify PRD at rest and during exercise,
assess its dependence on heart rate variability (HRV) and characterize the effects of age,
body mass index (BMI) and cardiorespiratory fitness level. For this purpose, we use
a time-varying nonparametric methodology to evaluate the instantaneous power of LF
oscillations in the dT angle, representing the same concept as PRD, and we ascertain the
part of it that is unrelated to HRV and could thus reflect direct sympathetic effects on the
ventricular myocardium. Next, we characterize how the LF power of dT and its HRV-
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unrelated portion change in response to incremental exercise in a population of subjects
with highly varied age, BMI and cardiorespiratory fitness level. By clustering analysis,
we identify groups of individuals with similar phenotypic characteristics and we assess
differences in the magnitude of their LF oscillatory ventricular activities that could offer
hints on the relationship between elevated PRD and cardiovascular risk.

2. Materials and Methods
2.1. Participants

Recruitment posters were distributed in public establishments, such as sports centers,
hospitals and universities. Sixty-six males agreed to participate in the study. The sample
consisted of three age groups: young adults from 20 to 30 years (N = 24), middle-aged
adults from 40 to 50 years (N = 21) and older adults from 60 to 70 years (N = 21). Exclusion
criteria included the following: subjects going through an acute disease, being on cardiac
medication, suffering from heart diseases (e.g., atrial fibrillation or heart failure) or pre-
senting any clinical contraindication for the practice of physical exercise. The descriptive
characteristics of the three age groups are shown in Table 1. The study was conducted
according to the guidelines of the Declaration of Helsinki and was approved by the ethical
committee for clinical research of Aragén (ID of the approval: PI17/0409). After detailed
explanation of potential risks, informed consent was obtained from all subjects involved in
the study.

Table 1. Descriptive characteristics of the three age groups.

Outcome Young Adults Middle-Aged Adults Older Adults
(n=24) (n=21) (n=21)
Age (years) 25.41 +£2.74 42.86 £ 3.06 63.82 +2.97
Height (m) 1.75 £ 0.06 1.77 £ 0.06 1.71 £ 0.05
Weight (kg) 71.81 £11.45 78.44 £+ 10.49 76.53 +7.96
BMI (kg-m~2) 23.30 £ 2.86 25.09 £ 2.88 26.17 £2.82
“Overweight” (%) 20.8 (5) 47.6 (10) 61.9 (13)
PWCggo, (W-kg™1) 2.01 £ 0.61 2.02 £0.59 1.74 + 0.59
“Unfit” (%) 50.0 (12) 52.4 (11) 52.4 (11)

Continuous variables are expressed as mean =+ standard deviation. Dichotomous variables are expressed as
percentage (number of subjects). BMI = Body mass index; PWCgqq9, = Physical Work Capacity at 80% of estimated
HRpmax (208-0.7*age in years) in watts per kg bodyweight.

2.2. Procedure

All subjects performed an exercise test during a session at the laboratory between
16:00-20:00 h. Before the session, volunteers were asked to follow some guidelines: (1)
refrain from doing heavy exercise the day before the test; (2) get enough sleep (6-8 h) the
night before the test; (3) avoid substances such as alcohol, tobacco or stimulants (theine,
taurine, caffeine, etc.) in the 8 h preceding the test; (4) do not eat for 3 h prior to the test; (5)
ensure being well hydrated; and (6) wear comfortable clothing. Volunteers were prepared
by using a razor to shave any hair from the electrode sites and by cleaning their skin with
alcohol and gauze. To place the ECG electrodes, the manufacturer’s instructions were
followed (H12 +, Mortara Instrument; Milwaukee, WI, USA).

The test was conducted in an environmentally controlled room (22-23 °C, 40-60%
humidity) and was divided into 3 consecutive segments: resting (Srgst), cycling (Scy) and
recovery (Srgc). During Srgst, participants were monitored while seated at rest for 5 min,
without moving or talking. A 3-min period was set to change from being seated in the
chair during Sggst to being seated in the cycle ergometer during Scy. During this 3-min
period, the volunteer rode the cycle-ergometer (Ergoselect 200 K, Ergoline; Bitz, Germany)
at 50 W workload and chose a cadence that was maintained during the whole test. Scy
was a submaximal cycle-ergometer test divided into three stages lasting 5 min each. The
workload was adjusted during each stage to 60, 70 and 80% of estimated maximum heart
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rate (HRmax), with these stages denoted as Scygo, Scy7o and Scysp, respectively. HRmax
was estimated for each subject by using HRmax = 208-0.7*age (years) to avoid a maximal
exercise test [19]. Finally, during Sggc, participants remained seated in the chair again for
5 min without moving or talking.

2.3. Data Recording

Volunteers self-reported their birth date, current medication and pathologies. Height
was measured with a stadiometer (SECA 225; Hamburg, Germany) to the nearest 0.001 m,
with participants standing and their heels, buttocks and scapula resting against a wall
with the heels touching and forming a 45° angle and the head in the Frankfort’s plane. An
electronic scale (SECA 861; Hamburg, Germany) was used to weight the subject to the
nearest 0.1 kg, in underwear and after urination. BMI was calculated by dividing weight
in kilograms by the square of height in meters. Based on World Health Organization
standards, weight status was split into 2 groups: “non-overweight” (BMI < 25 kg-m~2) and
“overweight” (BMI > 25 kg-m~2) [20].

Submaximal exercise test is a safe and feasible method to estimate VOpp,,x, showing
good validity against maximal exercise tests (correlation coefficients from 0.69 to 0.98) [21].
Rather than commonly used tests with stages of short or variable duration, an ad hoc test
with 5-min stages was defined to allow reliable estimation of the LF power of HRV and
repolarization variability. This enabled assessment of cardiac response to increased sym-
pathetic activity with each cycling stage [22]. Consequently, cardiorespiratory fitness was
assessed using the approach of “Physical Work Capacity” (PWC) [23,24]. PWC was mea-
sured in watts during Scygp of the submaximal cycle-ergometer test and was subsequently
divided by the participant’s body weight (PWCgqe, in W-kg~!). Alternatively to the use of
fixed HR thresholds, this method incorporates the age-dependent decline of HRpmax [23,24]
and has previously been used as an objective assessment of cardiorespiratory fitness [25,26].
In each age group, cardiorespiratory fitness status was dichotomized: subjects above the
W-kg~! age group median were classified as “fit” and subjects below the age group median
as “unfit”.

A twelve-lead high-resolution (1000 Hz) Holter recorder (H12+, Mortara Instrument;
Milwaukee, WI, USA) was used to record the ECG.

2.4. Data Analysis and Processing

QRS detection and ECG wave delineation were performed by using a wavelet-based
single-lead automatic system [27]. The detection and delineation annotations from each
lead were combined by using rules to obtain multi-lead ECG delineation marks [27] and
additional updates were applied to account for the high levels of noise during stress
testing [28]. From these annotations, the RR time series (measured from one QRS complex
to the next one) was extracted. In addition, the onset and end of the T-waves (Ton and Tepng,
respectively) were obtained.

The time series of angles between consecutive T-wave vectors, denoted as dT series,
was obtained as described in [29], which uses a method updated from the original one
proposed in [10]. First, the orthogonal leads X, Y, Z were obtained from the 12-lead ECG
using the inverse Dower matrix [30]. Each T-wave was delimited based on the T,, and
Teng time points identified as described previously and an average T-wave vector was
calculated for each wave. The angle dT between two consecutive T-waves was calculated
by the dot product of each pair of consecutive average T-wave vectors.

Outlier values in both RR and dT time series were detected and corrected as described
next. First, a 30-th order median filter was applied over the times series of absolute
differences between successive intervals. Outliers were identified if their absolute difference
was above 5 times the corresponding value in the median filtered series. These outlier
values were replaced with the mean of their adjacent values.

RR variability (RRV), dT variability (dTV) and dT variability unrelated to RR vari-
ability (dTVuRRV) were computed based on time-frequency representations following
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previously developed approaches [31], as described next. First, a highpass filter with a
cut-off frequency of 0.03 Hz was applied to both RR and dT series. To obtain the time-
frequency (TF) representations, Cohen’s class distributions were used with temporal and
spectral resolutions of 11.7 s and 0.039 Hz, respectively. TF representations of the dTV and
RRYV series, as well as the TF coherence between dTV and RRV series, were obtained and
denoted as S;rv(tf), Srrv(tf) and v4ry rrv(tf), respectively. The TF spectrum of dTV
was decomposed into two separate spectra, which allowed characterizing the part of dTV
linearly related to RRV (dTVrRRV) and the part of dTV unrelated to RRV (dTVuRRV). The
TF spectrum of dTVuRRV was calculated as:

Sarvurrv (t, f) = (1 - \’YdTV,RRV(trf)fz) Sarv(t f) 1

The bias from the TF coherence estimators was estimated and corrected [31].

The instantaneous powers of LF oscillations for dTV, RRV, dTVuRRV and dTVr-
RRV series were calculated by integrating their TF distributions, S;rv(tf), Srrv(tf),
Sarvurryv (tf) and S;ryrrry (tf) respectively, in the 0.03-0.15 Hz band, and denoted as
Pty (1), Prrv(t), Parvurry(t) and Piryyrry (t). The normalized LF power of dTVuRRV was
estimated as:

P t
Parvurrva(t) = m ()

From the instantaneous power series Prry (t), Pirv(t), Parvurrv(t), Pitvrrrv(t), and
Pirvurryva(t), the indices used in the statistical analysis were obtained as the mean of the
corresponding segment (SrgsT, Scyeo, Scy7o, Scyso and Sgec) after removing the first 30 s
of each of them.

2.5. Statistical Analysis

The normality of data was checked using the Kolmogorov-Smirnov test. Since the data
distribution violated the assumption of normality necessary for the parametric tests and
could not be corrected by commonly employed transformations, non-parametric analysis
was conducted. Descriptive variables are presented as mean & standard deviation and
markers related to cardiac variability series are reported as median and interquartile range.
Statistical analyses were performed using IBM SPSS (version 25; Chicago, IL, USA). The
significance level was set at p < 0.05.

Friedman’s two-way ANOVA, the non-parametric equivalent of one-way related
analysis of variance ANOVA, was used to test for differences in variables between test
segments, i.e., SREsT, Scys0, Scy70, Scyso, and Srec. The Dunn-Bonferroni post hoc method
was used for pairwise comparisons.

Cluster analysis was performed to identify groups of subjects with similar characteris-
tics in terms of the following three variables of interest: age, BMI and cardiorespiratory
fitness level (PWCggq,). Following the methodology of previous studies [32,33], two types
of cluster analyses were combined: hierarchical clustering (Ward’s method) and k-means
clustering. First, individual and multivariate outliers (according to Mahalanobis distance)
were detected to reduce the sensitivity of the Ward’s method to outliers. Second, hier-
archical cluster analysis was used, as the number of clusters in the data was unknown
beforehand. Examination of dendrograms showed that a two-cluster solution produced
good differentiation between groups. Finally, k-means cluster was performed with two pos-
sible solutions. Compared to hierarchical methods, k-means cluster analysis is considered
less sensitive to outliers and has been found to result in greater within-cluster homogeneity
and between-cluster heterogeneity [32].

A Kruskal-Wallis test (non-parametric equivalent of one-way independent ANOVA)
with Bonferroni correction was performed to assess differences in variables between the
three age groups, i.e., young adults, middle-aged adults and older adults. The Dunn-—
Bonferroni post hoc method was used for pairwise comparisons. To evaluate the magnitude
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of the differences, ES was calculated as: ES = H/((n* —1)/(n + 1)), where H stands for
the Kruskal-Wallis test statistic and # is the total number of observations [34].

The Mann-Whitney U-test, the non-parametric equivalent of the unpaired samples
t-test, was used to determine differences in variables between dichotomous groups i.e.,
BMI (non-overweight/overweight), PWCgq, (fit/unfit) and clusters (CLUSTER A/B). The
magnitude of the difference was calculated by determining the effect size (ES): ES = Z/+\/n
where Z represents the Z-score for the Mann-Whitney U-test and 7 is the total number of
observations [34]. The difference was considered small when ES < 0.2, small to medium
when ES = 0.2-0.5, medium to large when ES = 0.5-0.8 and large when ES > 0.8 [35].

3. Results
3.1. LF Oscillations of dT in Response to Exercise and Relation to HRV

Figure 1 shows the concept of dT, with representation of the orthogonal leads X, Y,
and Z derived from the twelve standard leads (Figure 1a) and pairs of T-wave vectors
corresponding to consecutive beats (Figure 1b). The time series of dT shows the time course
of the angles between pairs of T-wave vectors (Figure 1d, zoomed version in Figure 1c).

I P

aT (°)

40 50 60 70 80 90 100 110 120 130 140
Beat number

Figure 1. Computation of dT from an ECG in the Frank lead configuration. (a) T-waves from
four consecutive heart beats. (b) Pairs of T-wave vectors from consecutive beats are illustrated in
three-dimensional spheres. (c) Angle dT between the consecutive T-wave vectors shown in panel b.
(d) Time series of dT for a piece of an ECG recording.
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Figures 2—4 illustrate the temporal evolution of the RR and dT indices and their
variabilities throughout the test, including rest, cycling and recovery. Figure 2 shows an
example of dT and RR time series from a subject of the study population, from which it
can be observed that there are decreases in both RR and its variability during exercise,
concomitant to increases in dT and its variability. The corresponding temporal evolution of
the instantaneous power of LF oscillations for RRV (Prry, i.e., LF component of RRV), dTV
(Pgqrv, representing the PRD concept), dTV unrelated to RRV (Pqrvurry, i-€., the fraction of
PRD unrelated to the LF component of RRV) and dTV related to RRV (P4ryrrrv) is displayed
in Figure 3. The relevant contribution to dTV of both its RRV-related and RRV-unrelated
components can be clearly appreciated, with the two of them showing remarkable increases
during exercise. The time-frequency distributions of RRV, dTV, dTVuRRV and dTVrRRV
are depicted in Figure 4. Oscillations in dT are very notable in magnitude during exercise
and are mostly concentrated in the LF band. Although a portion of dTV is related to RRV,
there is an important fraction of it that provides information additional to RRV.
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Figure 2. Example of the dT angle and RR interval time series for one subject throughout the entire
test. Dotted lines separate the different test segments: resting (Srgsr), cycling (Scy) and recovery
(SreC)- Scy was divided into three stages corresponding to 60, 70 and 80% of estimated HRmax,
denoted as Scygo, Scy7o and Scysgp, respectively.
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Figure 3. Example of the instantaneous power of LF oscillations for: RR variability (Prry), dT
variability (Pqry), dTV unrelated to RRV (Pgryyrry) and dTV related to RRV (Pgrvirry) obtained
for the same subject as in Figure 2. Dotted lines separate the different test segments: resting (Srgst),
cycling (Scy) and recovery (Srec). Scy was divided into three stages corresponding to 60, 70 and
80% of estimated HRmax, denoted as Scygo, Scyyo and Scyso, respectively.
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Figure 4. Example of the time-frequency distribution for RR variability (RRV), dT variability (dTV),
dTV unrelated to RRV (Pgryyrry) and dTV related to RRV (Pq7vyrry) obtained for the same subject
as in Figure 2. Dotted lines separate the different test segments: resting (Srgst), cycling (Scy) and
recovery (Srec). Scy was divided into three stages corresponding to 60, 70 and 80% of estimated
HRmax, denoted as Scygo, Scyyo and Scyso, respectively.
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Figure 5 shows box plots representing the distributions of Prry, Pgrv, Pqrvurrv and
Pa1vurrvn OVer the study population (N = 66) for the different test segments. Regarding
Prry shown in Panel 5.a, the beginning of exercise elicits a drop in the LF oscillations
of RRV (p < 0.001), followed by a progressive decrease with each increment in exercise
intensity (all p < 0.05), upon which Prry returns (p < 0.001) to pre-exercise levels in the
recovery segment. The Pyry profile in Panel 5.b shows that exercise onset causes a sudden
increase well above the resting level (p < 0.001), followed by a variable behavior among
subjects during exercise (note the wide boxes and whiskers in Scyep, Scyzo and Scysp), with
a subsequent decrease in Pqyy corresponding to the recovery segment (p < 0.001), at the
end of which values similar to rest are attained. From Panel 5.¢, it can be seen that Pyrvyrry
has a similar pattern to Pqry, in this case with a more remarkable tendency to increase in
median with exercise intensity, although this increase is not statistically significant due to
the wide distribution of values at Scygo, Scyzo and Scyso. Parvirry also has a similar pattern
to P47y, but without any observable tendency to increase in median with exercise intensity
as seen in PdTVuRRV' Finally, Panel 5.d shows the normalized PdTVuRRV/ i.e., PdTVuRRVnr
with values at Scygg and Scy7g being significantly lower than at Scygy (p < 0.001).

a) Prrv b) Parv
1500 |$234 s s w4234 234 15 15 415 5234
o | T
T 50 | 400 T
1000 | | — |
l
500 | E é 200 | '
SrestSceveo Scyro Scyso Srec Srest Scyeo Scyro Scyso Srec
c) PdTVuRRV d) PdTVuRRVn
234 15 15 15 4934 114235 145 1,4 +23,5:12,4 ]
400 ] T é;a _
_ T 05 % % == il % -
200 | - 7| -
=1 N R
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REST “CY60 ~CY70 ~“CY80 ~“REC REST “CY60 ~CY70 ~CY80 “REC

Figure 5. Box plots representing the distributions of Prry, Pqrv, Patvurrv and Parvurrvn (N = 66) over the study population

(N = 66) for the different test segments: resting (Srgst), cycling (Scy) and recovery (Srgc). Scy was divided into three stages

corresponding to 60, 70 and 80% of estimated HRmax, denoted as Scygo, Scyzo and Scysp. (a) LF oscillations of RR variability

(Prry), with the inset showing the three Scy stages. (b) LF oscillations of dT variability (Pyty). (¢) P4ty unrelated to Prry

(Pgrvurry)- (d) Normalized P4y unrelated to Prry (Pyrvurrvn)- * = Significant differences between test segments (p < 0.05,
Friedman’s ANOVA): * 1 = Different to Sggst; * 2 = Different to Scyep; * 3 = Different to Scyyp; * 4 = Different to Scyso,
* 5 = Different to Sggc, ** = Different to all.

3.2. Effects of Age, BMI and Cardiorespiratory Fitness Level on LF Oscillations of dT
Table A1 shows averaged values of PRRV/ PdTV! PdTVuRRVr PdTVrRRV and P dTVuRRVn
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for young, middle-aged and older adults across the different test segments. Significant
reductions with age were found in Prry at Srpst, Scyso and Srgc. Table A2 presents the
comparison of the same indices according to BMI groups. Pyry and Pyvirry at Srest were
significantly higher in the overweight group, while Pyryvurrvn at Scyeo and Prry at Srec
were significantly higher in the non-overweight group. The corresponding comparison
according to cardiorespiratory fitness levels is shown in Table A3. Only Pyrvyrrvn at the
highest exercise intensity, i.e., Scygp, was significantly higher in the more fit individuals.

3.3. Identification of Individuals with Elevated LF Oscillations of dT

Table 2 shows the descriptive characteristics of the two cluster groups, which were
described as CLUSTER A “non-overweight and fit” (normal BMI and high PWCge,), and
CLUSTER B “overweight and unfit” (high BMI and low PWCgq,).

Table 2. Descriptive characteristics of the two cluster groups.

Outcome CLUSTER A (n = 31) CLUSTER B (1 = 35) P Effect Size
Age (years) 32,99 + 1148 52.22 +£14.38 <0.001 * 0.580
Height (m) 175.37 £ 6.07 173.51 £ 6.20 0.203 0.157
Weight (kg) 69.36 £ 8.88 80.79 £ 8.57 <0.001 * 0.506

BMI (kg-m~?2) 2248 +1.87 26.82 +2.38 <0.001 * 0.757
% of “overweight” 6.5(2) 74.3 (26)

PWCgqq, (W-kg™1) 2.33 +0.59 1.57 £0.33 <0.001 * 0.628
% of “unfit” 32.3(10) 68.6 (24)

Continuous variables are expressed as mean =+ standard deviation. Dichotomous variables are expressed as percentage (number of subjects).
BMI = Body mass index; PWCgg, = Physical Work Capacity at 80% of estimated HRmax (208-0.7*age in years) in watts per kg bodyweight.
Clusters were based on: age, BMI and cardiorespiratory fitness level (PWCgqq,). * = Significant differences between clusters (p < 0.05,
Mann-Whitney U-test).

Table 3. Comparison of Prry, Parv, Parvurrv, Parvirry and Pyrvurrvn between cluster groups.

Table 3 shows averaged values of Prry, Patv, Parvurrv, PaTvirrv and Parvurrva for
the two cluster groups. At Srgst, Parv, Parvarry and Pyrvirry Were significantly higher
for CLUSTER B, while Prry was significantly higher for CLUSTER A. During the other test
segments, results were not significantly different between groups, except for Prry at Sggc.

Outcome CLUSTER A (n = 31) CLUSTER B (1 = 35) 4 ES
Prry (674 18.14 (6.31 to 38.94) 9.79 (3.65 to 17.54) 0.020 * 0.287
Parv 1.00 (0.41 to 1.87) 1.50 (0.82 to 2.96) 0.021 * 0.284
SREST P4TVuRRY 0.51 (0.22 to 1.23) 0.75 (0.49 to 1.56) 0.039 * 0.254
P4TviRRV 0.39 (0.23 t0 0.79) 0.75 (0.37 to 1.43) 0.018 * 0.290
P4TvuRRV 0.62 (0.60 to 0.70) 0.62 (0.56 to 0.73) 0.743 0.040
Prry (674 1.40 (0.98 to 3.41) 1.64 (0.89 to 2.39) 0.400 0.104
Pary 63.42 (24.28 t0 162.91) 99.78 (33.81 to 186.33) 0.289 0.130
Scyeo P4TVuRRY 32.34 (11.83 t0 72.16) 53.95 (15.66 to 93.05) 0.295 0.129
P4TViRRY 30.84 (12.45 to 74.75) 48.50 (11.08 to 93.27) 0415 0.100
P4TVURRVn 0.55 (0.52 to 0.58) 0.53 (0.50 to 0.56) 0.141 0.181
Prry (674 0.66 (0.32 to 1.21) 0.60 (0.33 to 1.15) 0.974 0.004
Pyry 98.08 (54.45 to 186.19) 88.19 (69.84 to 243.71) 0.724 0.043
Scyro P4TVuRRY 56.59 (29.10 to 106.70) 49.70 (30.67 to 126.59) 0.733 0.042
P4TViRRY 42.96 (21.45 to 79.49) 47.58 (22.86 to 83.74) 0.832 0.026
P4TVuRRVn 0.56 (0.54 to 0.60) 0.55 (0.52 to 0.60) 0.272 0.135
Prry (674 0.24 (0.12 to 0.40) 0.22 (0.14 to 0.43) 0.729 0.043
Pyrv 136.21 (53.69 to 223.58) 79.23 (51.54 to 150.67) 0.352 0.115
Scyso P4TVURRY 83.28 (33.82 to 152.10) 48.80 (23.36 to 117.25) 0.372 0.110
P4TViRRY 4741 (19.87 to 91.11) 30.82 (17.09 to 59.68) 0.256 0.140
P4TVuRRVn 0.64 (0.61 to 0.70) 0.60 (0.57 to 0.67) 0.052 0.240
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Table 3. Cont.

Outcome CLUSTER A (n = 31) CLUSTER B (1 = 35) p ES
Prry (64 9.03 (5.18 to 17.32) 5.29 (2.49 to 13.55) 0.036 * 0.259
Pyrv 2.36 (1.40 to 5.70) 3.82 (1.91 to 7.94) 0.079 0.216
SREC P 4TVuRRY 1.21 (0.83 to 3.07) 2.35 (1.26 to 4.06) 0.060 0.232
P4TViRRY 1.14 (0.58 to 2.55) 1.90 (0.66 to 3.88) 0.250 0.142
P4TVuRRVn 0.59 (0.53 to 0.64) 0.57 (0.53 to 0.63) 0.559 0.072

Values are expressed as median and interquartile range. Segments are based on the test phases: resting (Srgst), cycling (Scy) and recovery
(Srec)- Scy was divided in three stages at 60, 70 and 80% of estimated HRmax, denoted as Scygo, Scy7o and Scyso, respectively. Prry = LF
oscillations for RR variability; P4ty = LF oscillations for dT variability; Pyrvurry = Pqry unrelated to Prry; Parvirry = Pary related to
Prrv; Parvurryn = normalized Pyryyrry. Clusters were based on: age, BMI and cardiorespiratory fitness level (PWCggq,). ES = Effect size.
* = Significant differences between groups (p < 0.05, Mann-Whitney U-test).

Figure 6 shows examples of dT time series at rest for two subjects that are representa-
tive of each of the two clusters. The more pronounced LF oscillations in dT for the subject
belonging to CLUSTER B can be clearly appreciated (top panels). This is manifested in
higher instantaneous Pqyry, with the RRV-unrelated fraction of it, Pqrvyrry, remaining
higher too (bottom panels).
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Figure 6. Examples of dTV, P41y and Pyryyurry at rest obtained for two subjects that are representative of each of the two
clusters. A and B, described in the text.

4. Discussion

By using time-frequency methods, we confirmed that the dT angle between consec-
utive T-wave vectors mainly oscillates in the LF band and, for the first time, we showed
that its variability can be decomposed into two components with relevant contributions,
one related to RRV and the other one unrelated to it. As an advantage of our methods
over other methods quantifying LF oscillations of dT, we could characterize the temporal
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profile of dTV and of its RRV-related and unrelated components during an exercise test.
In line with previous findings, we observed a significant exercise-induced increase in the
instantaneous LF power of dTV, P4y, with respect to rest and recovery, which we proved
to be accompanied by gradual increases in its RRV-unrelated component, Pyryyrry, but
not in its RRV-related one, Pyryirry, in response to incremental exercise. The temporal
profile of Pg1v and Pqrvurry as a function of exercise intensity was highly inter-individual.
Importantly, our study provides first evidence on the behavior of P4y as a function of
age, BMI and cardiorespiratory fitness level, both when these variables are analyzed indi-
vidually and in combination. We showed that, at rest but not along incremental exercise,
Patv, Patvurry and Paryvirry Were significantly elevated in a group of overweight and
unfit individuals, while no clear relationship with age could be established.

4.1. dT Mainly Oscillates in the LF Band, Being Not Completely Unrelated to HRV

To the best of our knowledge, this study is the first one using time-frequency methods
to evaluate the frequency components of dTV and RRV during rest, exercise and recovery.
The results of our ECG analysis corroborate that dT oscillations are mainly contained in the
LF band and their magnitude is enhanced in response to exercise-induced sympathetic stim-
ulation [10,16,18]. These results agree well with previous reports showing enhancement of
PRD, which represents the same concept as P4y, subsequent to tilt table test and to mild
exercise as well as decrease following 3-adrenergic blockade [10]. On top of clinical and
experimental studies assessing LF oscillations in ventricular repolarization from the surface
ECG [13,14], these oscillations have additionally been demonstrated by in vivo studies
at the level of ventricular electrograms and action potentials, which have characterized
the LF oscillatory pattern [36-39], its magnification by sympathetic provocations [37] and
its reduction following 3-adrenergic blockade [38]. In silico studies have suggested that
synergistic 3-adrenergic stimulation and mechanical stretch could contribute to explain
the LF oscillatory pattern of ventricular repolarization [40,41]. Although further research is
needed to mechanistically link LF oscillations in ventricular repolarization to LF rhythmic
discharge of sympathetic neurons [9], our study, together with all cited evidences from
cell to whole-body levels, provide indirect support to the involvement of the sympathetic
nervous system in the generation of the observed oscillatory behavior.

An important aspect that could render repolarization risk markers, such as PRD,
inaccurate in representing the sympathetic effect on ventricular repolarization is their
dependence on HR. Here, we show that Py1y has an RRV-unrelated fraction accounting for
50-70% of it and an RRV-related one accounting for the remaining 30-50%. For PRD to be
more meaningful from a clinical point of view, its RRV-unrelated fraction could be analyzed,
as it could more closely reflect ventricular repolarization instabilities occurring under
excessive sympathetic activity that may increase susceptibility to ventricular arrhythmias
and sudden cardiac death. Prior studies investigating PRD have assessed its modulation by
HR by evaluating the response to physiological interventions, such as hyperventilation or
incremental exercise, and have established the independence of dT and PRD with respect
to HR and HRV by reporting a non-significant correlation [16,17]. Other studies have
determined that PRD is not an epiphenomenon of HRV by proving that it presents small
(25% in mean) changes following fixed atrial pacing to abolish HRV [10]. Here, we provide
instantaneous quantification of the percentages of Pqry that are related and unrelated
to RRV at any time instant during rest, exercise and recovery. This quantification could
prove useful to assess whether increases in RRV-unrelated oscillations of dT could be
more sensitive in predicting impeding ventricular arrhythmias than the combined RRV-
related and unrelated oscillations measured through PRD. Previous studies in the literature
have confirmed the value of specifically measuring RRV-unrelated oscillations of other
ventricular repolarization markers such as the QT interval. In a recent investigation, the LF
power of QT variability (QTV) unrelated to RRV, but not of the full QTV, was able to identify
patients with coronary artery disease (CAD) from the first phases of a stress test [42]. In [43],
QTV was quantified at given HRV levels and it was reported to be greater in heart failure
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patients with spontaneous ventricular tachycardia than in normal heart subjects, with
inter-group QTV differences being further amplified in response to atrial pacing (i.e., in the
absence of HRV). These evidences on the existence and value of mechanisms additional to
RRV-dependent effects on LF oscillations of ventricular repolarization provide new avenues
for the development of arrhythmic risk markers with improved stratification capacity by
refinement of PRD, as suggested in this study.

4.2. Incremental Exercise Enhances LF Oscillations of dT, with the Temporal Oscillatory Profile
Being Highly Inter-Individual

While the pattern of change in RRV along a full exercise test has been extensively
described in the literature, the pattern of dTV remains less well characterized. In line with
previous reports [44], we describe a sudden drop in Prry with the beginning of exercise,
followed by a more gradual decay as exercise intensity increases and a return to resting
Prry levels during the recovery segment. Regarding dT and Py4ry, only two studies have
provided an in-depth description of the pattern of change during the exercise test [16,18].
In agreement with these two studies, we show that, with the start of the exercise and the
elevation in the sympathetic activity, there is an increase in dT and P4ry, with such an
increase being sustained along the different exercise intensities in mean over the analyzed
population. In some individuals, P4ty is magnified by a factor above 200 at maximum
exercise intensity. In accordance to previous works, we show a decrease in P47y towards
pre-exercise values during recovery [16,18].

The specific characteristics of the dT and P4ty profiles along an exercise test vary
across studies depending on the design of the exercise protocol. Hamm et al. used a
step-wise incremental protocol and described that dT increased concordantly to HR until
reaching the lactate anaerobic threshold and then started to decline discordantly to HR [18].
Milagro et al. considered a more exigent ramp protocol and did not observe such a
transient drop in dT but reported a three-phase profile of dT and P4ty during exercise.
This profile consisted of an initial rapid rise and plateau-like behavior at light-intensity
exercise, followed by a slight increase around the point when Prry reached its minimum
and a final sudden increase after reaching the second ventilatory threshold [16]. Here, we
find a tendency for P47y to increase with exercise intensity, even if not reaching statistical
significance possibly due to the fact that, at our analyzed intensities, not all subjects reached
the second ventilatory threshold (around 80-90% of HRmax) after which dT and P4ty would
be expected to grow remarkably [16,45].

On top of characterizing the P4y profile, we provide the profiles of its RRV-related and
unrelated fractions, not investigated so far in previous studies. While the RRV-unrelated
fraction, PyTvyrry, presents a similar pattern to P47y, with an even more marked increment
in relation to exercise intensity, this was not the case of the RRV-related fraction, Pgrv;rrv,
which did not show an increasing tendency with exercise intensity in mean over subjects.
These results support the observation that the RRV-unrelated part of PRD could better
reflect sympathetic effects on ventricular repolarization, with increased repolarization
lability levels accompanying increased sympathetic activity [46]. Other studies in the
literature have investigated the profile of repolarization variability and its RRV-unrelated
component during exercise by analysis of QTV. In [42], the RRV-unrelated fraction of QTV
is shown to be increased with exercise and to represent nearly 80% of all QTV at maximum
exercise intensity. While this is true for both non-CAD and CAD patients, significant
differences between these two groups are appreciated only at the first phases of the stress
test and only for the RRV-unrelated fraction of QTV, which highlights the relevance of using
methods able to separate the two repolarization variability components and to monitor
them over the course of time, as proposed in this study. In addition, the time course of the
LF power of the two QTV components has been investigated in response to maneuvers that
shift the sympathovagal balance towards more sympathetic predominance, such as the tilt
table test [31,47]. The unrelated component, but not the related one, increases significantly
along the tilt test, again confirming the importance of the time-varying methodologies used
in our study for characterization of LF oscillations of repolarization unrelated to RRV.
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4.3. LF Oscillations of dT Are Significantly Elevated in a Group of Overweight and
Unfit Individuals

The measurements of cardiac variability quantified in our study have been compared
between groups stratified by age, BMI and cardiorespiratory fitness level. In accordance to
the literature [48], we show that age is associated with a reduction in Prry at rest, light-
intensity exercise and recovery. Additionally, we analyze, for the first time, the relationship
between age and Pgrv, PaTvurrv and Parvirry and we describe no significant differences
between age groups. Similarly, when comparing according to BMI or cardiorespiratory
fitness level individually, most variables did not show differences between groups either,
with only Pytv and Paryirry at rest being significantly higher in the overweight group.

Next, we performed cluster analysis to identify subjects with common phenotypic
characteristics. CLUSTER A, composed of “non-overweight and fit” individuals, presents
higher Prry at rest than CLUSTER B comprising “overweight and unfit” individuals, which
is congruent with studies associating higher HRV with better health and lower HRV with
poorer prognosis in different clinical conditions [49]. In addition, CLUSTER B shows higher
Patv, Patvurry and Pyrvirry at rest, which agrees with investigations linking elevated
resting Pyrv with higher cardiovascular risk (Rizas et al. 2014). Indeed, PRD has been
shown to be a strong predictor of all-cause mortality, cardiac mortality and sudden cardiac
death in different patient populations [10-14]. It should be noted that the way to calculate
Pg1v in the present study is not the same as in some of the aforementioned clinical studies
and, thus, our reported P41y values should not be compared with the PRD threshold set
in those studies for mortality prediction. Future work in larger study populations should
confirm whether Pq7v (equivalent to PRD) and its RRV-unrelated fraction, Pyryyrry, can
be used as tools to measure the chronic effects of age, BMI or fitness on sympathetically-
modulated ventricular repolarization and how this could be related to increased cardiac
and arrhythmic risk.

As an observation from our research, we could not find significant differences between
clusters A and B in terms of LF oscillations of cardiac activity during exercise. Our
initial hypothesis was that exercise would accentuate potential resting differences between
individuals with distinct phenotypes. However, the temporal profile of P4y presents high
inter-individual variability even among subjects of the same cluster, which results in a
large standard deviation of the P4ty measures. In terms of the median of Pqry and its
RRV-related and unrelated components (see Table 3), CLUSTER A shows an increasing
trend with exercise intensity, whereas the opposite behavior is observed in CLUSTER B.
Particularly for CLUSTER A, we show a marked increase in Pyry from Scy7p to Scyso,
which matches the findings by Milagro et al., who reported a sudden increase around the
second ventilatory threshold in trained subjects [16]. Our observed differences between the
two clusters could potentially be a reflection of differences in the sympathetic modulation
of ventricular activity with exercise, with the profile reported for subjects of CLUSTER A
being representative of a better health status.

4.4. Strengths, Limitations and Future Research

A key strength of the present study is the in-depth analysis of PRD (quantified through
Pg47y) using a time-frequency approach to track the frequency components of the dT
time series and of their portions related and unrelated to RRV. Second, previous studies
describing PRD patterns during exercise have been carried out in groups of 20 young
lean volunteers and, in some cases, all of them being physically fit [16,18]. In contrast,
our study population is larger, comprises volunteers of ages spanning from 20 to 70 years
old and is much more heterogeneous in terms of weight and physical fitness, thus being
more representative of the general population. Third, cluster analysis is used to evaluate
the extent to which LF oscillations of HR and ventricular repolarization are modulated
by the concurrence of phenotype characteristics, such as age, BMI and cardiorespiratory
fitness levels. This perspective is particularly relevant considering that, by 2050, 1 out of
6 people in the world will be an older adult [50] and advanced age has been associated
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with changes in body composition and reduced cardiorespiratory fitness [51,52]. Last but
not least, all the measurements and signal recordings of this study are performed in the
laboratory, under homogeneous conditions, thus enabling control of confounding factors
and guaranteeing the reproducibility of the study.

On the other hand, some limitations of the study are to be acknowledged. Although
larger than in previous similar studies, the sample size is still relatively small. In future
research, larger, more representative samples would allow confirming the findings of the
present study regarding the temporal profile of PRD during incremental exercise, with
dissection of the portion attributable to HR-dependent effects and the portion related to
intrinsic autonomic modulation of the ventricular myocardium. Furthermore, it should be
born in mind that a mesomorph subject may be overweight according to its BMI, so the
results on ECG ventricular repolarization dynamics in these subjects should be critically
interpreted taking this into account. As another limitation of our study, all the participants
were Spanish white men. Further work should aim at applying the methodologies here
reported onto other populations including women and other racial or ethnic groups.

In this paper, PRD is quantified during exercise and values are found to be two
orders of magnitude higher than at rest. Previous studies have established thresholds for
cardiac and arrhythmic risk stratification based on resting PRD measurements. Future
studies could take the present work as a basis and measure PRD in clinical populations
to assess the value of exercise-induced PRD increments for risk prediction. This, together
with other more mechanistic investigations, could help elucidate the grounds underlying
the predictive capacity of elevated PRD. Those grounds could involve not only a higher
vulnerability of the myocardium to arrhythmogenic LF repolarization oscillations but
a higher release of norepinephrine and arrhythmogenic co-transmitters due to larger
neuronal synchronization, as proposed in [9]. Additionally, further research should confirm
whether PRD and its RRV-unrelated component, both measured at rest and in response to
exercise, could be useful to assess chronic effects of age, BMI and cardiorespiratory fitness
level on ventricular activity and its relationship to cardiac risk, in general, and arrhythmic
risk, in particular.

5. Conclusions

This study characterizes the frequency content along time of the dT angle between
consecutive ECG T-wave vectors as a measure of repolarization instability. Oscillations in
dT mostly occur in the low-frequency band and as much as 50-70% of them are unrelated
to heart rate variability. The instantaneous LF power of dT, P41y, increases by two orders
of magnitude during an incremental exercise protocol as compared to values at rest and
during recovery from exercise, although high inter-individual variability is observed in
the temporal profiles of P4ry. By clustering analysis, we show that a group of overweight
and unfit individuals presents significantly larger Pqy values at rest, whereas no clear
relationship with age is observed. Notwithstanding the limitations of the study, concerning
sample size, BMI and sample characteristics, these findings extend our knowledge of
periodic repolarization dynamics (PRD), a promising ECG risk marker, and set the stage
for future studies to investigate exercise-induced heart rate-unrelated changes in PRD as a
strategy to improve its prognostic cardiac and arrhythmic risk stratification capacity.
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Appendix A

Table A1. Comparison of Prry, Pqrv, Parvurrv, Parvirrv and Pyrvurrvn between age groups at the different evaluated
test segments.

Outcome Young Adults ~ Middle-Aged Adults  Older Adults Main Effect
(n=24) (n=21) (n=21) p Effect Size
Prry (e~ 23'11;.(1175)%6 0 11.96 (7.90 to 23.84) © 316058(21)%6}}0 <0.001 * 0.333
SpEsT Pyry 1'312@'56)4 to 1.33 (0.71 to 4.95) 0'92;3'6%8 to 0.666 0.012
P 4 TVuRRY 0'801@ 39 to 0.64 (0.41 to 2.75) 0'611&2'12)6 to 0.712 0.010
P yTviRRY 0'541952)4 to 0.69 (0.31 to 2.20) 0'4358'92)1 to 0.480 0.023
P 4 TVuRRY 0'6102'65)9 to 0.67 (0.59 to 0.77) 062&;’56 to 0.393 0.029
Prev (e 4) 2'4; 5(;)13 to 1.24 (0.89 t0 2.12) 1'15;(5)')73 to 0.013 * 0.133
Scveo Pury 63 '327(?657';15 141,55 (40.01 to 192.05) 99'1112(52.33)7 to 0.307 0.036
Py TVuRRY 32'31;1326‘)18 0 716 (16.47 t0 97.98) 48'6(;1(.1725)91 to 0.340 0.033
Py rveRRY 30'525(?23;)27 0 6771 (19.33 to 104.23) 42'65662'57)2 to 0.301 0.037
| 0'540@'75)0 to 0.53 (0.50 to 0.55) 0'550%5)1 to 0.471 0.023
Prry (64 0'941%)'7%5 t© 0.75 (0.33 to 1.03) 0'4408'12)4 to 0.164 0.056
Sevro Pary 103'222(?975530 0 8738 (66551 to 172.59) 88'1291(34'2'23)6 to 0.929 0.002
P 4 TVuRRY 60'752(223;;0 0 5659 (33.15 t0 95.72) 48'8171(7%5’525 to 0.953 0.001
Py rviRRY 43 '6110(52;52 0 4879 (24.36 to 76.87) 44'7235.1956)30 to 0.886 0.004
P 4 TVuRRVa 0'560f265)4 to 0.55 (0.54 to 0.57) 0'550F2b5)2 to 0.555 0.018
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Table Al. Cont.
Outcome Young Adults ~ Middle-Aged Adults  Older Adults Main Effect
(n=24) (n=21) (n=21) p Effect Size
Prry (64 0‘320f2é1)5 o 0.19 (0.12 to 0.36) 0'200@;)4 to 0.345 0.033
Scyso Parv 151'5321(114')39 0 9618 (46.42 to 143.97) 79'2136(9}?;53)0 to 0.789 0.007
P 4 TVuRRY 85'619582;'56)1 0 5899 (2859 to 117.91) 53'6171(63.;'3?;7 to 0.898 0.003
P yTviRRY 53'529(?7(’6)21 0 3117(1632t049.83)  ° 1'7382(?713;)17 to 0.506 0.021
P 4 TVuRRY 0'6202'95)8 to 0.64 (0.61 to 0.70) 0'600%5)6 to 0.255 0.042
Prry (674 7'0? (gg? 1071 (5341t017.35)© 5'1; 4%213 to 0.014 * 0.130
SREC Pary 2'466%'94)2 to 2.83 (136 to 4.20) 4'927%'28)6 to 0.086 0.075
| 1.25 4f8'97)5 to 1.30 (0.86 t0 2.32) 2'663%$0 to 0.067 0.083
Py rveRRY 1'27;2'56)0 to 1.43 (0.49 to 2.21) 2'23;2'79)3 to 0.257 0.042
Py TVuRRY” 0'570&5)4 to 0.58 (050 to 0.62) 0'610245)4 to 0.613 0.015

Values are expressed as median and interquartile range. Segments are based on the test phases: resting (Srest), cycling (Scy) and recovery
(Srec)- Scy was divided in three stages at 60, 70 and 80% of estimated HRmax, denoted as Scygo, Scy7o and Scyso, respectively. Prry = LF
oscillations for RR variability; P4ty = LF oscillations for dT variability; Pgrvurrv = P4ty unrelated to Prrv; Parvirry = Patv related to Prry:
P4rvurryn = normalized Pyryyrry. * = Significant differences between groups (p < 0.05, Kruskal-Wallis test). Y = Different to Young adults;
M — Different to Middle-aged adults; © = Different to Older adults.

Table A2. Comparison of Prry, Parv, Parvurrv, Parvirrv and Parvurrvn between BMI groups.

Outcome Non-Overweight (1 = 38) Overweight (n = 28) P ES
Prry (e74) 16.93 (6.18 to 30.57) 10.09 (3.91 to 19.57) 0.143 0.180
Pyry 1.10 (0.44 to 2.07) 1.60 (0.84 to 3.37) 0.030 * 0.267
SRrEST P4TVuRRY 0.57 (0.27 to 1.24) 0.75 (0.51 to 2.05) 0.078 0.217
P4TViRRV 0.46 (0.21 to 0.80) 0.75 (0.38 to 1.47) 0.019 * 0.289
P4TvuRRV 0.63 (0.60 to 0.71) 0.60 (0.56 to 0.73) 0.364 0.112
Prry (€74 1.74 (1.01 to 2.95) 1.44 (0.73 to 2.33) 0.173 0.168
Pary 69.61 (27.79 to 165.01) 98.71 (23.81 to 176.69) 0.716 0.045
Scveo P4TVuRRY 33.32 (12.88 to 74.32) 47.73 (12.13 t0 90.98) 0.736 0.042
P4TViRRV 37.01 (14.92 to 78.70) 43.54 (8.67 to 89.04) 0.815 0.029
P4TVuRRV 0.55 (0.53 to 0.58) 0.51 (0.50 to 0.55) 0.002 * 0.388
Prry (€74 0.72 (0.33 to 1.13) 0.54 (0.30 to 1.26) 0.645 0.057
Pyrv 99.71 (56.84 to 218.33) 87.78 (68.89 to 177.39) 0.887 0.018
Scy7o P4TVuRRY 53.14 (30.30 to 116.59) 56.33 (30.53 to 102.87) 0.979 0.003
P4TViRRY 43.61 (26.17 to 94.15) 46.17 (15.76 to 74.53) 0.640 0.057
P4TVuRRV 0.56 (0.54 to 0.60) 0.55 (0.51 to 0.59) 0.208 0.155
Prrv (€74 0.29 (0.14 to 0.41) 0.19 (0.13 to 0.46) 0.559 0.072
Pary 116.95 (51.73 to 235.29) 83.25 (51.81 to 150.11) 0.392 0.105
Scyso P4TVuRRY 74.30 (31.29 to 148.63) 51.23 (25.08 to 114.92) 0.429 0.097
P4TViRRY 43.68 (19.03 to 93.20) 31.00 (19.81 to 55.13) 0.270 0.136
P4TVuRRV 0.64 (0.60 to 0.69) 0.61 (0.57 to 0.68) 0.254 0.141
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Table A2. Cont.
Outcome Non-Overweight (n = 38) Overweight (n = 28) P ES
Prrv (67 9.47 (6.05 to 18.15) 4.06 (2.17 to 8.44) <0.001 * 0.436
Parv 2.76 (1.47 to 5.99) 3.62 (1.68 to 6.60) 0.517 0.080
SrREC P4rvurrv 1.27 (0.85 to 3.22) 2.16 (1.28 to 3.82) 0.259 0.139
PaTviRRV 1.49 (0.64 to 2.82) 1.59 (0.45 to 3.43) 0.825 0.027
PaTvuRRVA 0.58 (0.53 to 0.64) 0.58 (0.53 to 0.63) 0.959 0.006

Values are expressed as median and interquartile range. Segments are based on the test phases: resting (Srgst), cycling (Scy) and recovery
(SreC)- Scy was divided in three stages at 60, 70 and 80% of estimated HRmax, denoted as Scyeo, Scy7o and Scyso, respectively. Prry = LF
oscillations for RR variability; P4ty = LF oscillations for dT variability; Pqryurry = Pary unrelated to Prry; Parvirry = Pary related to Pgry;

Parvurrvn = normalized Pyryyrry. ES = Effect size. * = Significant differences between groups (p < 0.05, Mann-Whitney U-test).

Table A3. Comparison of Prry, Pqrv, Parvurrv, PaTvrrry and Pyrvurrvn between cardiorespiratory fitness level (PWCgge,)

groups.
Outcome Fit (n = 32) Unfit (n = 34) P ES
Prrv (€74 12.45 (5.61 to 24.60) 14.25 (6.12 to 28.66) 0.581 0.068
Parv 1.10 (0.43 to 2.22) 1.43 (0.80 to 2.70) 0.166 0.171
SREST P4TVuRRYV 0.63 (0.27 to 1.38) 0.71 (0.43 to 1.24) 0.419 0.099
P4TViRRY 0.45 (0.23 to 0.80) 0.71 (0.33 to 1.44) 0.061 0.231
P4TvuRRVn 0.65 (0.60 to 0.73) 0.61 (0.55 to 0.67) 0.059 0.232
Prrv (€74 1.23 (0.96 to 2.51) 1.82 (0.96 to 2.91) 0.441 0.095
Pyrv 74.15 (19.97 to 175.41) 92.39 (36.08 to 165.01) 0.635 0.058
Scyeo P4TvarRRY 35.28 (10.57 to 91.96) 44.43 (15.99 to 81.78) 0.663 0.054
P4TViRRYV 36.43 (10.35 to 90.40) 48.12 (14.57 to 73.71) 0.599 0.065
P4TVuRRVA 0.55 (0.52 to 0.57) 0.53 (0.50 to 0.55) 0.121 0.191
Pgry (%) 0.54 (0.32 to 1.03) 0.76 (0.35 to 1.32) 0.223 0.150
Pyrv 85.90 (42.46 to 208.57) 101.57 (70.22 to 175.55) 0.496 0.084
Scy7o P4TvuRRY 49.52 (21.85 to 121.80) 59.95 (34.25 to 91.91) 0.663 0.054
P4TViRRY 38.97 (16.83 to 86.07) 46.17 (31.58 to 78.83) 0.488 0.085
P4TvuRRVn 0.56 (0.54 to 0.60) 0.55 (0.52 t0 0.57) 0.166 0.171
Prryv (%) 0.21 (0.13 to 0.35) 0.26 (0.14 t0 0.53) 0.133 0.185
Pyrv 130.30 (59.72 to 291.39) 83.25 (50.12 to 152.08) 0.281 0.133
Scyso PyTvurRRY 82.98 (37.23 to 156.10) 49.39 (23.61 to 92.27) 0.178 0.166
PaTviRRY 42.06 (16.91 to 108.72) 31.45 (21.28 to 57.86) 0.635 0.058
P4TvuRRVA 0.67 (0.61 to 0.70) 0.61 (0.58 to 0.64) 0.016 * 0.295
Prryv (%) 8.39 (5.23 to 17.51) 5.22 (2.89 to 13.56) 0.063 0.229
Pyrv 3.55 (1.93 to 6.02) 2.86 (1.47 to 6.83) 0.710 0.046
SrREC P4TvurRRY 2.03 (0.94 to 3.08) 1.36 (0.89 to 3.85) 0.672 0.052
PaTviRRV 1.81 (0.86 to 2.81) 1.44 (0.53 to 3.78) 0.691 0.049
PyTvuRRVn 0.60 (0.54 to 0.65) 0.57 (0.53 to 0.62) 0.178 0.166
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5. Discusion global

Uno de los principales objetivos de la tesis fue analizar las limitaciones de los
métodos de medicion de los niveles de actividad fisica y la electrofisiologia cardiaca al
utilizarse en poblacién mayor. El articulo Il de la presente tesis evalud las métricas
basadas en puntos de corte versus métricas libres de puntos de corte. Las limitaciones de
los puntos de corte son bien conocidas y conducen a algunos de los problemas observados
en el articulo Il (132). En primer lugar, los puntos de corte son protocolo-especificos y
poblacion-especificos, por lo tanto: i) los resultados no son comparables entre estudios; ii)
hemos observado que el tiempo que un centenario pasa en actividad fisica de intensidad-
baja e intensidad moderada-vigorosa varia ampliamente en funcion del punto de corte
utilizado para el célculo; iii) los cientificos tienen que seleccionar uno de los muchos
puntos de corte disponibles para un segmento poblacional Ej. Personas mayores, pero no
hay puntos para sub-segmentos especificos y extremos como los centenarios
(56,133,134). La segunda limitacion de los puntos de corte es que dos participantes
punttan muy diferente si uno realiza actividad justo por encima del punto de corte y el
otro realiza actividad justo por debajo (132), evidentemente estas fronteras subitas no
existen en la fisiologia humana. En tercer y ultimo lugar, muchos participantes no
alcanzan ninguna actividad por encima de los puntos de corte (particularmente en el
rango vigoroso) (132). En concreto, nuestros centenarios mostraron un potencial efecto
suelo para la actividad fisica moderada-vigorosa, que se intensificaba al usar los puntos
de corte mas exigentes, dicho efecto suelo se evito al usar las métricas libres de puntos de
corte. Las métricas libres de puntos de corte emergen como una sélida alternativa, puesto
gue son poblacion-independientes, aunque son protocolo-especificas y podrian diferir
entre algunas marcas y modelos de acelerémetros (59). Ademas con el enfoque Mx, los

resultados no estan colapsados en categorias, sino que se mantiene la naturaleza continua
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de los datos y se pueden realizar interpretaciones post-hoc en relacion a cualquier punto
de corte (59). También merece ser destacado que en las métricas Mx, los minutos de
actividad fisica pueden ser acumulados en cualquier momento del dia, sin necesidad de
ser acumulados en «bouts», siendo coherentes con la perspectiva «cada movimiento
cuenta» de la Organizacion Mundial de la Salud (35). Nuestros resultados sugieren que
los nuevos enfoques analiticos podrian superar las limitaciones de los puntos de corte al

estudiar a los muy mayores.

Por su parte, las limitaciones de los métodos de medicion de la electrofisiologia
cardiaca fueron analizadas en el articulo IV de esta tesis. Particularmente el articulo
evalud la validez del analisis de variabilidad de la frecuencia cardiaca registrado por el
sensor de frecuencia cardiaca PolarH7. De acuerdo a estudios previos, el PolarH7 mostrd
un excelente acuerdo con el electrocardiograma en reposo (83,85). Durante el ejercicio de
intensidad moderada-alta se observd un desacuerdo entre los dispositivos en las
oscilaciones de alta frecuencia de la frecuencia cardiaca, hallazgos similares fueron
descritos al evaluar el modelo anterior Polar RS800 (88), tanto las oscilaciones de alta
frecuencia como los indices de dominio temporal relacionados, tales como RMSSD
(135), son cominmente usados para monitorizar el sistema nervioso autdbnomo antes,
durante y después del ejercicio (114), por lo que estos datos deberian interpretarse con
cuidado cuando hayan sido registrados por el PolarH7 a mas del 70% de la frecuencia
cardiaca maxima. Es la primera vez que ha sido estudiada la validez del PolarH7 durante
la recuperacidn, las mediciones de frecuencia cardiaca fueron precisas, al contrario que
las de variabilidad de la frecuencia cardiaca, por lo cual de acuerdo a Schneider et al. es
recomendable el uso de la frecuencia cardiaca durante la recuperacion post-ejercicio (98).
Los resultados del anélisis de conglomerados confirman la hipdtesis de que la edad y

caracteristicas fenotipicas de los sujetos son una de las causas, no la Unica, de desacuerdo
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entre dispositivos (88), factor a considerar cuando se use el PolarH7 y en general en la

validacién de cualquier sensor.

Otro de los principales objetivos de la tesis fue aportar resultados descriptivos de
niveles de actividad fisica y electrofisiologia cardiaca en personas muy mayores asi como
estudiar su relacion con diferentes marcadores de salud. Este objetivo se llevo a cabo en
los articulos I, Il, V 'y VI. Los articulos 1 y Il evaluaron objetivamente la actividad fisica y
el sedentarismo en centenarios, confirmando la hipdtesis de que se observaria un
descenso asociado a la edad en los niveles de actividad fisica. El articulo | utilizé
métricas basadas en puntos de corte, mostrando que los centenarios son menos activos y
mas sedentarios que los nonagenarios. Este articulo también analizé el nimero de pasos,
gracias a lo que fueron observados dos hechos interesantes: i) al comparar nuestros
resultados con los de Davis et al. se vio que el nimero de pasos podria presentar un
descenso acelerado durante las Gltimas décadas de vida (67); ii) de acuerdo con anteriores
estudios en ancianos de 71-91 afios (136,137), el periodo mas activo del dia para los
nonagenarios y los centenarios fue la mafiana, la identificacion de estos patrones
comportamentales podrian orientar futuras intervenciones con esta poblacion. Por su
parte, el articulo 11 utiliz6 ademéas métricas libres de puntos de corte, las cuales ratificaron
una reduccion relacionada con la edad en el volumen y la intensidad de la actividad fisica,
presentando nuestros centenarios los valores mas bajos del espectro de edades en todas
las variables Ej. Aceleracion media, gradiente de intensidad y Mx (138-140). Hay que
tener en cuenta que la muestra del articulo Il estd compuesta por centenarios
institucionalizados y que puntualmente algunos centenarios podrian presentar resultados
similares o incluso mayores a los reportados por personas mayores, de hecho existen
ejemplos inspiradores de atletas centenarios que continGan compitiendo (68). Se conoce

que la actividad fisica presenta una relacién dosis respuesta con la salud (38), incluso en
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centenarios, el articulo 1l mostré que tanto las medidas basadas en puntos de corte como
las libres de puntos de corte encontraron diferencias entre grupos con un estado positivo
versus negativo en diferentes marcadores de salud tales como: independencia funcional,
capacidad cognitiva y capacidad fisica. Sin embargo, mas del 7.2% de las muertes por
cualquier causa y un 8% de las enfermedades no transmisibles son atribuidas a la
inactividad fisica (141), por lo que resulta realmente preocupante que el sub-segmento
que mas rapido crece de la poblacion (los muy mayores) sea el mas inactivo. La
inactividad fisica de los muy mayores deberia ser vista por los politicos como un
problema prioritario, dadas sus implicaciones para la calidad de vida relacionada con la

salud y los costes sanitarios asociados (4).

Los resultados descriptivos de electrofisiologia cardiaca en personas muy mayores
y su relacion con diferentes marcadores de salud fueron estudiados en los articulos V y
VI. En concreto, el articulo V investigo las posibles diferencias en la variabilidad de la
frecuencia cardiaca de las mujeres adultas, octogenarias y centenarias. Encontramos una
clara disminucién con la edad en los principales indices de variabilidad de frecuencia
cardiaca que reflejan la actividad parasimpatica, este descenso ha sido reportado por otros
autores (99,101,142), aunque es la primera vez que se describe en centenarios y
contradice el nadir parasimpatico en los 60-80 afios que ha sido descrito por varios
autores (108,110,143), esta discrepancia podria explicarse, entre otros, por que los
estudios previos no hubieran filtrado patrones erraticos o por que hubieran seleccionado
muestras incluyendo Unicamente centenarios sanos e independientes (108-110,144). Los
resultados de SDNN Yy las oscilaciones de baja frecuencia siguieron la misma linea que
las variables parasimpaticas, probablemente debido a que el SNP es una de las principales
fuentes de variabilidad en estos indices durante mediciones de corta duracion realizadas

en sedestacion (145). El articulo V también evalué si los indices de variabilidad de la
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frecuencia cardiaca pueden predecir la mortalidad por todas las causas en centenarios.
Unicamente SDNN se asoci6 con mortalidad temprana (<1 afio), el grupo de centenarios
con SDNN <19ms mostré un riesgo de mortalidad temprana cinco veces superior que
aquellos con SDNN >19ms, aunque los resultados deben leerse con perspectiva ya que se
trata de una muestra pequefia y heterogénea. En las Gltimas décadas la variabilidad de la
frecuencia cardiaca ha sido confirmada como un predictor independiente de morbilidad y
mortalidad (96,146). Especificamente SDNN ya fue planteado en 1987 para la
estratificacion del riesgo tras infarto de miocardio y de acuerdo con Bilchick et al. cada
incremento de 10ms en SDNN conferiria un descenso del 20% en el riesgo de mortalidad

(94,95).

El articulo VI también aporta resultados descriptivos de electrofisiologia cardiaca,
si el articulo V se centraba en el intervalo RR, el articulo VI pone el foco sobre laonda T,
es decir en las DRP. Uno de los objetivos especificos de este articulo fue cuantificar de
forma continua las DRP en reposo, durante el ejercicio y la recuperacion, evaluando su
dependencia de la variabilidad de la frecuencia cardiaca. Segun nuestro conocimiento,
este estudio es el primero que evalla los componentes frecuenciales de dT y de la
variabilidad de la frecuencia cardiaca; revelando dos aspectos importantes: i) las
oscilaciones de dT ocurren principalmente a baja frecuencia y su magnitud aumenta en
respuesta al estimulo simpético que supone el gjercicio, lo que unido a evidencias previas,
apoya de forma indirecta la idea de que el SNS estaria involucrado en la generacion de
dicho comportamiento oscilatorio (120,129,130,147-152); ii) Un 50-70% de las
oscilaciones dT de baja frecuencia (es decir, DRP) no estan relacionadas con la
variabilidad de la frecuencia cardiaca, esta parte no relacionada podria ser mas
significativa desde el punto de vista clinico, anteriores estudios han confirmado en otros

marcadores de repolarizacion ventricular, como el intervalo QT, el valor de medir de
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forma especifica la parte no relacionada con la variabilidad de la frecuencia cardiaca
(153,154). En lo concerniente al patron de DRP durante un test de ejercicio incremental,
en la misma linea que los estudios previos DRP mostré un aumento durante el ejercicio
respecto a los valores de reposo y recuperacion (124,126), observandose una alta
variabilidad inter-sujeto durante el ejercicio, que podria deberse a que se utilizé6 un
protocolo sub-maximo (124,126). Cabe destacar que, mientras que la componente no
relacionada presenté un patrén durante el ejercicio similar a DRP, la componente
relacionada no lo hizo, lo que refuerza que la componente no relacionada podria reflejar
mejor el efecto simpatico en la repolarizacion ventricular. El segundo objetivo especifico
de este articulo fue caracterizar los efectos de la edad, el indice de masa corporal y el
nivel de aptitud cardiorrespiratoria sobre las DRP. No se observaron diferencias en DRP
al analizar grupos divididos segun una Unica variable, por ejemplo la edad, sin embargo el
analisis de conglomerados identificd un grupo de sujetos con sobrepeso y baja condicién
fisica con valores de DRP en reposo significativamente mas altos que el resto de la
muestra, de hecho un DRP elevado ha mostrado ser predictor de mortalidad y muerte

stbita en diferentes grupos de pacientes (120,127-130).

Esta tesis culmina con el estudio Ill, un estudio Unico que por primera vez en
centenarios pasa del plano descriptivo a la intervencion. Concretamente, se examinaron
los efectos de 12 semanas de entrenamiento supervisado de fuerza sobre la condicion
fisica, independencia funcional, fragilidad y calidad de vida relacionada con la salud en
centenarios fréagiles institucionalizados. La evidencia cientifica respalda los efectos
beneficiosos del ejercicio fisico, incluso en personas nonagenarias, fragiles,
institucionalizadas u hospitalizadas (18,73-75), sin embargo en la literatura cientifica
Unicamente encontramos dos estudios de caso que reportan el entrenamiento mediante

gjercicio fisico en dos atletas centenarios que competian a nivel mundial, la intervencién
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duré mas de un afio y estaba pobremente detallada (29,78), nuestro estudio es por tanto el
primero que incluye un grupo control y evalla los efectos del ejercicio fisico en
centenarios que no son atletas. El envejecimiento lleva a una progresiva disminucion en
la funcién de todos los sistemas (9), consecuentemente era esperable la tendencia al
deterioro de todas las variables que se observo en el grupo control tras el periodo de 12
semanas. Hay que subrayar que el ANOVA de medidas repetidas revel6 una interaccién
grupo-tiempo significativa en todas las variables evaluadas, extendiendo los conocidos
beneficios del ejercicio fisico en los muy mayores hasta el limite de la esperanza de vida
humana (18). Ademas, debemos destacar que el grupo intervencién no se limité a eludir
el descenso asociado a la edad, sino que mejord significativamente su condicién fisica,
independencia funcional, fragilidad y calidad de vida relacionada con la salud; en otras
palabras, nuestros resultados sugieren que nadie es demasiado mayor para beneficiarse
del entrenamiento de fuerza. Por Gltimo pero no menos importante, la «National Strength
and Conditioning Association» asegura que las lesiones que sufren las personas mayores
durante el entrenamiento de fuerza estan principalmente relacionadas con una técnica
incorrecta 0 con una seleccién inadecuada de los ejercicios (72). A pesar de la fragilidad
de nuestra muestra de centenarios, no se observé ningun efecto adverso importante
durante el periodo de intervencién, en la misma linea que estudios previos en personas

mayores (155).
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6. Conclusiones [Conclusions]

Articulo I.

Nuestros resultados sugieren que la disminucion en los niveles de actividad
fisica continla empeorando hasta el limite de la esperanza de vida humana,
siendo los centenarios menos activos y mas sedentarios que los nonagenarios.

Al observar la distribucion horaria, el periodo del dia mas activo para los
nonagenarios y centenarios fue la mafana, con un pico entre las 10:00 y las

11:59.

Articulo I1.

Las métricas de acelerometria libres de puntos de corte también muestran una
reduccién relacionada con la edad en el volumen y la intensidad de la
actividad fisica, presentando nuestros centenarios los valores més bajos del
espectro de edades en todas las variables Ej. Aceleracion media, gradiente de
intensidad y Mx.

Tanto las medidas basadas en puntos de corte como las libres de puntos de
corte estuvieron relacionadas con los estados de salud, pero la variable M30,
libre de puntos de corte, fue la Unica relacionada con mortalidad temprana

El tiempo diario que un centenario pasa en actividad fisica de intensidad-baja
e intensidad moderada-vigorosa varia ampliamente en funcion del punto de
corte utilizado para el célculo, ademéas se encontrd un potencial efecto suelo
para la actividad fisica moderada-vigorosa. El uso en futuros estudios de
medidas libres de puntos de corte esta justificado para proporcionar

informacion mas completa y comparable entre muestras de centenarios.
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Articulo 1.

Es la primera vez que se presenta un ensayo controlado aleatorizado
investigando los efectos de 12 semanas de entrenamiento de fuerza en
centenarios. Los resultados sugieren que nadie es demasiado mayor para
beneficiarse del entrenamiento de fuerza, retrasar la pérdida de funcionalidad
relacionada con la edad y mejorar su calidad de vida.

No se observaron efectos adversos importantes durante el periodo de

intervencion a pesar de la fragilidad de los centenarios.

Articulo IV.

En una muestra relativamente amplia y heterogénea, el PolarH7 vy el
electrocardiograma fueron intercambiables en reposo. Durante el ejercicio, la
frecuencia cardiaca media y las oscilaciones de baja frecuencia de la
frecuencia cardiaca (hasta 0,15 Hz) también mostraron un excelente acuerdo
entre los dispositivos. Sin embargo, existio desacuerdo entre los dispositivos al
evaluar las oscilaciones de alta frecuencia de la frecuencia cardiaca durante el
ejercicio de intensidad moderada-alta.

La validez de las mediciones del PolarH7 durante la recuperacion en
sedestacion ha sido estudiada por primera vez. Los resultados de la presente
investigacion respaldan que el PolarH7 es apropiado para evaluar la
recuperacion post-ejercicio de la frecuencia cardiaca, pero no para evaluar la
recuperacion post-ejercicio de la variabilidad de la frecuencia cardiaca.

La edad, composicion corporal y nivel de condicion fisica pueden representar
una de las causas de desacuerdo entre los sensores de frecuencia cardiaca y los
dispositivos de electrocardiograma, 1o que debe considerarse especificamente
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al usar el PolarH7 vy, en general, en la validacion de cualquier sensor de

frecuencia cardiaca para el analisis de variabilidad de la frecuencia cardiaca.

Articulo V.

Encontramos una clara disminucion con la edad en los principales indices de
variabilidad de la frecuencia cardiaca que reflejan la actividad parasimpatica,
asi como en la desviacion estandar de la serie RR (SDNN) y en las
oscilaciones de baja frecuencia de la frecuencia cardiaca, lo que podria ser
representativo de un agotamiento natural de los sistemas alostaticos
relacionado con la edad.

SDNN <19 ms se asocié con mortalidad temprana (<1 afio) en personas

centenarias (Cociente de riesgos instantaneos = 5,72).

Articulo VI.

Las oscilaciones en dT ocurren principalmente a baja frecuencia y un 50-70%
no estan relacionadas con la variabilidad de la frecuencia cardiaca.

La potencia instantanea de baja frecuencia de dT (DRP) aumenta en dos
Ordenes de magnitud durante un protocolo de ejercicio incremental en
comparacion con los valores en reposo y en recuperacion del ejercicio, aunque
se observa una alta variabilidad inter-sujeto en los perfiles temporales de DRP.
El analisis de conglomerados identificé un grupo de sujetos con sobrepeso y
baja condicion fisica con valores de DRP en reposo significativamente mas
altos que el resto de la muestra, pero no se observé una clara relacion con la

edad.
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Estos hallazgos amplian nuestro conocimiento sobre las dinamicas de
repolarizacion periddica, un prometedor marcador de riesgo basado en el
electrocardiograma, y sientan las bases para futuros estudios que investiguen
los cambios inducidos por el ejercicio en la componente de DRP no
relacionada con la variabilidad de la frecuencia cardiaca, como una estrategia

para mejorar su capacidad de estratificacion del riesgo cardiaco y arritmico.
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6. Conclusions

Manuscript I.

Our results suggest that the decline in physical activity levels continues to
worsen until the end of the human lifespan, with centenarians being less active
and more sedentary than their nonagenarian peers.

When observing time distribution, the most active day period for
nonagenarians and centenarians was the morning, with a peak between 10:00

and 11:59.

Manuscript I1I.

Cut-point-free metrics also shows an age-related reduction in physical activity
volume and intensity, with our centenarians presenting the lowest values of the
age spectrum in all the variables, E.g. Average acceleration, intensity gradient
and Mx.

Both cut-point-based and cut-point-free measures were related to health states,
but the cut-point-free M30 was the only one related to early mortality.

The daily time spent by a centenarian in light-intensity physical activity and
moderate-to-vigorous physical activity varies greatly depending on the cut-
point used for the calculation, moreover a potential floor effect was found for
moderate-to-vigorous physical activity. Future studies using the new cut-point-
free physical activity metrics are warranted to provide more complete and

comparable information across samples of centenarians.

- 223 -



Manuscript 1.

This is the first randomized control trial study investigating the effects of 12-
week resistance training in centenarians. The results suggest that no one is too
old to benefit from resistance training, delay the age-related loss of
functionality and improve their quality of life.

No major adverse effects were noted over the intervention period despite the

frailty of the centenarians.

Manuscript 1V.

In a relative large and heterogeneous sample, PolarH7 and electrocardiogram
were interchangeable at rest. During exercise, mean heart rate and low-
frequency oscillations of heart rate (up to 0.15 Hz) also showed an excellent
agreement between devices. However, there was disagreement between
devices when evaluating high-frequency heart rate oscillations during
moderate-to-high intensity exercise.

The validity of PolarH7 measurements during sitting recovery has been
studied for the first time. The results of the present research support the notion
that PolarH7 is appropriate to study heart rate recovery rather than post-
exercise heart rate variability.

Age, body composition and fitness level can represent one of the causes for
disagreement between heart rate sensors and electrocardiogram devices, which
should be considered specifically when using PolarH7 and, generally, in the

validation of any heart rate sensor for heart rate variability analysis.
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Manuscript V.

We founded a clear decrease with age in the main heart rate variability indices
reflecting parasympathetic outflow as well as in the standard deviation of the
RR series (SDNN) and in low-frequency heart rate oscillations, which could
be representative of a natural exhaustion of allostatic systems related to age.

SDNN <19 ms was associated with early mortality (<1 year) in centenarians

(Hazard Ratio = 5.72).

Manuscript VI.

Oscillations in dT mostly occur in the low-frequency band and as much as 50—
70% of them are unrelated to heart rate variability.

The instantaneous low-frequency power of dT (PRD) increases by two orders
of magnitude during an incremental exercise protocol as compared to values at
rest and during recovery from exercise, although high inter-individual
variability is observed in the temporal profiles of PRD.

Clustering analysis identified a group of overweight and unfit individuals with
significantly higher PRD values at rest than the rest of the sample, whereas no
clear relationship with age was observed.

These findings extend our knowledge of periodic repolarization dynamics, a
promising electrocardiogram risk marker, and set the stage for future studies to
investigate exercise-induced heart rate-unrelated changes in PRD as a strategy

to improve its prognostic cardiac and arrhythmic risk stratification capacity.
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