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RESUMEN

Efecto de la Ventilacion Mecanica No Invasiva sobre el acoplamiento
neurrespiratorio y sincronia toracoabdominal durante el ejercicio en pacientes
con Enfermedad Pulmonar Obstructiva Crénica

Esta tesis doctoral investiga los mecanismos fisiopatologicos de la limitacion al ejercicio
en pacientes con EPOC severa, centrandose en la asincronia toracoabdominal (TAA) y el
impulso neural respiratorio, evaluando el impacto de diferentes modalidades de soporte

respiratorio no invasivo durante el ejercicio.

Sobre una poblacién de 20 pacientes con EPOC muy grave, en lista de espera de trasplante

pulmonar, se desarrolla este trabajo en torno a 3 articulos publicados.

La investigacion se estructura en tres articulos cientificos complementarios que abordan
objetivos especificos. EI primer estudio (2) desarrolla y valida el Global Phase Delay
(GPD) como método mejorado para evaluar la TAA, superando las limitaciones del
angulo de fase tradicional mediante el anélisis de 2290 ciclos respiratorios. EI GPD
proporciona un rango mas amplio de medicion (-179,75 a +178,54 grados) comparado
con el angulo de fase (-86,90 a +88,4 grados) y permite identificar que compartimento,
toracico o abdominal, lidera el movimiento respiratorio. De esta manera identifica si la

asincronia se produce por debilidad diafragmatica, o por un mecanismo obstructivo.

El segundo articulo caracteriza los patrones de TAA durante el ejercicio (3). Se
identificaron dos patrones distintos: rotacion horaria (térax adelantado) asociada con
mayor severidad de la enfermedad, mayor disnea y mayor impulso neural respiratorio; y
rotacion antihoraria (abdomen adelantado) en pacientes con funcién pulmonar
relativamente mejor preservada. Los pacientes con rotacion horaria presentaron FEV1
significativamente menor (15,5% vs 20,54% del predicho) y mayor respuesta al soporte

con ventilacion no invasiva (VNI).

El tercer estudio evalla comparativamente los efectos de la VNI y la terapia de alto flujo
(TAF) sobre el impulso neural respiratorio durante el ejercicio (4). La VNI demostrd
superioridad significativa, reduciendo el impulso neural respiratorio en un 60%
comparado con la oxigenoterapia convencional (488,81 uV vs 1180,63 pV), mientras que
la TAF mostro efectos intermedios (807,8 uV). Adicionalmente, la VNI logr6 mayor
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reduccion en la frecuencia respiratoria, menor percepcion del esfuerzo (disminucion de
1,8 puntos en escala Borg) y reduccion més pronunciada del CO2 transcutaneo (5,3

mmHg).

Las contribuciones principales incluyen: desarrollo metodoldgico del GPD para
cuantificacion precisa de la TAA; caracterizacion fisiopatologica de patrones especificos
de TAA como biomarcadores de severidad; y la demostracion de un efecto superior de la
VNI sobre la TAF y el oxigeno convencional para la descarga muscular respiratoria

durante el ejercicio, y también sobre la disnea y la hipercapnia.

Los hallazgos tienen implicaciones clinicas directas para la personalizacion de programas
de rehabilitacion respiratoria en EPOC severa. La monitorizacion de la TAA mediante
GPD puede predecir la respuesta al soporte respiratorio y guiar la seleccion
individualizada del tratamiento. El uso de la VNI durante el ejercicio puede ayudar a
desarrollar programas de rehabilitacion en pacientes con severas limitaciones al ejercicio,
que de otra manera no desarrollarian una carga de trabajo eficaz por disnea y

desacoplamiento neuroventilatorio.
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ABSTRACT

Effect of Non-Invasive Mechanical Ventilation on Neuro-Respiratory Coupling
and Thoracoabdominal Synchrony During Exercise in Patients with Severe

Chronic Obstructive Pulmonary Disease

This doctoral thesis investigates the pathophysiological mechanisms underlying exercise
limitation in patients with severe COPD, focusing on thoracoabdominal asynchrony
(TAA) and neural respiratory drive. It evaluates the impact of different non-invasive

respiratory support modalities during exercise.

The study was conducted on a cohort of 20 patients with very severe COPD, all awaiting
lung transplantation, and is structured around three published scientific articles.

Research Structure and Key Findings

e Atrticlel (2):
Developed and validated the Global Phase Delay (GPD) as an improved method for
assessing TAA, overcoming the limitations of the traditional phase angle by
analyzing 2,290 respiratory cycles. The GPD offers a broader measurement range
(—179.75 to +178.54 degrees) compared to the phase angle (—86.90 to +88.4
degrees) and enables identification of the leading compartment of movement.
e Atrticle 2 (3):
Characterized TAA patterns during exercise, identifying two distinct patterns:
o Clockwise rotation (thorax leading): Associated with greater disease
severity, increased dyspnea, and higher neural respiratory drive.
o Counterclockwise rotation (abdomen leading): Observed in patients with

relatively better preserved lung function.

Patients with clockwise rotation exhibited significantly lower FEV1 (15.5% vs. 20.54%
predicted) and showed greater response to non-invasive ventilation (NI1V) support.

e Atrticle 3(4):
Compared the effects of NIV and high-flow therapy (HFT) on neural respiratory
drive during exercise. NIV demonstrated significant superiority, reducing neural
respiratory drive by 60% compared to conventional oxygen therapy (488.81 uVv
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vs. 1180.63 puV), while HFT showed intermediate effects (807.8 uV).
Additionally, NIV achieved greater reductions in respiratory rate, lower
perceived exertion (1.8-point decrease on the Borg scale), and a more

pronounced reduction in transcutaneous CO2 (5.3 mmHg).

Main Contributions

¢ Methodological development of GPD for precise quantification of TAA.

e Pathophysiological characterization of specific TAA patterns as biomarkers of
disease severity.

e Demonstration of the superior effect of NIV over HFT and conventional oxygen
for respiratory muscle unloading during exercise, as well as for reducing dyspnea

and hypercapnia.
Clinical Implications

These findings have direct clinical implications for the personalization of respiratory
rehabilitation programs in severe COPD. Monitoring TAA using GPD may predict
response to respiratory support and guide individualized treatment selection. The use of
NIV during exercise may facilitate the development of rehabilitation programs for
patients with severe exercise limitations, who would otherwise be unable to achieve

effective workloads due to dyspnea and neuroventilatory uncoupling.
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1. INTRODUCCION

La enfermedad pulmonar obstructiva cronica (EPOC) constituye un desafio sanitario
global, siendo la tercera causa de muerte mundial con mas de 3 millones de fallecimientos
anuales, segun la guia GOLD (5). En Espafia, su prevalencia alcanza el 10,2% en mayores
de 40 afios (2,19 millones de casos), con marcadas diferencias geograficas: desde
47,4/1,000 en Valencia hasta 15.3/1,000 en Extremadura (6). Los costes econémicos son
significativos: en la UE representan el 6% del gasto sanitario total (7), mientras que en
Esparia superan los 750 millones anuales, distribuidos entre hospitalizaciones (40-45%),
medicamentos (35-40%) y pruebas diagndsticas. Estudios regionales detallan un coste
medio de 3.757€ por paciente, con impacto en productividad laboral (17,9% del total). La
GOLD 2024 enfatiza la necesidad de diagnosticos precoces y enfoques terapéuticos

personalizados para mitigar esta carga multidimensional.

En los pacientes con enfermedad pulmonar obstructiva cronica (EPOC), durante el
ejercicio, la limitacién del flujo espiratorio y el aumento de la frecuencia respiratoria
pueden disminuir el tiempo espiratorio, lo que resulta en un aumento del volumen
residual, una condicién conocida como hiperinsuflacion dindmica (8). La consecuencia
inevitable de esta condicidn es el aumento de la presion positiva intrinseca tele espiratoria
(PEEPI) y el aumento del trabajo respiratorio. Finalmente, el resultado es una disnea
severa durante el esfuerzo fisico que reduce la tolerancia al ejercicio (9-13). Incluso, esta
hiperinsuflacion dinamica tiene repercusiones a medio plazo en forma de un factor

independiente de mal prondstico. (14)

La limitacién al ejercicio en pacientes con EPOC es multifactorial y constituye uno de
los sintomas mas incapacitantes de la enfermedad. La disnea de esfuerzo, la fatiga
muscular periférica, las alteraciones del intercambio gaseoso y la disfuncion
cardiovascular contribuyen conjuntamente a la reduccion progresiva de la capacidad
funcional (15). Esta limitacidn no solo afecta la calidad de vida de los pacientes, sino que
también se asocia con un aumento de la mortalidad, mayor frecuencia de

hospitalizaciones y un incremento sustancial de los costes sanitarios (16).

La progresién de la enfermedad lleva a los pacientes a desarrollar un circulo vicioso en
el que la limitacion al ejercicio conduce a la inactividad fisica, lo que a su vez genera
mayor desacondicionamiento, pérdida de masa muscular y deterioro funcional progresivo
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(16). Este fenomeno de circulo vicioso o espiral descendente de inactividad representa
uno de los aspectos mas devastadores de la EPOC avanzada y justifica la necesidad de
intervenciones terapéuticas especificas dirigidas a romper este ciclo (17).

1.1. Mecanismos fisiopatoldgicos en la limitacion al ejercicio en EPOC grave

1.1.1. Desacoplamiento Neuroventilatorio

El desacoplamiento neuroventilatorio representa un mecanismo fundamental de
limitacion al ejercicio en la EPOC (18). Este fendmeno se caracteriza por la disociacion
entre el impulso neural respiratorio (drive neural respiratorio) y la respuesta ventilatoria

mecanica resultante.

El desacoplamiento neuroventilatorio se manifiesta como un incremento
desproporcionado del impulso neural respiratorio en relacion con la respuesta ventilatoria
obtenida (19). Esta disociacion resulta de la combinacion de mdaltiples factores: la
hiperinsuflacion dinamica, la alteracion de la mecanica de los musculos respiratorios, el

incremento de la resistencia de las vias aéreas y la fatiga de los musculos respiratorios.

El desacoplamiento neuroventilatorio puede cuantificarse mediante el registro de la
electromiografia de los muasculos respiratorios accesorios, particularmente los musculos
paraesternales. Sus estudios han mostrado que el incremento del impulso neural
respiratorio, medido a través de la actividad electromiogréfica de estos musculos, se
correlaciona significativamente con la intensidad de la disnea y la limitacion al ejercicio
(18, 20, 21).

Se ha propuesto que el desacoplamiento neuroventilatorio constituye un mecanismo
adaptativo que intenta compensar la ineficiencia mecanica del sistema respiratorio
mediante el incremento del impulso neural. Sin embargo, este mecanismo compensatorio

tiene limitaciones y, cuando se agota, resulta en la terminacion prematura del ejercicio.

También se han estudiado las implicaciones terapéuticas del desacoplamiento
neuroventilatorio, demostrando que intervenciones dirigidas a reducir el impulso neural
respiratorio o a mejorar la eficiencia mecanica del sistema respiratorio pueden mejorar la
tolerancia al ejercicio.(22, 23) Estas observaciones han proporcionado la base cientifica

para el desarrollo de estrategias de soporte respiratorio durante el ejercicio.
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1.1.2. Disnea e Hipercapnia

La disnea representa el sintoma cardinal de la EPOC y constituye el principal factor
limitante del ejercicio en la mayoria de los pacientes. La fisiopatologia de la disnea en la

EPOC es compleja y multifactorial, involucrando mecanismos periféricos y centrales.

La disnea en la EPOC resulta de la interaccion entre multiples factores: el incremento del
impulso neural respiratorio, la alteracion de la mecanica respiratoria, la hiperinsuflacion
dindmica, la fatiga de los masculos respiratorios y las alteraciones del intercambio
gaseoso. La integracion de estas sefiales a nivel del sistema nervioso central genera la

sensacion subjetiva de disnea (24).

La hipercapnia, definida como el incremento de la presion parcial de CO2 en sangre
arterial por encima de 45 mmHg, constituye una complicacion frecuente en la EPOC
avanzada y un factor adicional de limitacion al ejercicio. Durante el ejercicio, los
pacientes con EPOC pueden desarrollar hipercapnia como resultado de la inadecuada

eliminacion de CO2 debido a la limitacién ventilatoria.

Los mecanismos de la hipercapnia durante el ejercicio en la EPOC incluyen: el
incremento de la produccién de CO2 por el metabolismo muscular, la limitacion
ventilatoria que impide el incremento adecuado de la ventilacion alveolar, el aumento del
espacio muerto fisioldgico y las alteraciones de la relacion ventilacion-perfusion. La
hipercapnia durante el ejercicio se asocia con mayor disnea, reduccién de la capacidad de

ejercicio y peor pronostico.
1.2. Sincronia toracoabdominal durante el ejercicio

En condiciones fisiologicas normales, la inspiracion es el resultado de la contraccion
coordinada del diafragma y de los musculos inspiratorios accesorios, que provoca un
aumento simultaneo del volumen toracico y abdominal. Al iniciar la inspiracion, el
diafragma se acorta e incrementa su tensién, desplazando el compartimento abdominal
hacia abajo y afuera; al mismo tiempo, la expansion de la caja torécica se logra por la
accion de los musculos intercostales externos y de los escalenos, que elevan las costillas
y aumentan el didmetro anteroposterior y lateral del térax. Ambos compartimentos
(toracico y abdominal) se mueven en fase, de modo que el angulo de fase (®), obtenido
al trazar en un plano Lissajous desplazamiento abdominal en abscisas y toréacico en
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ordenadas, se aproxima a 0°, reflejando una sincronia casi perfecta (1, 25). Esta
coordinacion garantiza un mejor acoplamiento neuromecanico: el impulso neural
respiratorio (drive) se traduce directamente en incremento de volumen corriente,
minimizando el trabajo muscular y optimizando el intercambio gaseoso en los alvéolos
(26). Durante la espiracidn, el retroceso elastico de pulmones y pared torécica, junto con
el relajamiento muscular, permite el retorno simultdneo de ambos compartimentos a sus
volimenes de reposo, completando asi un ciclo respiratorio sin desfases temporales ni

asincronias apreciables.

Figura 1, sincronia toracoabdominal
(tomado de Rabec C, Lujgn My Sayas J (1), con permiso de los otros dos coautores):
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Determinacion de la sincronia normal y patolégica medida a partir de cintas toracoabdominales mediante el calculo
del angulo de fase. (A) Los movimientos respiratorios del paciente son sincronicos, con las cintas mostrando un
desplazamiento simétrico y de la misma polaridad. (B) El &ngulo de fase correspondiente se calcula comparando el
movimiento tordcico (eje vertical) con el desplazamiento abdominal (eje horizontal) en un mismo plano, utilizando
una curva de Lissajous. Para cuantificarlo, se toma el ancho horizontal del lazo delimitado por la representacion en
el plano de ambos movimientos en el punto medio (m) del movimiento toracico y se compara con el movimiento
abdominal total (s). Cuanto menor es la relacion m/s, mas proximo a cero es el angulo de fase (que es el inverso del
seno de dicha proporcion) y mejor la sincronia toracoabdominal (16° en este caso). (C) En este caso, la banda
abdominal comienza a moverse antes y la toracica termina antes, de modo que la sincronia toracoabdominal es peor
que en el primer ejemplo, lo que se refleja en una mayor relaciéon m/s 'y un angulo de fase superior (D), en este caso
64°. Hay que tener en cuenta que, en situaciones de desajuste total u oposicion de fase, el angulo de fase puede
alcanzar hasta 180°.
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1.2.1. Uso de la TAA en estudios de suefio

La evaluacién de la TAA mediante pletismografia de impedancia respiratoria (RIP) ha

encontrado aplicaciones importantes en distintos ambitos.

En la patologia del suefio, la presencia de desacoplamiento toracoabdominal se ha
utilizado como herramienta para objetivar eventos obstructivos de via aérea, donde el
abdomen se desplaza hacia afuera, por efecto de la contraccion diafragmatica, y “lucha”
por insuflar un térax que, debido a la obstruccidn, no es capaz de insuflarse, y se deprime
(se desplaza hacia adentro) (27). De hecho, constituye el método recomendado por la
American Academy of Sleep Medicine (AASM) de evaluar el esfuerzo respiratorio en

polisomnografias, junto con la manometria esofagica (28).

Incluso se ha podido utilizar como método alternativo para la estadificacion del suefio
(29).

1.2.2. Uso de la TAA en otras patologias, como la medicina critica o en pediatria

En pacientes criticos, la TAA se utiliza como marcador de disfuncion respiratoria y puede

ayudar en la toma de decisiones respecto al soporte ventilatorio.

Los estudios en unidades de cuidados intensivos han demostrado que la TAA se asocia
con mayor trabajo respiratorio, incremento del impulso neural respiratorio y mayor
probabilidad de fracaso en el destete de la ventilacion mecanica. La monitorizacion de la
TAA durante el destete ventilatorio puede proporcionar informacion valiosa sobre la
funcion de los musculos respiratorios y la capacidad del paciente para mantener una

ventilacion espontanea adecuada (30, 31).

En pediatria, la TAA es un hallazgo comun en recién nacidos con distrés respiratorio,
displasia broncopulmonar y otras patologias respiratorias (32). La evaluacion de la TAA
en esta poblacion es particularmente importante debido a la inmadurez del sistema

respiratorio y la mayor susceptibilidad a la fatiga de los mdsculos respiratorios.

Se ha demostrado que la TAA en neonatos se correlaciona con la severidad de la
enfermedad respiratoria, la necesidad de soporte ventilatorio y el prondstico a largo plazo.

La monitorizacién no invasiva de la TAA mediante RIP puede ayudar en la optimizacion
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del soporte respiratorio y en la reduccion de complicaciones asociadas a la ventilacion

mecénica.
1.2.3. Impacto de la Asincronia Toracoabdominal en la EPOC en reposo y en ejercicio

La asincronia toracoabdominal (TAA) representa un hallazgo caracteristico en pacientes
con EPOC avanzada y constituye un marcador de disfuncion respiratoria grave.

En la EPOC, multiples factores contribuyen al desarrollo de TAA: la hiperinsuflacion
pulmonar que altera la geometria del diafragma, la disfuncion de los musculos

respiratorios, el incremento del trabajo respiratorio y la fatiga muscular.

La TAA en la EPOC puede manifestarse en diferentes patrones. Sin embargo, son escasas
las evidencias sobre el papel de estos patrones bajo ejercicio o en agudizaciones de

pacientes con EPOC.

La TAA durante el ejercicio en pacientes con EPOC se asocia con multiples
consecuencias adversas: incremento del trabajo respiratorio, reduccion de la eficiencia
ventilatoria, mayor disnea, limitacion prematura del ejercicio y deterioro de la calidad de
vida. Ademas, la presencia de TAA severa se ha identificado como un marcador de mal

pronostico en la EPOC.

El ejercicio fisico tiene un impacto significativo en la sincronia toracoabdominal,
particularmente en pacientes con EPOC. Durante el ejercicio, el incremento de las
demandas ventilatorias puede exacerbar la TAA preexistente o precipitar su desarrollo en

pacientes que presentan sincronia en reposo.

Los mecanismos mediante los cuales el ejercicio influye en la TAA incluyen: el
incremento de la ventilacion que acorta el tiempo espiratorio y favorece la
hiperinsuflacion dinamica, el aumento del trabajo respiratorio que puede precipitar la
fatiga de los musculos respiratorios, la alteracion de la mecanica respiratoria por cambios

posturales y el incremento del impulso neural respiratorio.

La evaluacién de la TAA durante el ejercicio podria tener valor prondstico y ayudar en la
identificacion de pacientes que se beneficiarian de estrategias especificas de soporte

respiratorio. Ademas, el patrén de TAA durante el ejercicio puede proporcionar
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informacién sobre los mecanismos fisiopatoldgicos predominantes en cada paciente

individual.
1.2.4. Bases matemaéticas y limitaciones en la medicion de la TAA

La evaluacion de la TAA tradicionalmente se ha realizado mediante la pletismografia de
inductancia respiratoria (RIP), utilizando el angulo de fase como parametro principal.

Otros métodos, como las bandas piezoeléctricas o las de fluoropolivinilindeno presentan
limitaciones, como la falta de linearidad en su respuesta, o los artefactos por atrapamiento
de las bandas con los movimientos del paciente. (33)

La pletismografia inductiva se basa en los principios electromagnéticos fundamentales
establecidos por las leyes de Faraday y Lenz. Una corriente aplicada a través de una espira
metalica genera un campo magnético de orientacion normal (perpendicular) a la
orientacion de la espira. Durante la respiracion, los cambios en el area del cuerpo del
individuo modifican la forma del campo magnético, creando una corriente directamente

proporcional al cambio en dicha area. (Figura 2)

En detalle, la Ley de Faraday establece que una corriente aplicada a través de una espira
metélica genera un campo magnético de orientacion normal (perpendicular) a la

orientacion de la espira. Matematicamente se expresa como: ¢ = -d®/dt, donde:

e ¢ = fuerza electromotriz inducida
e @ = flujo magnético

e dt = cambio en el tiempo

En el contexto de las bandas respiratorias, cada banda funciona como una espira inductiva

que crea un campo magnético alrededor del area que delimita.

La Ley de Lenz complementa la ley de Faraday estableciendo que un cambio en el area
delimitada por la espira crea una corriente directamente proporcional al cambio en dicha
area. Esta ley determina la direccion de la corriente inducida, que siempre se opone al

cambio que la produce.

Durante la respiracion, los cambios volumétricos en los compartimentos toracico y
abdominal modifican el area delimitada por cada banda. Este cambio de area altera la
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inductancia de cada espira, generando variaciones en la sefial eléctrica que pueden ser
detectadas y amplificadas.

Figura 2, principios electromagnéticos de las bandas de inductancia (RIP), basadas en las
leyes de Faraday y Lenz
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El dngulo de fase se calcula a partir de las figuras de Lissajous, que representan

gréficamente la relacion entre los movimientos toracicos y abdominales.

Sin embargo, el &ngulo de fase presenta importantes limitaciones metodolégicas que
deben evaluarse mediante una aproximacion nueva. Estas limitaciones incluyen: 1) la
asuncion de que los movimientos respiratorios siguen un patrén sinusoidal, lo cual no es
cierto en pacientes con EPOC severa; 2) la limitacion matematica del calculo del angulo
de fase a un rango entre 0 y 90 grados, lo que impide la deteccion de asincronias severas;
3) la incapacidad para identificar qué compartimento (toracico o abdominal) lidera el

movimiento; y 4) la dificultad para detectar movimientos paraddjicos.

La figura 3 puede aclarar estos distintos patrones de movimiento y sincronia
toracoabdominal.
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Figura 3, Sincronia toracoabdominal y fases de la respiracion
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Los picos del movimiento toracico y abdominal, cuando estan sincronizados, marcan el final de la

inspiracion y el inicio de la espiracion.
La figura 4 muestra en la imagen A el efecto en la sincronia toracoabdominal de un
paciente con un atrapamiento aéreo severo, en el cual el diafragma “empuja” el abdomen
sin poder insuflar el torax, generando el “hundimiento” de la base del torax (Signo de
Hoover), En contraste, la imagen B muestra un paciente con debilidad diafragmatica, en
el que el térax se insufla por efecto del uso de musculatura accesoria, y el abdomen se
dirige hacia el interior del torax (“aspirado” por el efecto de la musculatura accesoria y la

ausencia de tono muscular diafragmatico).

Figura 4. Sincronia toracoabdominal
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A) paciente con hiperinsuflacion y signo de Hoover. B) paciente con paralisis frénica.
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1.3. Soporte ventilatorio no invasivo

En la Gltima década ha aumentado el interés en el uso de la ventilacion mecanica no
invasiva (VNI) para aumentar la capacidad fisica durante el ejercicio (12, 34-36), por la
evidencia de que la ventilacion asistida reduce la carga muscular, lo que permitiria al

paciente entrenarse con ejercicios de mayor intensidad.

Durante el ejercicio fisico de pacientes con EPOC, que tienen un trabajo respiratorio
incrementado, puede haber una redistribucion del flujo sanguineo desde las extremidades
hacia los masculos respiratorios, lo que induciria a una fatiga muscular precoz en las
extremidades, una causa reconocida de interrupcion del ejercicio. Esta redistribucion
podria, al menos en parte, reducirse si se asiste la ventilacion durante el ejercicio (37), y
en algunos estudios ya se demuestra la prevencion del agotamiento diafragmatico
inducido por el ejercicio mediante la VNI (38).

Como la presion positiva al final de la espiracion intrinseca (PEEPI) y el agotamiento de
la musculatura inspiratoria en los pacientes con EPOC contribuyen al desarrollo de la
disnea, es posible que la VNI proporcione un beneficio al menos sintomatico mediante la
descarga muscular y la disminucion del trabajo respiratorio. Mediante la descarga de los
musculos respiratorios, estos podrian necesitar menor flujo sanguineo y con esto evitar la
redistribucion proveniente de las extremidades que limita la capacidad fisica del paciente
(37, 39).

El mensaje de estos estudios fisiolégicos es claro: la VNI durante el ejercicio podria
reducir el trabajo respiratorio y la disnea, aumentando la tolerancia al ejercicio, pero la
evidencia disponible es controvertida. Algunos estudios no han encontrado beneficios de
la VNI durante el ejercicio usando un modo ventilatorio hibrido de presidn positiva
proporcional al esfuerzo del paciente y no una presion de soporte fija (40), mientras que
otros han objetivado un aumento en la intensidad del ejercicio en pacientes bajo VNI
incluso con el mismo modo ventilatorio (41), en comparacién con pacientes con
ventilacidn espontanea. Sin embargo, dos metaanalisis sobre el tema concluyen que, dado
el escaso numero de estudios disponibles y el escaso tamafio muestral, son necesarios
estudios clinicos aleatorizados para determinar los efectos reales de la VNI en EPOC y
validar su recomendacion generalizada en programas de rehabilitacion (42, 43). Dado que

la mayoria de los pacientes con EPOC moderado y grave son candidatos para programas
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de rehabilitacion, y la rehabilitacion es un componente importante en el manejo de la

disnea (37, 44) la utilizacion de VNI durante el ejercicio es un tema de gran relevancia.

Otro estudio (13) demostro el efecto de realizar la rehabilitacion en tapiz rodante con la
ayuda de VNI. Aunque las presiones inspiratorias eran discretas (IPAP media 12cmH20)
se demostrd una mejoria en la presion espiratoria maxima, una mejoria en el consumo de
oxigeno y en la capacidad de ejercicio, frente al programa de rehabilitacién con

ventilacion espontanea.

Por lo tanto, el uso de la VNI se ha propuesto como una herramienta para aumentar la
capacidad de los pacientes con EPOC grave para realizar ejercicio. Si bien los estudios
iniciales mostraron resultados contradictorios y un metaandlisis inicial no mostrd
evidencia de beneficio (43), existe una amplia heterogeneidad en la seleccion de
pacientes, los protocolos, las medidas de resultado y la titulacion de la VNI. Asi, algunos
estudios se han centrado en usuarios naive de VNI, con malos resultados (45), otros han
evaluado modos ventilatorios alternativos (40, 46), otros se han centrado en las mejoras
fisioldgicas (por ejemplo, en el flujo sanguineo muscular (47) o en el perfil inflamatorio
(48, 49)), en la mejora de la eficiencia ventilatoria y de la capacidad de ejercicio (50) o

en los efectos a largo plazo (13, 36, 37, 51).

Por otro lado, la terapia nasal de alto flujo TAF es una técnica ya establecida que
proporciona un alto flujo (generalmente >30-40 Ipm) de gas acondicionado (mezcla de
aire y oxigeno con FiO2 seleccionado, calentado y humificado al 100% de humedad
relativa) (52). También se ha estudiado como herramienta para aumentar la capacidad de
ejercicio en pacientes con EPOC. Si bien hay mucha menos evidencia de sus beneficios,
y la mayoria de los estudios son limitados, parece ser una herramienta prometedora, con
mejor tolerancia, que la VNI, para mejorar la capacidad de ejercicio (53). Los
metaanalisis mas recientes han demostrado la capacidad de la VNI para mejorar la
tolerancia al ejercicio y muchas medidas fisioldgicas, como el consumo de oxigeno y la
disnea, en comparacion con la TAF (54). Si bien ha habido varios estudios que identifican
los efectos fisioldgicos de agregar VNI durante el ejercicio, el efecto de la terapia de alto
flujo sobre el impulso respiratorio neural, en comparacion con la VNI, no se ha
investigado directamente. La evidencia disponible indica que la ventilacion no invasiva

(VNI) produce consistentemente una mayor descarga de los musculos respiratorios,
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medida como una reduccion del impulso respiratorio neural (NRD), durante el ejercicio

en la EPOC grave que la terapia nasal de alto flujo (TAF).

Aunque estd ampliamente aceptado que la conciencia de un aumento del trabajo
respiratorio muscular por parte de los centros respiratorios centrales es importante para la
sensacion de la disnea, la identificacion de una medicion fisiologica fiable del drive neural
respiratorio (DNR) representa un reto significativo. Ademas, la disnea aumenta de forma
desproporcionada cuando la respuesta ventilatoria esta limitada por alteraciones
mecanicas pulmonares (55), como las que se presentan en la EPOC, fenémeno al que se

denomina desacoplamiento o “uncoupling” neuro ventilatorio (18, 56).

Las mediciones relacionadas con la ventilacién no reflejan adecuadamente el drive
neuroventilatorio (DNR) en los pacientes con EPOC, porque sus alteraciones en la
mecéanica respiratoria modifican la relacion entre el DNR y el flujo inspiratorio. Tampoco
puede ser relacionado con las variables relativas a las presiones del sistema respiratorio,
porque estas varian en funcion de la capacidad contractil de los musculos respiratorios y
de su tension, propiedades independientes del DNR, sobre todo en presencia de
hiperinsuflacion pulmonar (57).

El acceso a la medicion de la activacion eléctrica diafragmaética se puede realizar mediante
una sonda esofagica con electrodos, (EMGdi) (22, 23, 58, 59), que permite la
cuantificacion precisa del DNR, ya que se obtiene una medida que esta, desde el punto de
vista neurofisiol6gico, méas cerca de la generacion del impulso respiratorio que los
cambios de presion pleural (56, 60). La medicion del DNR mediante el EMGdi ha
permitido demostrar una estrecha relacion entre el incremento de la disnea, medida por la
escala Borg, y del DNR. La medida del volumen minuto respiratorio se relaciona mal con
la disnea ya que, bajo el esfuerzo fisico, y una vez superado el punto de desacoplamiento,
a pesar del incremento compensatorio de la frecuencia respiratoria y del esfuerzo
muscular y “drive” respiratorio, el volumen minuto alcanza una meseta. A pesar del
incremento paralelo de la disnea y del “drive neural”, no se consigue obtener un

incremento del volumen minuto (18, 56).

El estudio del comportamiento del DNR, como se ha descrito previamente, se ha realizado
en pacientes con EPOC grave en situacion de reposo y durante el ejercicio fisico (18, 56),

pero no se ha estudiado tan extensamente en pacientes con VNI. Es posible que la VNI,
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al aumentar la ventilacion alveolar y el volumen corriente, modifique las caracteristicas

mecanicas respiratorias responsables del DNR.

La medicion del drive neural a partir de electromiografia diafragmatica (EMGdi) se
considera el método “gold standard” pero cuenta con una serie de problemas asociados.
Quiza el més relevante es la invasividad del método: requiere el uso de una sonda
esofagica con mdltiples electrodos, cuya insercion puede resultar incobmoda para el

paciente.

Se ha propuesto el uso de electromiografia paraesternal como un marcador subrogado de
la actividad eléctrica muscular diafragmatica con una buena correlacién con la
electromiografia diafragmatica a través de catéter esofagico (52, 61-73). Su uso, en
pacientes en reposo, parece prometedor para obtener una sefial con relevancia clinica,
habiéndose propuesto como marcador de esfuerzo muscular respiratorio aumentado en
EPOC estable y agudizado (22, 74), en poblacion pediatrica con Fibrosis Quistica (22,
23) y en otros pacientes respiratorios. Su uso durante el ejercicio es controvertido, dado
que a activacion muscular de la cintura escapular que se produce al agarrar el manillar de
la bicicleta condiciona una interferencia en el registro de la musculatura paraesternal(20).
Se propone el uso de bicicletas recumbentes para mantener los brazos en reposo y limitar

esta interferencia (Figura 5).

Figura 5, Paciente en bicicleta recumbente

Paciente en bicicleta recumbente con un sistema de monitorizacion durante el esfuerzo de electromiografia
paraesternal (EMGpara) y de esternocleidomastoideo (EMGscm), junto bandas pletismogrdficas de inductancia
para evaluar la sincronia toracoabdominal, y monitorizacion de flujo inspiratorio, presion en mascarilla, y
oxicapnografia transcutdnea. Nétese que los brazos relajados evitan la contraccion de pectorales y deltoides que
podrian “contaminar” la sefial de EMGpara.

(Imagen reproducida con permiso del paciente).
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2. JUSTIFICACION DE LA INVESTIGACION

La presente tesis doctoral se fundamenta en la necesidad de abordar las limitaciones del
conocimiento actual sobre los mecanismos fisiopatoldgicos de la limitacion al ejercicio
en pacientes con EPOC severa y el desarrollo de estrategias terapéuticas optimizadas. A
pesar de los avances significativos en la comprension de la EPOC y el desarrollo de
intervenciones de rehabilitacion respiratoria, persisten importantes lagunas en el
conocimiento que limitan la capacidad de proporcionar tratamientos individualizados y

efectivos.

La limitacion al ejercicio en la EPOC es un fendmeno complejo que involucra multiples
mecanismos fisiopatoldgicos interrelacionados. Aunque se han identificado los
principales mecanismos, incluyendo la hiperinsuflacion dindmica, el desacoplamiento
neuroventilatorio y la TAA, la comprension de como estos mecanismos interactlian y se

modifican con diferentes intervenciones terapéuticas sigue siendo limitada.

La TAA representa un aspecto particularmente importante pero insuficientemente
estudiado de la limitacion al ejercicio en la EPOC. Aunque se reconoce que la TAA
contribuye significativamente a la disnea y la limitacion al ejercicio, los métodos
tradicionales de evaluacion presentan limitaciones importantes que han impedido una

caracterizacién adecuada de este fendmeno.

El uso de soporte respiratorio durante el ejercicio en pacientes con EPOC ha demostrado
beneficios significativos, pero la optimizacidén de estas estrategias requiere un mejor
entendimiento de los mecanismos de accion y la identificacion de predictores de
respuesta. La VNI y la TAF representan modalidades prometedoras, pero la seleccion
entre diferentes opciones y la individualizacién del tratamiento siguen siendo desafios

clinicos importantes.

La monitorizacion de la respuesta al ejercicio y al soporte respiratorio en pacientes con
EPOC requiere herramientas que puedan proporcionar informacion objetiva sobre los
mecanismos fisiopatoldgicos subyacentes. El desarrollo de métodos mejorados para la
evaluacion de la TAA y el impulso neural respiratorio puede facilitar la optimizacién del

tratamiento y la identificacion de pacientes que se beneficiarian de estrategias especificas.
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3.. HIPOTESIS DE TRABAJO

3.1. Hipotesis Principal

El soporte respiratorio no invasivo durante el ejercicio en pacientes con EPOC severa
reduce significativamente el impulso neural respiratorio y mejora la sincronia

toracoabdominal, con efectos diferenciales entre la VNI y la TAF.
3.2. Hipotesis Secundarias

e Hipdtesis metodoldgica: ElI Global Phase Delay (GPD) es superior al angulo de
fase tradicional para la deteccion y cuantificacion de asincronias
toracoabdominales severas y movimientos paradojicos.

e Hipotesis fisiopatoldgica: Los pacientes con EPOC severa presentan patrones
especificos de TAA durante el ejercicio que se correlacionan con la severidad de
la enfermedad y el grado de disfuncion respiratoria.

e Hipotesis terapéutica: La VNI es superior a la TAF en términos de reduccion del
impulso neural respiratorio durante el ejercicio, pero ambas modalidades mejoran
la tolerancia al ejercicio comparadas con la terapia convencional con oxigeno.

e Hipdtesis prondstica: Los patrones de TAA durante el ejercicio pueden predecir
la respuesta al soporte respiratorio no invasivo y ayudar en la seleccion

individualizada del tratamiento.
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4. OBJETIVOS DE LA TESIS

4.1. Objetivo General

Investigar los mecanismos fisiopatoldgicos de la limitacién al ejercicio en pacientes con
EPOC severa, con especial énfasis en la TAA y el impulso neural respiratorio, y evaluar
el impacto de diferentes modalidades de soporte respiratorio no invasivo (VNI 'y TAF) en

estos mecanismos.
4.2. Objetivos Especificos

1. Evaluar el impacto del soporte respiratorio no invasivo en el impulso neural
respiratorio: Comparar los efectos de la VNI y la TAF en el impulso neural
respiratorio durante el ejercicio en pacientes con EPOC severa.

2. Desarrollar y validar métodos mejorados para la evaluacion de la TAA:
Superar las limitaciones metodoldgicas del &ngulo de fase tradicional mediante el
desarrollo del Global Phase Delay (GPD) como parametro alternativo para la
cuantificacion de la TAA.

3. Caracterizar los patrones de TAA durante el ejercicio en EPOC severa:
Identificar y describir los diferentes patrones de TAA que se presentan durante el
ejercicio en pacientes con EPOC severa y establecer sus correlaciones con
parametros clinicos y funcionales.

4. ldentificar predictores de respuesta al soporte respiratorio: Determinar qué
caracteristicas clinicas, funcionales y fisiopatoldgicas predicen una respuesta

favorable al soporte respiratorio durante el ejercicio.
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5. MATERIAL Y METODOS

5.1. Disefo del Estudio

La presente tesis doctoral se basa en un disefio experimental, longitudinal, prospectivo y
controlado que incluye tres estudios complementarios:

e Estudio metodologico: Desarrollo y validacion de un nuevo método (Global
Phase Delay, GPD) como método mejorado para la evaluacion de la TAA.

e Estudio observacional: Caracterizacion de los patrones de TAA durante el
ejercicio en pacientes con EPOC severa y sus correlaciones clinicas y funcionales.

e Estudio experimental: Evaluacion comparativa de los efectos de la VNI 'y la TAF

en el impulso neural respiratorio durante el ejercicio.
5.2. Poblacion de Estudio

La poblacién de estudio incluye pacientes con EPOC severa en lista de espera para
trasplante pulmonar, evaluados en la Unidad de Trasplante Pulmonar del Hospital
Universitario 12 de Octubre. Esta poblacion fue seleccionada por presentar limitaciones
ventilatorias severas que permiten estudiar los mecanismos fisiopatoldgicos de interés en
su expresién mas intensa. Ademas, la extensa evaluacion pre-trasplante permite descartar
factores de confusiébn como la presencia de comorbilidades cardiovasculares que
contribuyan a la limitacion al esfuerzo. Por lo tanto, es una poblacion cuya limitacion al

esfuerzo es puramente respiratoria.
Los criterios de inclusion fueron los siguientes:

e Diagndstico de EPOC segun criterios GOLD, evidencia de atrapamiento aéreo
(volumen residual > 120% del predicho).

e Pacientes registrados en la lista de espera de trasplante pulmonar en el Hospital
Universitario 12 de Octubre de Madrid, superando toda la evaluacion previa a su
inclusion.

e Limitacion al flujo espiratorio durante el ejercicio.

e Adaptacion previa a VNI domiciliaria.
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e Capacidad para realizar protocolos de ejercicio.
Los criterios de exclusion compenden:

e Comorbilidades incontrolables que limiten la capacidad de ejercicio.

e Rechazo a participar en el estudio.

e Incapacidad para realizar ejercicio de pedaleo por limitaciones motrices.

e Incapacidad para generar sefiales electromiograficas de suficiente calidad para su

interpretacion.
5.3. Medidas

La instrumentacion utilizada incluye equipos avanzados de monitorizacion fisiologica:
sistema de adquisicion de datos PowerLab (ADInstruments@), bandas de pletismografia
de inductancia respiratoria (Braebon RIP), electrodos de superficie para electromiografia
de musculos respiratorios, sensores de CO2 transcutaneo y oximetria de pulso (Sentec),
y ventiladores de alto rendimiento (Astral 150, ResMed). El detalle completo de estos

métodos se aborda en profundidad en los articulos que componen esta tesis.

La electromiografia de musculos paraesternales se utiliza para la cuantificacién del
impulso neural respiratorio, siguiendo protocolos estandarizados previamente validados.
La pletismografia de inductancia respiratoria se emplea para la evaluacion de la TAA,
con analisis automatizado mediante algoritmos desarrollados especificamente para el

estudio.
5.4. Protocolos de Ejercicio

Los protocolos de ejercicio incluyen pruebas de entrenamiento en cicloergdmetro
semirreclinado a carga constante al 75% de la carga maxima tolerada. En concreto, el
protocolo para fijar la carga maxima tolerada (“ramp test”) se establece en los siguientes

pasos:

e Se inicia con el paciente tranquilo, descansado tras la fase de calentamiento y
fisioterapia respiratoria. Se explica detalladamente al paciente la prueba,

indicandole que debe realizar el maximo esfuerzo posible hasta que se detenga
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cuando no pueda continuar por disnea o fatiga, asi como cualquier malestar que
presente durante el esfuerzo.

e Se adapta el cicloergdmetro recumbente para obtener la mejor ergonomia.

e Se monitoriza con electrocardiograma y oximetria continua, y tension arterial
sistémica no invasiva cada 3 minutos.

e Se asegura la oxigenacion mediante gafas nasales para obtener SpO2 92-94%.

e Seinicia el pedaleo con una carga de 10 watios (W) con un progresivo ascenso de
15W cada minuto.

e Se finaliza la prueba cuando el paciente se detiene por fatiga, por SpO2 <85% a
pesar de oxigeno, aumento de frecuencia cardiaca (FC) por encima de la FC
maxima estimada (220-edad), o respuesta hipertensiva (con tension arterial
sistélica >200 mmHg) o hipotensidn, o bien si se presentan arritmias.

e Al finalizar la prueba de ramp test, el paciente sigue pedaleando sin resistencia
para recuperar la FC y saturacién de oxigeno del reposo, disminuir la TA del
esfuerzo, normalizar patron ventilatorio y relajar los musculos tras el esfuerzo con

ejercicio suave.

La carga méaxima tolerada en esta prueba se registra, y en las posteriores sesiones se
establecera como carga el 75% de los watios desarrollados. Los pacientes realizan
sesiones de 10 minutos de ejercicio seguidos de 5 minutos de recuperacion bajo tres

condiciones diferentes: terapia convencional con oxigeno (COT), VNI y TAF.

La secuencia de los protocolos se realiza en dias consecutivos, con titulacion
individualizada de los pardmetros de soporte respiratorio. Para la VNI, se ajustan las
presiones inspiratoria y espiratoria para lograr una reduccién del impulso neural
respiratorio de al menos 20%. Para la TAF, se utiliza un flujo de 40 L/min con ajuste de
la FiO2 para mantener SpO2 > 92%.
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5.5. Procesamiento de sefiales

5.5.1. Procesamiento de la sefial de electromiografia para el célculo del drive neuroventilatorio

El procesamiento de la sefial de electromiografia (EMG) para el célculo del drive
neuroventilatorio (NRD) en este estudio se realiz6 siguiendo protocolos validados en la
literatura. Durante las pruebas de ejercicio, se emplearon electrodos de superficie
ubicados en el segundo espacio intercostal parasternal y sobre el musculo
esternocleidomastoideo, conforme a lo descrito previamente por Jolley et al. La sefal
EMG fue adquirida a una frecuencia de muestreo de 2000 Hz, aplicando un filtro de paso
alto de 80 Hz para eliminar artefactos y ruido de baja frecuencia. Posteriormente, la sefial
fue rectificada y procesada mediante el método de raiz cuadrada media (RMS),
normalizandola respecto al valor maximo obtenido durante maniobras inspiratorias
maximas (MIP) realizadas antes del ejercicio. Con el objetivo de evitar artefactos tonicos
no respiratorios, se utilizd la sefial de los cinturones de pletismografia inductiva
toracoabdominal para identificar el inicio de la inspiracion, asegurando que el analisis del
EMG correspondiera Unicamente a la actividad inspiratoria. Finalmente, el NRD se
calculé como el producto de la frecuencia respiratoria y el valor pico RMS normalizado
de la EMG para cada musculo analizado, aungque también se hizo un analisis del valor del

area bajo la curva del RMS.

De acuerdo a la literatura publicada, el EMG de los musculos respiratorios, especialmente
la intercostal parasternal, es un biomarcador robusto del drive respiratorio central y de la
carga muscular inspiratoria, y puede interpretarse como un subrogado no invasivo de la
activacion diafragmatica (75). La activacién del esternocleidomastoideo (EMGscm) es

mas tardia en el esfuerzo, reflejando el reclutamiento de musculatura accesoria.
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Figura 6. Procesamiento de la sefial de EMG. Identificacién de los valores pico y area bajo
curva mediante la funcion “Peak Analysis “ de Labchart 8
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5.5.2. Procesamiento de la sefial de las bandas pletismograficas

Las sefiales de las bandas pletismogréaficas (torax y abdomen) se adquirieron mediante un
transductor pletismografico (Braebon RIP®, BRAEBON Medical Corporation, ON,
Canada) y adquiridas mediante un conversor analdgico-digital (PowerLab 16/35, AD
Instruments®, Australia) a una frecuencia de muestreo de 500 Hz. Antes del analisis
matematico, se aplic6 un filtro “band-pass” de 0,5-3 Hzpara limpiar la sefial.
Posteriormente, mediante un script personalizado en MATLAB, se realizd la
normalizacion de la amplitud de ambas sefiales (asignando valores entre 0 y 1) y se
identificaron autométicamente los inicios y finales de los ciclos respiratorios
(inspiracion/espiracion) detectando los maximos y minimos locales, con una verificacion

manual posterior para asegurar la precision ante posibles artefactos.

5.6. Analisis Estadistico

El analisis estadistico incluye métodos descriptivos e inferenciales apropiados para el
disefio del estudio. Se utiliza ANOVA de medidas repetidas para la comparacion entre

condiciones, con correccion post-hoc de Bonferroni para comparaciones multiples. La
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correlacion entre variables se evalia mediante regresion lineal. El nivel de significacion

se establece en p < 0,05.

De acuerdo con los trabajos previamente publicados (18, 56), todos los pacientes con
EPOC expresaron desacoplamiento neuro-respiratorio. Asumiendo un descenso del 10%
de DNR como clinicamente significativo, con un nivel de confianza del 95% (error alfa
5%) y un poder del 80% (1-beta), asumiendo un 5% de pérdidas, se calculé una n
necesaria de 18 pacientes. Se ha empleado la calculadora de tamafio muestral para

ANOVA proporcionada por http://powerandsamplesize.com/ .
5.7. Aspectos éticos

El protocolo de estudio ha sido aprobado por el Comité Etico de Investigacion del CEIC
del Hospital 12 de Octubre (resolucién 18/025). La participacion en este estudio fue
totalmente voluntaria, y no afect6 a la valoracién del paciente en la lista de espera de
trasplante. Desde el punto de vista de la confidencialidad se aseguré el cumplimiento de
lo recogido en la LOPD 15/1999. En concreto, se genero una base de datos con un nimero
consecutivo, como unico dato identificativo del paciente. La correlacion entre el nimero
de inclusién en el estudio y el numero de historia clinica (como Unico identificador) se
almacend en una base de datos ubicada en la carpeta del servicio de Neumologia en el
servidor “Y”, de acceso protegido mediante contrasefia, unicamente autorizado a dos

investigadores del trabajo (Sayas y Hernandez-Voth).

La intervencion sobre los pacientes no supuso ninguin riesgo (derivado de la
determinacion de electromiograma de superficie) y solo consiste en la medicion de la
actividad muscular durante el esfuerzo basal, con VNI y con gafas nasales de alto flujo,
de manera similar a como se realiza actualmente la rehabilitacién de estos pacientes, y

dentro del programa de rehabilitacion habitual.

Previo a la inclusion de cualquier paciente, este protocolo de estudio fue registrado en
ClinicalTrials.gov con el numero NCT04597606
(https://clinicaltrials.gov/study/NCT04597606).
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6. RESULTADOS
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6. RESULTADOS

6.1. Organizacion de la Tesis

La presente tesis doctoral se organiza en formato de compendio de publicaciones,
incluyendo tres articulos cientificos originales que abordan los objetivos especificos de

la investigacion.

Articulo 1: "Measurement of thoraco-abdominal synchrony using respiratory
inductance plethysmography: technical aspects and a proposal to overcome its

limitations"

Este articulo aborda el objetivo metodolégico de la tesis, presentando el desarrollo y
validacion del Global Phase Delay como método mejorado para la evaluacion de la TAA.
El estudio incluye el andlisis de 2290 ciclos respiratorios de diferentes poblaciones
clinicas y demuestra la superioridad del GPD sobre el angulo de fase tradicional para la

deteccién de asincronias severas.

Articulo 2: "Thoracoabdominal Asynchrony in Very Severe COPD: Clinical and

Functional Correlates During Exercise"

Este articulo presenta la caracterizacion de los patrones de TAA durante el ejercicio en
pacientes con EPOC severa. El estudio identifica dos patrones distintos de TAA (rotacion
horaria y antihoraria) y establece sus correlaciones con parametros clinicos y funcionales.
Los resultados demuestran que el patron de rotacién horaria se asocia con mayor

severidad de la enfermedad y mayor impulso neural respiratorio.

Articulo 3: "Muscle Unloading During Exercise: Comparative Effects of
Conventional Oxygen, NIV, and High-Flow Therapy on Neural Drive in Severe
COPD™

Este articulo evalla los efectos comparativos de la VNI y la TAF en el impulso neural
respiratorio durante el ejercicio. Los resultados demuestran que la VNI es superior a la
TAF en términos de reduccidn del impulso neural respiratorio, con una reduccién del 60%
comparada con la terapia convencional con oxigeno.
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6.2. Pacientes incluidos

Durante el periodo de estudio, se incluyeron 47 pacientes con EPOC en el programa de

trasplante pulmonar. Solo 23 pacientes, previamente bajo VNI domiciliaria, cumplieron

los criterios de inclusion. Un paciente fue sometido a trasplante pulmonar antes de que se

pudiera realizar el ensayo y 2 de ellos no presentaron sefiales de EMG fiables a pesar de

varios intentos.

Se reclutaron 20 pacientes con EPOC grave (7 mujeres). Los datos antropométricos, las

pruebas de funcién pulmonar y los parametros del ventilador para toda la cohorte se

muestran en la Tablal.

Tablal: datos antropométricos, funcién pulmonar y parametros del ventilador:

Categoria Parametro Media  |Desviacion estandar

Datos antropométricos Edad (afios) 60 3,9
Sexo (F) 6 (30%)

Pruebas de funcion pulmonar FEV1 (ml) 568,2 131,1
FEV1 (%) 19,05 4,18
FVC (ml) 19345 |760,5
FVC (%) 50,75 17,8
RV (ml) 6023,56 |1180,4
RV (%) 2834  |74,54
TLC (ml) 8280,89 [1143,9
TLC (%) 1412 271
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Tablal: datos antropométricos, funcién pulmonar y pardmetros del ventilador:

Categoria Parametro Media  |Desviacion estandar
Gases arteriales PaO2 (mm Hg) 62,5 10,91

PaCO2 (mm Hg) 50,36 6,56

pH 7,38 0,04
Parametros en el ventilador IPAP (cm H20) 20,4 4,62

EPAP (cm H20) 8,8 2,2
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6.3. Articulos

6.3.1. Articulo 1: Measurement of thoraco-abdominal synchrony using respiratory inductance

plethysmography: technical aspects and a proposal to overcome its limitations

Sayas J, Lalmolda C, Corral M, Florez P, Hernandez-Voth A, Janssens JP, et al.
Measurement of thoraco-abdominal synchrony wusing respiratory inductance
plethysmography: technical aspects and a proposal to overcome its limitations. Expert
Rev Respir Med. 2024;18:227-36.
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ABSTRACT ARTICLE HISTORY
Recesved 24 November 2023

Thoraco-abdominal asynchrony (TAA) & usually assessed by respiratory inductance
Accepted 12 Apef 2024

plethysmography. The main parameter used for its assessment i the calculation of the phase angle
based on Lissajous plots. However, there are some mathematical lirnitations to its use.

Research design and methods: Sequences of five breaths were selected from a) normal subjects, b) ::L,p,“:m”mm
COPD patients, both at rest and during exercise, and ¢) patients with obstructive apnea syndrome.  phace angle; COPD;
Automated analysis was performed calculating phase angle, loop rotation (clockwise or counterdock-  Obstructve sleep 20

wise), global phase delay and loop area TAA severity was estimated quantitatively and in subgroups.
Results: 2290 cycles were analyzed (55% clockwise rotation). Phase angle ranged from -86.90 to + B84
degrees, while global phase delay ranged from —179.75 to + 178.54. Despite a good correlation with
global phase delay (p <0.01, ANOVA test), phase angle and loop ares were not able to correctly classify
breaths with severe deviation and paradoxical movements (p=ns, Bonferroni post hoc test).
Conclusions: Global phase delay covers the whole spectrum of TAA situations in a single value. It may
be a relevant parameter for diagnosis and follow-up of clinical conditions leading to TAA.

Clinical trial : The trial from which the traces were obtained was registered at ClinicalTrials,
gov lidentifier: NCT04597606).

1. Introduction been proposed. However, respiratory inductance plethysmogra-

Thoradic-abdominal asynchrony (TAA) Is defined as the presence
of a delay between the movement of the thoracke nib cage (RC)
and the abdomen (Abd) during the respiratory cyde (11 As the
inspiratory cycle begins, the contraction of the diaphragm pushes
the abdomen outwards, while almost simultaneously the stan of
an inspiratory flow inflates the chest, Increasing its volume. Thus,
the abdomen and chest increase (and decrease) in volume almost
simultaneously throughout the respiratory cycle. Asynchrony
occurs when there Is a3 lag time between the movements of
these two compartments. When this lag reaches its maximum,
complete asynchrony (or paradox, referred to the movement of
the compartments in opposite directions) ks present [2].

TAA has been studied using various methods. In recent
research, non-contact methods such as structured light plethys-
mography [3], or skin elecrode respiratory impedance [4], have

phy (RIF) remains the most widely used and tested method in the
study of TAA {S]. RIP is a technique based on Faraday’s and Lenz's
laws that allows the qualliative or quantitative study of the indi-
vidual's thoradc and abdominal movements in different dinical
situations (sleep, exercise, rehabilitation) using two belts attached
to the thoracic and abdominal surfaces. It ks a technigue validated
by the American Academy of Sleep as a surrogate foe effort in
sleep studles [5]. Several authors have validated the RIP signal to
Identify respiratory effort in sleep apnea, allowing differentiation
between central and obstructive apnea {6]. It is also considered
2 surrogate for tdal volume and has been used to monitor
respiratory patterns in infants and critical care patients (781
From a quantitative point of view, the contribution of each com-
partment to the tdal volume (RCVT, ABNT) was ako ana-
lyzed (9,10}

CONTACT Mandd Lujan Q miujangtauk.cat G Servel de Pneumndloga, Parc Taull Hospial Universitart. Insttut dlnvestigacit | Innovade Parc Taukl §3PT-CERCA),
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More Interesting is the use of both thoracic and abdominal
belts 1o analyze the synchroany of movement between the thorax
and the abdomen. The technical approach to this analysis was
first established by Koano and Mead using the Lissajous figure
approach, plotting abdominal motion on the x-axis against thor-
aclc motion on the y-axis [11]. It assumes that both the thorax
and abdomen mowve In a pure sinusoldal pattern (‘simple harmo-
nic motion’). TAA can be easily Identified, measured, and objec-
tively monitored by examining the phase shift (or phase angle)
between the thoracic and abdominal signals. The following
equation can be used to calculate the phase angle (D)

sin® =m/s

In this equation, ‘m' denotes a line on the Chest-Abdomen plot.
This line s parallel to the horzontal axis and s positioned midway
between the maximum perpendicular to the chest and the origin.
Additicnally, ‘s’ represents the length of 2 line extending from the
maximum perpendicular to the abdomen to the orgin, as lllu-
strated in Figure 1.

In addition, the resultant loop when chest and abdominal
movements are plotted continuously on an X-Y graph, provide
visual insight into changes in the shape and rotation direction
of the loop. Synchronous expansion and contraction of the
chest and abdomen will result in a closed or very narrow loop
with a positive slope on the X-Y plot In TAA, however, the
loop becomes progressively wider as the phase difference
between the RC and ABD movements increases until a phase
angle of 90 degrees is reached. Beyond a phase angle of 90
degrees, the loop starts to narrow again, but with a negative
slope. Different patterns of TAA are shown In Table 1,
However, there are some limitations to this approach: firstly,
its calculation Is based only on the ratios between thoracic
and abdominal displacement at a single point in the respira-
tory cycle (the midpoint of the thoracic excursion), and the
ratio may change, especially for abemant lcop shapes.

_y/2

@ = arcsin m/s

Thorax
3

Furthermore, there is a mathematical limit to simply calculat-
Ing the ratio of the m and s vectors, as the range of the ratio
can only be between 0 and 1 (m can never be higher than 1 or
lower than 0, see Figure 1), which means that the sin ~' values
would be between 0 and 90 degrees. Finally, and more rele-
vant, It would not inform which belt (thoracic or abdominal) s
ahead, since the XY plot would be identical in both cases.

Varlous concepts have been added to this mathematical
method to increase the information provided by the phase
angle. For example, the index of thoradc and abdominal asyn-
chrony, depending on the Inspiratory and expiratory ranges
delimited by the Lissajous figure, and the concept of paradox,
to describe the Inwersion of one of the two belts during the
Inspiratory phase, distinguishing between the thoraclc paradox
and the abdominal paradox, depending on the involvement of
one or the other belt (121 Finally, more recent studies have
assigned a positive sign to clockwise rotation (thorax ahead
over the abdomen) and a negative sign when the abdominal
compartment was ahead (counterclockwise) [13]. However, the
phase angle often remains the tool most used for the estimation
of the lag time between the two compartments.

The aim of the present work Is to validate new indices derlved
from the analysis of RiP signals that could improve or potentially
simplify the information provided by the phase angle.

2. Patients and methods

2.1. Patients

Sequences of ventllatory cycles from healthy Individuals and
patients with severe dwonic obstructive pulmonary disease
(COPD) at rest and in  semirecumbent exercise In
a cydoergometer, as well as patients with obstructive apnea
syndrome (OSA), were Included for the present analysls. The
reason for the selection of such a diversity of patients was to
achieve the greatest range in the thorax-abdomen relationships.

/2

y/2

Abdomen

Figure 1. Exampie of phase angle calcdation using an automatically generated function offset by 605, Note that the red (thosacic) bet s ahead, producing the
figere on the right, with 3 dockwise rotation. ¥ the blue (abdominall beit had been ahead, the same figure would have been generated on the XY axs, bat with
a countesclockwise rotation. The vector ™ could actually be considered as two different vectors, m1 and m2, where m1 s the distance fom the plot to the bsector
In the Uissajous plot in the inspiratory phase and m2 s the same distance i the expiratory phate. The bisectar ine would represent the deal state’ where the two

signaks 2e2 in phae.
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Table 1. Different TAA patterns {collected from clinkal samples).
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Thoracoabdominal asyncheony Rotaton direction Image In amplitude/time axs Lssyous figure
No TAA or minimum TAA Can be dock o counterclockwie /
P
5
Moderate (thorax shead)| Cockwise @
Severe {thorax ahead) Cockwase %
Abdominal paradax CUockwese &
I >
Moderate (abdomen ahead) Counterclockmise | 5
Severe (abdomen ahead) Counterclockmise | !
horace .. R

S
8

TAA was assessed wung two dferentt plots fcolumns 2 and 4x amplitude/time axis (blue abdomen, red: thorax) and Lissajous figure. In the
Lizsajous figure, the abdomen is on the horizontal axts and the thaeax is on the vestical axts. The direction of rotation is indicated In columa 4 by

red (clockwise) or blue (counterclocomise] amows.

® Inclusion criterla: For the normal group, absence of cardiac

and respiratory disease and a nomal spirometry were
required. For the COPD group, smoking history (>20 packs/
year and spirometry with forced wital capacity > 80% and
FEV1/FVC ratlo < 70% was required). Finally, for patients with
sleap apnea, normal spirometry and apnea‘hypopnea index
>30/min were required. All cycles were obtained in the
recumbent or semi-recumbent pasition. The critefia for sys-
tematic Inclusion of specific tracings were as follows: For
healthy subyects and COPD patients, belt tracings a2 baseline
(no exercise) and afier 1, 4, 7 and 10 minutes of constant
load submaximal exerclse In a cycloergometer were
selected. To select the most representative cydes of each
phase of the exerdse, the |ast five cydes of each phase were
analyzed. For patients with upper alrway obstruction, belt
recordings corresponding to episodes (1 per hour of record-
ing) of apnea were selected. Apneic episodes were defined
as peak flow reductions of > 90% from pre-event baseline for
=10 seconds with belt movements in phase opposition dur-
ing the event (5]

For healthy subjects and COPD patients, belt tracings at
baseline {no exerdse) and after 1, 4, 7 and 10 minutes of
constant Joad submaximal exercise In a cydoergometer
were selected. To select the most representative cycles of
each phase of the exercise, the last five cycles of each
phase were analyzed.

For patients with upper alrway obstruction, belt recordings
comresponding to episodes (1 per hour of recording) of
apnea were selected. Apneic episodes were defined as
peak flow reductions of > 90% from pre-event baseline for
=10 seconds with belt movements in phase opposition dur-
ing the event [S].

* Excusion criterla: Lack of written consent. Patients with
central events (absence of movement In the belts during
apneic episodes) were also excluded.

Informed consent was required, with protocols approved by
the ethics committee of the hospital that performed the
recordings (CEIM Hospital Universitario 12 de Octubre, resolu-
tion 18/025) The trial from where traces were retrieved was
registered as NCT04597606).

2.2. Procedures

The tracings were acquired using two belts (Braebon RIP belts,
Braebon Inc, Ontario, Canada) attached to the thorax (around
the upper part of the chest, just below the armpits and above
the nipples) and the abdomen (around the wailstline) of the
Individuals [S1 Belts were connected to an analogue-digital
converter (Powerlab 16/35; AD Instruments, Bella Vista, NSW
2153, Australia) by means of a standard BNC connector, The
signal acquisition frequency was set at 500 Hz, and a low-pass
filter (2 Hz) was set before mathematical analysis.

2.2.1. Mathematical anaiysis

Data were stored Inm format for automated analysis.
A MATLAB script was developed ad hoc for the study. The
functions implemented In the script were as follows:

« Normalization of abdomen and thoracic signal amplitude
{between 0 and 1)

o Idemtification of the leading belt {thorax ahead of abdo-
men or vice versa) on the time axis.
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o Automatic identification of the start and end of the
Inspiratory and explratory phases by determining local
maxima and minima for each of the two beits. The
accuracy of the start point identification had to be
checked by the operator. If the tdentification was not
appropriate because of artifacts, espedally in the traces
under effort, the sensitivity of the local maxima and
minima was modified accordingly, or a safety window
(condition of minimum distance between the start and
end points of the cycle) was added (Figure 2).

o Automated calculation of the following vaniables, breath
by breath and In groups of five breaths each:

a. Phase angle (D), using the method proposed from the
Konno and Mead plots, by applying the formula on
Equation 1 (see examples in Figure 3).

@ =sin 'm/s m

b. Global phase delay (GPD). Based on the ratio of two
different vectors each representing one of the belts.
These vectors (Abd and Tho) were determined by join-
ing the minimum and maximum excursion points of
each of the belts in the XY plot (Figure 4). GPD was
calculated from the slopes of both vectors (m1 -Abd-
and m2 -Tho-) and correspond to the angle between
both vectors, assigning a positive sign If the advanced
belt was the thoracic and a negative sign If It was the
abdominal. The formula for the GPD (Equation 2) was:

(m2 - mi)

Global phase delay = Nagm {2)

ST [T ¢
| 1

15 1

q v

0t ’
W

3
-~
3
3

c. Area inside the Lissajous figure as a surrogate for TAA:
since the greater the asynchrony, the greater the area
inside the loop, 2 global measure of the area inside the
loop can reflect the degree of TAA.

2.2.2. Groups based on © and GPD
Ventilatory cycles were distributed Into the following groups
based on phase angle and GPD:

Phase angle (@): Normal: between -30 and 30 degrees.
Moderate phase lag: between 30/-30 and 60/-60 respec-
tively, and severe phase lag between 60/-60 and 90/-90
respectively.

GPD groups were defined as follows: Normal: between + 45
and —45 degrees. Moderate clockwise lag: between 45 and %0
degrees. Mild abdominal paradox, between 90 and 135
degrees and severe abdominal paradox, between 135 and
180 degrees. The same criteria were applied to counterdock-
wise rotation (moderate counterclockwise lag, mild and severe
rib cage paradox).

2.3, Statistical analysis

Mean, standard deviation and range of all numerical values
studied were provided. The analysis of values for each of the
subgroups (when more than two subgroups were present)
was performed by ANOVA test, with post hoc Bonferroni
coerection  to  identify  differences  between  groups.
Correlation between numerical variables was studied by linear
regression (R, coefficient of determination). The significance
level was set at p < 0.05. Statistical analyses were performed
using SPSS version 25.

12

00

Figare 2. Standardized sequence of thecaco-abdoeminal befts with automated indication of cyde start. Sue dot, beginning of abdomen (blue signal, abdominal belt).
Red cross, start of thorax fred sigmal, thoracic bekt). in additicn, the raw belt signals were nocmalized for amplitude (between 0 and 1, see vertical 2] X xis
namber of pomnts. The spedfic potets with blue and red marks were used for later Joop aculysis. Two different examples are prowided, with good syncheony

{example on the left) and bad synchrony (on the nght).
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Figure 3, Two dferent examples of phase angle® calculation. In the left panel, the synchronization between the two belts is quite good, with the thoracic belt fred)
slightly more advanced than the abdominal belt (bhue). The phate angle & 14.31% On the other hand, in the moded on the ngit, the abdominal beit ks cearty ahead

with a phase angle of - 65294

Table 2. Mean, standaed devation and range of all the studied parameters.
Note that the range of the phase angle &5 smalier than that of the GO,

Parameter Mean (SD) Range
Phase angle {in 1041 (3890 ~86.50 to + 884
Global phase defay (in degrees) 1589 (7487 -179.75 to + 17854
Area inside the loop n %) 18 (12) 1ta 66

3. Resuits
3.1, Descriptive analysis

A total of 2290 ventilatory cycles were included, 1257 (54.6%)
with dlockwise rotation (thorax ahead) and 1039 (45.4%) with
counterclockwise rotation {abdomen ahead).

Table 2 displays the mean and range of values of the main
parameters. Whereas the range of phase angle was —86.90 to
+ BBA degrees, GPD range was between —179.75 to + 178.54
degrees.

Figure 5 shows the percentage distribution (histogram) of
ventifatory cycles between each of the groups into which the
phase angle and GPD were classified. Normal synchronization
was found in most cydes, according to both dassification
criteria,

3.2. Relationships between () and other variables

Phase angle showed a good correlation with GPD in a linear
regrassion, but only for the normal and mild deviation groups,
both theracic and abdominal. For severe deviations in @, linear
regression showed no significant association (see Figure 6).

There was a linear relationship (Figure 7) between phase
angle and loop area as far as the groups of values (clockwise
or counterclockwise) are concemed. Correlation of absolute
values (without considering the sign indicating direction of
rotation) of the phase angle with the lcop area was highly
significant. (R® 0.403, p < 0.0001).

3.3. Reiationships between global phase delay groups, ®
and loop area

Using the GPD groups as a reference (including paradox
groups), as shown in Figure B, there was a significant differ-
ence of Ovalues (p<0.01 ANOVA test). However, the differ-
ences were found only for the normal and mild clockwise and
antidockwise groups. In other words, ® was not able to pre-
dict severe deviations and paradoxes (neither thoeacic nor
abdominal, p=ns in Bonferroni post hoc test).

Conceming loop area, Figure 9 shows the relationship
between GPD and loop area. Similarly to © values, differences
were found between the groups (p< 001, ANOVA test), but
the differences were also restricted to normal and mild devia-
tion groups, without significant differences for the remaining
groups (p=ns, Bonferroni post hoc test).

4. Discussion

The main finding of this study is that the angle formed by the
thoracic and abdominal vectors of the plethysmographic beits
on the XY axis offers a more accurate information to categor-
ize the phase difference between the two movements as
compared to other currently published Index {(such as the
phase angle or the loop area). While phase angle and GPD
show good agreement for mild to moderate TAA, GPD &
superlor for detecting and |dentifying paradoxical motion. in
addition, GPD not only quantifies lagtime but also identifies
the responsible compartment being ahead (thorax or abdo-
men), leading to the diagnosts of different medical conditions.

Asynchronous or paradoxical thoracic movement (anti-
clockwise) occurs when the chest Is pulled In or retracted
while abdominal expansion occurs. In other words, the
abdominal expansion precedes the inward movement of the
chest. This Is the most observed pattern and serves as a typical
chinical indicator of upper airway obstruction. This pattem &
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Figare 4. Bxampies of three cycles with diiesent lags and their Global Phase Defay |GPD) estimates. In case 1 (from a healthy volunteer) the thoraoc beft is slightly
ahead, bat the synchronization is good. In case 2, froen 2 severe COPD patient, the abdoeninal belt Is ahead at the start of the exercse and the thorack: bekt starts to
rise after 50 msec. Note that when the abdominal belt starts, the thecacc belt moves inwards in a kind of "Hoower sign' The cross of the sbdomenal and thoradc

beits before the end of inspiration formes 2 kind of ‘eight.” Finally, in case 3, which corresponds to an obatructive event, the abdominal belt is ahead, with a severe

chest paradox.
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Figure 5 Hisogram of breath cyde distribution in each category defined for phase angle and Global phase delay 1GPOL

the result of high negative Intrathoracic pressure varlations
caused by diaphragmatic contraction during obstructed
Inspiration. The same pattern can also be seen in patients
with cbstructive lower alrway disease, dynamic hyperinflation
with high lung compliance and low chest wall compliance,
such as In emphysema [14). Analysis of thoracoabdominal
synchrony can complement other techniques that have been
shown to be useful In determining pulmonary hyperinflation
In COPD and Its effect on ventifatory pattem [15].

Another factor contributing to paradoxical chest motion Is
weakness or paralysis of the intercostal muscles, which pee-
vents the chest from stabillzing or expanding during inhala-
tion. As a result, the thoracic cage is pulled inward instead of

expanding as it should. This condition is often seen in patients
with neuromuscular disorders or with tetraplegla due to spinal
cord injury in the lower cervical region,

In contrast, asynchronous or paradoxical abdominal move-
ment is seen in patients primarily affected by diaphragmatic
weakness. In such cases, the primary force for inspiration relies
on the Intercostal muscles, and the diaphragm Is passively
pulled into the chest, causing Inward abdominal motion that
is contrary to the typical pattern. This phenomenon is a classic
clinical Indicator of diaphragmatic paralysis and Is often seen
In adult patients with COPD who experience acute respiratory
fallure, suggesting underlying diaphragmatic weakness {and
use of accessory musdes) [16].
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Figure 6. Linecar regression between phase angle and Global phase delay IGPD) valses. Athough the ovesall R2 value 0.606) was significant, for the subgroups with

higher deviation, the assocation was not sgnficant.

Phase ang'e group

Al groups

Clochwise broathy

Counterclockwise Breaths

Figere 7. Linear regression for the relationship between phase angle and loop area, achieving statstical signficance especially when phase angles are taken a5
a function of rotation (clockwise or countercicckwise]. The refationship is abso signiicant when absolute values of phase angle are comelated with area {see text for

detaik),

Estimating the delay or phase lag between plethysmo-
graphic belts by calulating the phase angle has been the
most widely used strategy in many published studies
[10,13,17-20]. However, It is important 1o note that the calcu-
lation of the phase angle has mathematical drawbacks: firstly,
It assumes that the waveform is sinusoldal. The sinusoidal
function operates on the principles of simple harmonic
motion, where position Is predictable as a function of ampli-
tude (A) and angular velodty (w) is, by definition, constant.
This analogy could be valid for a nommal individual but in
patients with chronic obstructive pulmonary disease (le.
COPD), the rate of emptying of the thoradc compantment Is
much slower because of high intrapulmonary resistance, and
therefore the basic condition for considering the phase angle
valid (the need of a constant angular velocity, w) &s no longer
met. In fact the presence of loops with an abnormal

morphology s often due to this phenomenon of inconstant
angular velocity. Loops with an ‘8’ shape are common in COPD
patients [14]) and may distort calculations (Figure 2).

The '8’ morphology occurs when there Is an initial delay
between abdominal actvation and thoraclc activation. This
delay is usually caused by air trapping: as the abdomen increases,
there is an initial inverted deflaction in the thoracic belt. Once the
thoracic motion is indtiated, the angular velocity of the thoracic
motion increases relative to the abdominal motion, creating the
‘8" shape. This figure has been described by Konno and Mead and
may disappear during REM sleep when inspiratory or expiratory
effort becomes more subtle [21].

Secondly, It Is Important to remember that the relationship
between vectors m and s Is always between 0 and 1, and
therefore, without further calculations, the phase angle should
be between 0 and 90 degrees. Studies published in the 1980s
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Flgure & Rclationship between Global phase defay {GPO) groups and phase angle. As shown in graph, the phase angle values tend %o peak in the group between
=90/135 degrees and then decrease again {p < 0.01 ANOVA test, dferences coly In the groups labeled with an asterisk).

Loop area (In %)

15

sevem NG paonter RS paredes e
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Figure 9. Relitiorsivp betwren groups and loop aeea. The only significant differences wese between the synchronized group and the other growups. In contrast,
these were no differences between the severe paradox, mild paradox and miid deviation groups [ANCOVA test and Bonferronl post hoc test).

Introduced, In addition to the phase angle, the terms thoracic
paradoxical movement and abdominal paradoxical move-
ment, which are caiculated in a different way than the phase
angle [9], perhaps indirectly assuming the limits of the @
calculation. Interestingly, some authors reported that the
phase angle range studied was between 0 and 180 degrees,
but most reported phase angle values between 0 and 60

degrees. However, It seems important to highlight that most
of them did not perform exercise in a recumbent or semi-
recumbent position [10,17-20]. The present study may favor
the presence of a thoracic or abdominal paradox, as all studies
were performed in the decubitus or semi-recumbent position.
For future studles, this is probably the cormect position for

analysis of TAA by RIP.
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Finally, as mentloned above, the phase angle can be the
same regardless of whether the thoracic belt or the abdom-
inal belt is ahead in the movement Some recent studies
[13] have Introduced a distinction between clockwise rota-
ton ({thorax starts movement ahead of abdomen) and coun-
terclockwise rotation(abdomen starts movement ahead of
thorax) by assigning a negative value to counterclockwise
rotation. However, several studies do not make this distinc-
tion while missing a relevant clinical significance of what Is
the mechanism of TAA [19,22,23). The advanced component
can also have important clinical implications. Significant
advancement of the abdominal component may Indicate
alr trapping, whereas significant advancement of the thor-
acic component may indicate recrultment of accessory mus-
cles. In the present study, the slight predominance of
clockwise cycles (55 vs 45%) would be consistent with the
fact that many of the cydles analyzed were obtained from
patlents undergolng exercise.

The loop area has been also analyzed in this study as
a parameter of interest and seems to have the same limita-
tions as the phase angle. The loop area tends 1o be maximal at
angles of 90 and 270 degrees and minimal at 0 and 180
degrees, making It Impossible to distinguish between
a normal loop and a paradox.

Using the measure of GPD as the main parameter over-
comes many of the above disadvantages by providing an
idea of the total loop offset, not just at a particular point in
the cycle. In addition, the range of TAA measured by GPD Is
wider than that of phase angle, allowing the thoracic and
abdominal paradoxes to be Iincluded In the estimate. As can
be seen In Figures 6 and 7, both area and phase angle are
not enough to discriminate loops with severe paradoxes.
The only mathematical modification in the GPD was the
assignment of a positive sign if the rotation of the loop
was clockwise, such as In diaphragm dysfunction and
a negative sign If it was counterclockwise, such in COPD
patlents.

The study has limitations that need to be mentioned.
Firstly, no correlation was made with the clinical status or
exercise capacity of each of the synchrony-based groups
into which the cohort was divided. As mentioned above,
all the cycles Included were in the supine or semi-
recumbent position, both at baseline and during exercise.
Theoretically, the supine position would favor the occur-
rence of clockwise rotation and, in situations of diaphragm
fatigue or abdominal paradox. It Is therefore possible that
this fact might lead to some differences in the results with
other similar studies In the literature, not carrled out in
a recumbent position. Finally, and despite the inclusion of
patlents with respiratory disease, most cycles had
a low TAA.

5. Conclusions

The measurement of the global phase delay, based on the
angle formed In the horizontal plane by the two thoracic
and abdominal slopes, covers the whole spectrum of thor-
aco-abdominal asynchrony situations In a single value, thus
simplifying its measurement and eliminating some of the
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drawbacks assoclated with the classical phase angle mea-
surement. It may be a relevant parameter for the diagnosis
and follow-up of clinical conditions leading to TAA.

Funding

This paper was funded by a publk grant from the Insttuto de Salud Carlos
I, Madkid, Spain (Pf 18/1907).

Declaration of interest

The authors have no relevant affllatons or finandal invoivement with any
organzation oc entity with a financial interest in o financial conlict with
the subject matter or materals discussed in the manuscript. This indudes
employment, consultancies, honararia, stock ownership or options, expert
testimocy, grants or patents recelved or pending, or royalities.

Reviewer disclosures

Peer reviewers on this manuscript have no refevant financial or other
refatiorships to desclose.

Author contributions

J Sayas, and M Lujan performed the study conception and design.
M Lujan, P Florez, and € Lalmpids developed the software. J Sayas,
€ lalmolda, M Corral P Floeez, and A Hemandez-Voth performed the
recruitment and data analyss. J Sayas, and M Lujan drafted the paper.
JP Janssens, € Rabec, B Langevin, F Lofaso, C Uontop, A Carluccy, X Winck,
and J Gonzalez-Bermejo performed the critical revision of the manuscript
for intellectual content.

References

1. Kohyama J, Shiki T, Shimohira M, et al. Asyndwonous breathing dunng
sieep. Arch D Child. 2001;84(21:174-177. dok 1011380/ 0dc 842174

2. Hammer J Newth CIL Asseument of thoraco-abdominal
asynchrory. Paecdatr Sespr Rev. 2009:10:75-80. dol: 10.1016/).
Prrv.2002.02.004

3. Niérat MC, Dubé 8-P, Liontop C et al. Measunng ventilatory activity
with structured Mght plethysmography (SLP) reduces mstrumental
oberver effect and preserves tidal breathing vanabdity in healthy
and COPD. Front Physiol 20178:316 dol: 103389/fphys 2017.00316

4. Yasuda ¥, Umezu A, Morthata § et al. Moddied thoracic impedance
plethysmography to monitor seep apnea syndromes. Sleep Med.
2005;6:215-224. doc 10.1016/ sleep 2004.09.002

5. Berry RS, Budhiraja R Gottlieb DJ, et al. Rules for sconng resperatory
events in sleep: update of the 2007 AASM manual for the scoring
of sleep and assodated events. defiberations of the sleep apnea
definitons task force of the American Academy of Sleep Medione.
1 Gin Skeep Med JCSM Off Publ Am Acad Sleep Med.
2012;8:5597-0619. doc 10.5644/)c3m 2172

6. Masa JF, Corral J, Martin MJ, et al. Assessment af tharacosbdominad
bands ta detect respratory effort-related arcusal £ur Respir J.
2003;22:661-667, dot 10.1183/090319346.03.00010203

7. Sackner MA, Watson H, Belsita AS, et al Cabbration of resparatory
inductive plethysmograph during natural breathing. J Appl Physiol
Bethesda Md 1285, 1589,£6(1):410-420. dok: 10.1152/jappl. 1989 84,
1410

8 Adams JA, Zabaleta WA, Stroh D, et al. Tidal volume measurements
in newbams using resparatory inductive plethysmography. Am Rev
Respir Dis. 1993;148:585-588 dot 10.1164/apcem/ 148 3585

. Tobin MU, Perez W, Guenther SM, ot al, The pattem of breathing
dunng successful and unsuccessful trals of weaning from mechan-
ical ventfation. Am Rev Resplr Dis. 198&124:17111-1118 dok 10.
16¢/ard 198633451110

49

EFECTO DE LA VNI SOBRE EL ACOPLAMIENTO NEURORRESPIRATORIO Y SINCRONIA TORACOABDOMINAL DURANTE
EL EJERCICIO EN PACIENTES CON EPOC GRAVE. Javier Sayas Catalan.



236 (&) 1 SAYAS ET AL

10. Itagaki T, Okuda N, Tsunanc Y, et al £fect of high-flow nasal
cannula on thoraco-abdominal syncheony In adult critically |l
patients. Respir Case. 2014597074, dot. 10.4187/respcare.02480

11. Konno K, Mead J. Measurement of the separate volume changes of
rib cage and abdomen dunng breathing. J Appl Physicl.
1967,22407-422. dol: 10.1152/Jappl.1967 22,3407

12. Sackner MA, Gonzakez M, Rodriguez M, et al Assessment of asyn-
chronous and paradoxic mation between nib cage and abdomen =
normal subjects and in patients with chronic obstructve pulmon-
ary disease. Am Rev Respir Dis. 1984130{2)171-174. doc 10,1164/
arrd.19684.130.4588

13. Peveira MC, Poras DC, Lunardi AC, et al. Tharaccabdominal asyn-
chrony: Two methods in healthy, COPD, and interstital ung dis-
case patients PLOS ONE 2017:128):00182417. dol: 10.1371/
joumalpone 0182417

14. Tobin M), Guenther SM, Perez W, et al. Konno-mead analysts of
ribcage-abdominal motian during successful and unsuccessful
triads of weaning from mecharscal ventilation 1-3, Am Rev
Respar Des. 1987,13546):1320-1328 doi: 10.11064/ard 1987.135.6.
1320

15. D'Ascanio M, Viccaro F, Calabeo N, et al. Assessing stasc lung hypenn-
flaticer by whole-body plethysmography, helium ditution, and impulse
osciiometry system (K05) in Patients with COPD. Int J Cheon Obstruct
Pulmon Dis 20201152583 2589 dot: 102147/ TOPDS264.261

16. Tobin M), Perez W, Guenther SM, et al. Does rib cage-abdominal
paradox signify respiratory muscle fatigue? J Appl Physiol Bethesda
Md 1985, 1987)63(22851-880. dol: 10.1152/Jappl.1987 532851

17. Parreie V¥, Bueno CJ, Franca DC et al Padrdo respiratdnio
e movimento toracoabdoménal em  indmiducs  sauddvess:
Influéncla da idade e do sexo. Rev Bras Rsioter Sao Cardos Sac
Paulo Braz. 2013745411416, doi: 10.1590/51213-
35552010000500010

18. Alves GS, Britto RR, Campos FC, et al Breathing pattem and thor-
acoabdominal mation during exercise in chronic obstructive pul-
monary disease. Braz | Med Biol Res Rev Bras Pesgul Medicas E Biol.
2008;41:945-950. dox 10.1590/507 00-879x 2008001 100001

19, Hollier CA, Harmer AR, Maowell LY, et al. Validation of resperatory
inductive plethysmography (LfeShirt) in cbesity hypoventiation
syndrome. Resplr Physiol Neurcbiol. 2014;194:15-22. dot: 10,1018/
Jresp 201401074

20. Htagak T, Nakanishi N Ouda N et al. Effect of high-flow nasal cannula
on thoraco-abdominal synchrony In pediatnc subjects after cardac
surgery. Respir Care. 2019541016 dot 104187/ respcare 06153

21. Goldman MD, Pagani M, Trang HT, et al Asynchranaus chest wall
mavements dunng non-rapsd eye movement and rapid cye mave-
ment sheep in chiidren wath by dysplasia. Am Rev
Respir Dis. 1993,147(551 1751184, dok: 10.1164/ajroemy/ 147 51175

22. Rahman T, Page R, Page C et al. pnewRIPTM: a novel respiratary
inductance plethysmography monitor, J Med Devices. 201711
(101501016, dot: 10.3115/).4035538

23, Passafiume JA, Glover NA, Gecebus AR, et al The influence of
receiving real-time visual feedback oo breathing during treadmitl
running to exhauston. PLOS ONE. 2022:17{71:e027033S. dot 10.
137V/joumal pone. 0270335

50

EFECTO DE LA VNI SOBRE EL ACOPLAMIENTO NEURORRESPIRATORIO Y SINCRONIA TORACOABDOMINAL DURANTE
EL EJERCICIO EN PACIENTES CON EPOC GRAVE. Javier Sayas Catalan.



6.3.2. Articulo 2: Thoracoabdominal Asynchrony in Very Severe COPD: Clinical and

Functional Correlates During Exercise

Sayas Catalan J, Lalmolda C, Hernandez-Voth A, Corral Blanco M, Murphy P, Gonzalez-
Ramos L, et al. Thoracoabdominal Asynchrony in Very Severe COPD: Clinical and
Functional Correlates During Exercise. Arch Bronconeumol. 2025.

51
EFECTO DE LA VNI SOBRE EL ACOPLAMIENTO NEURORRESPIRATORIO Y SINCRON{A TORACOABDOMINAL DURANTE

EL EJERCICIO EN PACIENTES CON EPOC GRAVE. Javier Sayas Catalan.



se

i"';?‘l‘\ NG b Lo o
ES-3731. Noof Fagesil

Archives de Hrnesnenmoliggla €38 a0 ] 2 -0
[T
et Bronconeumologia S
y Cirugés Tordcica -
i www.archbronconeumol.org
Original Article

Thoracoabdominal Asynchrony in Very Severe COPD: Clinical and
Functional Correlates During Exercise

Javier Sayas Catalan®', Cristina Lalmolda®‘, Ana Hernindez-Voth*, Marta Corral Blanco”,
Patrick Murphy, Laura Gonzalez-Ramos”, Pablo Florez-Solarana”, Berta Lloret-Puig”, Manel Lujan "=

* Hospiral Universitario 12 de Ovratire, Pnesmology Service. Madrid, Spaln
© Cansorci Corpoencid Sonindria Pare Teull Pocenology Service, Sabadell Spein

© Contrn de luvwstigaciés Midion ey Raf de Enfermedoses Respinuorias {CTRERES | Respiratary Reseascht, Spain
“ Cuy's & St Thoweas’ NMHS Fosendation Trust, L Fax Respiratory Liek, Lomdow, Unitad Kisgdam

* Preumeiogy Department, Urdrersiter Aundooma de Barcelona Spain

! Undversidad Complurense de Madrid Spain

ARTICLE INFO ABSTRACT
Articte history. introduction: Patients with severe Chromic Obstructive Pulmonary Disease (COPD} often expenence
Received 9 November 2024

breathlessness and exercise limitatioas doe to expiratory flow limitation. Pulmonary rehabilitation pro-
grammes, including exerose with noo-anvasive ventilation {NIV) oc high-flow nasal therapy (HFT), aims
to improve quality of life and exercise tolerance. This study investizates the relationship between thora-
coabdominal asynchrony ( TAA) during supported NIV and HFT ) and unsuppocted (conventional oxygen

Accepted 18 Jnuary 2025
Available online xc

Keywards: therapy « COT) exercise and dinical and functional parameters in severe COPD patients awaiting lung
COFD pathalogy transplaotation.

Mo Invasive yensilation Methods: This experimental, longitudinal, prospective, controlied study incloded 20 severe COPD patients
Pulmanary rehabilitation ca the lung transplant waiting list. Patients underwent three constant load exercise tests under COT, NIV,

and HFT conditions. TAA was measured using resperatory inductance plethysmography, and nearorres-
piratory drive [NRD) was assessed via parasternal electromyography.
Results: Patients exhibited distinct TAA patterns during exercise. Clockwise rotation (thorax shead ) was
associated with worse bascline lung function, higher peak exercise dyspnoca and higher peak exer-
cise NRD compared to counterclockwise rotation (abdomen shead). No significant differences in TAA
were observed between the three exercise conditians (COT, NIV, HET). However, patients with clockwise
TAA were more likely to have reduction in breathlessness with NIV compared to COT than thase with
counterclockwise rotation,
Concliesions: TAA patterns dunng exercise i severe COPD patients can indicate the severity of lung
function impairment and predict seventy of exercise induced dysponea. Amalysis of TAA may predict
response to respiratory support modalities and therefore monitoring TAA and NRD should be further
studied to sblow better tailoning of resperatory support during rehabilitation.

© 2025 SEPAR. Published by Elsevier Espafia, S.1U. Al rights are reserved, including those for text

and data mining, Al training, and similar technologies.

Introduction

Patients wath severe Chronic Obstructive Pulmonary Disease
{COPD) expertence breathbessness and exercise limstation due to
expiratory flow limitation.' Pulmonary rehabilitation programmes

Adbrevictions COPD, Owonic Obstrucisee Pulmonary Disease, COT, conwen-
tional cxygen therapy; NIV, non-invasive veatilagion; HFT, high-Now nasal therapy,
EMCG, elecramyegraphy, TAA, thoracoabdominad asyschiony; OEP, optoelectronic
plettysmograpty; RIF, respiratoy Inductaoce plethyanegraphy. NRD, neurceres-
paratory drve, RS, (00l mean square,

* Corresponding ashor,
E-mail address’ favier sayasdalud madsid oy () Sayas Catalin)

hrpa: /et vy 10 1036/ Mbres 2025 01 (N0

are key camponents of care for stable COPD, improving quality of
life, preventing exacerbations, and being cost-effective, Outpatient
programmes include regulas training sesssons [ 3-5 times per week )
at 60-80% of peak exercise capacity.”

Exercise rehabilitation can be supported by conventional oxy-
gen therapy (COT), non-invasive ventilation (NIV)L or high-flow

0300-2896/0 2025 SEPAR. Published by Elsevier Espafia ST All rights are reserved, including those Sor text and data mining, Al ndining, and siimilar technologies.
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nasal therapy (HFT). NIV improves acute exescise capacity by reduc-
ing the work of breathing but requires expertise, and its long-term
impact & uncertain. Current data indicates NIV is optimal for aug-
menting exercise pesformance in stable COPD.~'

NIV monitoring during exercise includes techaxues such
as oxygen saturation, transcutaneous €02, pulmonary function
testing, respiratory muscle electromyography (EMG)™ or thora-
coabdominal asynchrony [TAA) evaluation using optoelectronic of
respiratory inductance plethysmography (RIP) TAA, caused by
impaired airway obstruction, increases work of breathing and dys-
proea and reduces exercise capacity. A new method proposes the
use of Global Phase Delay (GPD) for improved accuracy.’

This study aims to determine the relationship between TAA
(using GPD) during supported (NIV and HFT) and unsupported
(COT) exercise and clinical and functional parameters in severe
COPD patients who are candidates for lung transplantation.

Methods

The study design was an experimental, longitudinal, prospec-
tive, non randomized controlled study with three sequential
protocols (exercise testing supported by: COT, NIV and HFT). The
before/after comparison of the same individuals was conducted.
Exercice testing was performed in a single centre (Hospital Univer-
sitario 12 de Octubre), and the signal processing and calculations
were made by the team at Hospital Universitari Pare Tauli {Sabadell)
and Hospatal 12 de Octubre.

Population

Inclusion Criteria

* The study included patients with severe COPD (with an obsiruc-
tive pattern and air trapping, sccording to GOLD criteria, and a
residual volume > 1208 of predicted ), admitted on the lung trans-
plant waiting list. These patients were evaluated by the Lung
Transplant Unit between Seprember 2019 and November 2022,
Comorbidities as confounding factors were excluded as a thor-
ough evaluation was made to be induded in lung transplant list,

o Patients had expiratory flow limitation by the analysis of
fow/volume curves during exercise. This fact was assessed sub-
jectively by 2 experienced operators while performing initial
adaptation ta NIV during exercise.

* Patients were already adapted and compliant with home NIV as
a bradge to ransplantation.

Exclusion Criteria

* The patient must not have any uncontrollable comorbidities
that limat their ability to exercise. These include uncontrolied
ischaemic heart disease, severe pulmonary hypertension and
neuromuscular pathology,

* Refusal of treatment with NIV or enrolment in the study.

 [nability to perform the proposed exercise under baseline condi-
tions and wath ventilation

e Lung ransplantation during the study resulted in incomplete
EXETCioe Sessions.

Protocol

In & fArst visit, a “ramp test™ with incremental loads up Lo max-
imal tolerated was performed. Then, a 75% load of that maximal
tolerated one was selected to perform the tests. Patients were
already included in the exercise protocol for lung transplantation
programme, so they all have previously performed at least three
sessions of exercise in cycloergometer under COT. Three constant

ss
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load exercise tests were performed over three consecutive days.
The first day was performed under COT, and at the end of the exer-
cise testing, a 5min trial with NIV, cycling with no strict protocol,
was performed 10 titrate pressures, The NIV and the HFT trials were
then randomly performed in subsequent days. All of the patients
underwent exercise with an Astral 150% ventilatoe {Resmed, Ca,
USA®) under ST mode, as it has been tested previously capable of
providing enough pressurization support and capable of different
programs * Expiratory pressure was titrated 1o avoid ineffective
efforts and trigger delay, and Inspiratory pressure was titrated in
order to diminish at least 20% of neurarrespiratory drive (NRD) as
measured by parasternal EMG. To avosd cross contamination with
pectaral muscle activity (due to grip over the handlebar” ), a recum-
bent cycloergometer (SanaComlort 1000, Ergosana GmbH, Blitz,
Cermany} was used for the all three exerclse tests, The subjects
were istructed to cycle with their arms relaxed along their runk
and avoid grasping the handiebars or support bars.

The exercise tests comprised 10min of exercise and 5 min of
recovery. They were conducted under the following conditions:

o COT: Patients will start under their home COT fow and then
ntrated to maintain an Sp0z > 92% through all the exercise,

o NIV: titrared as described above, with supplemental axygen if
needed, to maintain Sp0d; >923%

« HFT (Airvo 2% Fisher & Paykel, Auckland, NZ): A flow of 401 per
minute was selected. Supplemental O flow was initially set -
before starting exercise - 1o maintain an estimated FiO; similar
to that obtained to achieve a Sp0Oy > 92% with COT.'"

Before the exercise, we performed three inhalation manoeuvres
Lo measure maximum inspiratory pressure with simultangous EMG
recording for calibration (see below ). No other pulmonary function
was measured during or after the exercise.

Signal Recording

During the test, patients were connected to a recording system
equipped with the following sensors:

- Parasternal surface EMG is performed with electrodes placed
on both sides of the second parasternal space, as previously
described.”

- Combined transcutaneous €0, and pulse oximelry oxygen satu-
ration sensor (Sentec TOM®, Therwill, Switzerland ).

- Chest and abdominal RIP belts (Braebon QZ-RIP, Braebon Medscal
Corp, Ontario, Canada).

All sensors were connected 10 2 digital-to-analogue converter
{PowerLab SP, ADInstruments, Australia). The sampling frequency
was set to 2000 Hz.

Data Processing

- RIP signal was filtered with a 2 H2 low-pass filter to eliminate the
artefact caused by the cycling activity over the abdominal bels.
The filtered signals were exported to Matlab® 1o compute GPD’
(See anline supplement for detasls).

- Parasternal EMG signal: An 80 Hz high-pass filter was applied. The
100t mean square [RMS ) was calculated as previously described "
We avoided non-respiratory tonic artefacts in the EMG by esti-
mating the onset of inspiration from the RIP signal Finally, we
related both the peak and the area under the peak of the RMS
signal to the mean baseline EMG activity, expressing the result as

a percentage of it~
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Variables

The following variables were collected. Anthropometric data
and pulmonary function tests were conducted (maximum, three
months prior to the exercise test). These included forced spirom-
etry, whole-bady plethysmography and arterial blood gases. The
BODE index and prescribed ventilator parameters were also
recorded.

The following variables were recorded during the exercise test
at baseline, 1,4, 7 and 10 min of exercise and after 3 and 5min of
recovery:

- Dyspnoea, measured by the Borg scale.

- Global Phase Delay (mean value of the last 5 cycles of each of the
previously stated stages)

- EMG variables: A maximal inspiratory manoeuvre was performed
before each day of testing. The parasternal EMG signal was
defined as a fraction of the 100% maximal EMG signal obtained
during the maximal inspisatary pressure manoeuvre,

Definitions

- Qackwise rotation: advance of the thoracic belt and assign a pas-
itive sign to GPD.

- Anticlockwise rotation: abdominal belt was advanced over the
thoracic belt, and a negative sign was assigned to GPD.

- Thoracsc paradox: anticlockwise rotation with a GPD between
~90 and - 180° in any step of the exercise.

- Abdominal paradox: clockwise rotation with a GPD between +90
and +I80° in any step of the exercise.

We cakculated the NRD as the product of the respiratory rate and
both the peak and area under the peak RMS as described by Jolley
etalt

Staristical Analysis

The Kolmogorov-Smirnov test analyzed the normality of quan-
titative variables. For normal distributions, the mean and standard
deviation were provided; otherwise, the median and interquartile
range were given. The Student I test for non-paired measures com-
pared TAA groups. A mixed ANOVA for repeated measures assessed
performance across exercise tests. The F score, mean differences,
and observed power {§ - 1) were provided. Significance was set at
P <0.05. Statistical analyses were performed using SPSS version 25.

Through the study period, 47 patients with COPD were included
in the lung transplant programme of whom 23 were on home
NIV and suitable for inclusion. One patient underwent lung trans-
plantation before the trial could be conducted and 2 did not have
reliable EMG signals despite several attempts. The study popula-
tion therefore included 20 patients with severe COPD (6 women).
The anthropametric data, pulmonary function tests and ventilator
parameters for the entire cohort are shown in Table 1.

The study population had a median maximum workload of 25 W
(range 7-60W) as determined in the baseline ramp test. All patients
had a BODE index of 7 or maore (median 9, range 7-12). Extensive
cardiac examinations, including cardiac ultrasound and coronar-
iography, excluded significant cardsovascular disease. Mean MIP
was 65 am H;0, suggesting diaphragm weakness was not the
primary cause of exerdise limitation. All patients exhibited air trap-
ping. with a mean FEV,; of 19£4% and & mean residual volume
of 283 = 75%, All of the patients had stable condition hypercapnia,

_
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Tabte |
Anthropometric and Lung Fusction Data fir the Entse Cobaorr,
Mean Standant Devianoo

Aathrepemeric dam
Age &0 19
Gender (F) 6(30%)

Jencrion tests

FEV, mid 568 131
2300 19 42
FVC ol 1935 761
ACX 51 18
Y 6024 1120
RYS 233 75
TLC ml B281 1144
TCE 141 o

Arteviai biood geses
a0 (o Hy) 625 1091
PaC0; (v Hg) 04 6356
pH 7.38 om

Venlilocer pararaeters
IPAP {cm Hy0) 204 462

Thus, dynamic hyperinflation was suspected as the main driver of
exercise Hmitation.

Baseline mean GPD: 14 patients had counterchckwise rota-
tion (abdomen abead) with a mean GPD of -14.24 £15.56 and
6 had clockwise rotation (thorax ahead) with a mean GPD of
23,47 £ 2269, Patsents with clockwise rotation had a lower per-
cent predicted FEV, and FVC than patients with counterclockwise
rotation, with no significant differences in the other lung function
parameters (FEV) 1550+ 3.44% vs. 2054 + 3.85%, p<0.05 and FVC
37521386 v& 5450 + 18.14, p <0.05).

Exercise Tests With COT

During exercise on COT 9 patients change the pattern of breath-
ing to counterclockwise rotation (2 with thoracic paradox at some
point during exercise), while 11 had clockwise rotation (7 with
abdominal paradox at some point during exercise), see Fig. 1. Signif-
icant differences were observed between groups (F=23.47 p<0.01,
mean difference between groups 88.4°, 95X C1 50.07-123.76,
(# - 1)=0.99 mixed ANOVA for repeated measures). Table 2 shows
the differences in lung function between patients with clockwise
and counterdlockwise rotation, and in patients with and without
abdominal paradox.

As shown in Fig. 2, patients with clockwise rotation (tho-
rax ahead) had a higher degree of dyspnoea during unsupported
exercise than patients with counterclockwise rotation (F= 11,598,
p<005, mean ddference 2.53 Borg peints, O 95% 1-4.08,
{F ~ 1)=0.91), general linear model for repeated measures.

Patients with clockwise rotation also had higher NRD: peak RMS
was higher (F= 11.35, p<0.01, mean difference 456 microV(RR,
953 170.7-7423,(f - 1)=0.77) but not RMS area (F» 435, p=0.05,
mean difference 368 microV/RR, (1952 264 7-472.3,(f - 1) =044}
When the subgroups based on the abdominal paradox were ana-
lyzed, patients with abdominal paradox showed higher NRD, both
peak (F=27.49, p<0.01, mean difference 835 microV/RR, C1 95%
716-955 (f - 1)=0.99) and area (F= 1072, p<0.01, mean differ-
ence 423 microV(RR, C195% 328-518, [ - 1)=0.87). See Fig 3A-D,

Exercise Under NIV

Under NIV 13 patients had clockwise rotation (9 with para-
dox) and 7 had predominantly counterclockwise rotation (3 with
paradox), Le. there were four patients who changed the direction
of rotation (3 from counterdockwise to dockwise and one from
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Table 2
Thoracoatdamingd Synchrony During Exercise With Conventianal Oxygen Therapy and Group Carrelation Based on TAA and Pulmaonasy Funcrion Tests
Parametes Annicieckwise Cockwise FValue No Abdumunad Abdomanal Paradux FValue
N~9 N=14 Paradox (N=13) IN=T)
Mean s Mean 0 Mean sD Mean D
FEV, mi 62091 15623 52711 LR [IAR} 581 148 546 “ 0s
FEV, % 2211 362 672 276 <00t 2062 ise 1643 315 <005
O ml 2653 JORR 16624 &2 o7 2048 776 1848 673 ae
cs 6356 405 4109 1619 <00t 5308 132 3a43 171 <005
Vml 575838 BASS 638055 15431 028 5635 &9 6836 1 <05
Vi 2583 163 30275 max 02 2691 BO2 3082 594 027
TLC 806143 8513 868573 1700.2 03 1% 79 2188 175 wos
Tncs 13835 21596 14300 29316 05 190 29 151 A as

Two comparisons e gresenred: (1) clockwise (horax ahead) vs saticlockwise (abdome abwad) (o colunsms 2 and 3, aud [2) addominad paradox (indicative of extyeme
duphragm weakness Qogue) vs po abdomanal paradax in coleonns 5 md 6.
Ablreviations: FEV, - foeced expiraory volume i ihe first second, FVC: Tocced vital capacity, SV: residudad vodame: TLC: rotal Tung capadity, SD: standard deviation.

" GPO groups
— Aricirchwen
— AW
.
3 .
¥
1
P<0.01
a
Baselre  1min Amn fmin  W0mn  3Imn & min
rB0ovely recavery
STEP

Fig. 2. Borg Scale scores Sor both groups {patients with predominantly cosmterciackwise oc dockwite rotation) Guning exercsse with low-flow aoygen. As shawn in the
figure, patients with clockwise rotation exhibited higher dyspnosa levels compared to thase with predominantly counterclockwise rotation (p<0.01, ANOVA for repeated
O s |

55
EFECTO DE LA VNI SOBRE EL ACOPLAMIENTO NEURORRESPIRATORIO Y SINCRONIA TORACOABDOMINAL DURANTE

EL EJERCICIO EN PACIENTES CON EPOC GRAVE. Javier Sayas Catalan.



- Sayvs Catakin, €, Lefmodde, A Hornbedes-Vork ot ol

ss

Archives de Browconeumoalegl oo {00 ) oue-xe

GPD groups

R e
— e rwese

P<0.05

Bassbee 1mn Amn 7 man

NRD sren in microVols'RR

1W0mn  3men Smn
1COvery ROV

B tmm  &mm Tmn

Fg. 3. (A-D) Newrocespiracory drive [NRD peak and area in imscroy SR, in patieots with clockwese and counterclockwise rotatson (A and B, and with and without sbdominal
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clockwise to counterclockwise, see Table 1) No differences were
observed in the degree of dyspnoea during exercise with NIV when
the groups (clockwise or anticlockwise, abdaminal paradox or no
abdominal paradox) were compared. There were also no differ-
ences between groups in the ventilator parameters used to perform
the test (inspiratory pressure, expiratory pressure and pressure
support).

NRD was higher in patients with abdominal paradox both in
peak (F= 1228, p<0.01, mean difference 406 microV(RR, C1 95%
324-488,(4 - 1)=081), andarea(F=7.01, p <0.05 mean difference
199 microV(RR, C1 95% 144-254, (£~ 1)=0.7), but no differences
were found when the groups based on clockwise/count erclockwise

were compared (Fig. 4A-DL

Exercise Under HFT

Eleven patients had dockwise rotation (7 with paradox ) and
9 had predominantly counterclockwise rotatson (3 with paradox),
No differences were observed in the degree of dyspnoea as mea-

sured by the Borg scale during exercise with HFT when both groups
[clockwise and anticlockwise ) were compared.

NRD was higher in patsents with clockwise rotation for the
EMGC peak (F=10.19, p <001, mean difference 555 microV/RR, C1
05% 438-671, (f - 1)=085) and area (F=7.31, p<0.05, mean dif-
ference 255 microV/RR, C1 95% 184-326, {# - 1)=0.72). When the
group of patients with abdominal paradox were analyzed, they
presented a higher NRD than patients without abdominal para-
dox: Peak: F» 659, p < 0.05, mean difference 660 microV/RR, C195%
517-803, (# - 1)=0.68 Area: F=13.19, p<0.01, mean difference
328 microV/RR, C1 95% 254-402, (S - 1) =092 (see Fiy. SA-D)

Compurirg COT, NIV and HFT

No significant differences in the degree of TAA were observed
when comparing the three interventions (COT, NIV and HFT). Three
patients changed direction of rotation and development of paradox
between interventions.
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clockwise to counterclockwise, see Table 3). No differences were
observed in the degree of dyspooea during exercise with NIV when
the groups [clockwise or anticlockwise, abdominal paradox or no
abdominal paradox) were compared. There were also no differ-
ences between groups in the ventilator parameters used to perform
the test (inspiratory pressure, expiratory pressure and pressure
support).

NRD was higher in patients with abdominal paradox both in
peak (F=12.28, p<0.01, mean difference 406 microV(RR, C1 95%
324-488,(f - 1)=081), andarea(F=7.01, p <0.05, mean difference
199 microV(RR, C1 95% 144-254, (£ 1)=0.7), but no differences
were found when the groups based on clockwisecounterclockwise
were compared (Fig. 4A-DL

Exercise Under HFT

Eleven patients had clockwise rotation (7 with paradox) and
9 had predommantly counterclockwise rotation (3 with paradox).
No differences were observed in the degree of dvsonoea as mea-

sured by the Borg scale during exercise with HFT when both groups
{clockwise and anticlockwise) were compared.

NRD was higher in patients with clockwise rotation for the
EMG peak (F= 1019, p<0.01, mean difference 555 microV/RR, O
95% 438-671, (A~ 1)=0.85) and area (F=7.31, p<0.05, mean dil-
ference 255 microV(RR, C1 95% 184-326, (f - 1)=0.72). When the
group of patients with abdominal paradox were analyzed, they
presented 2 higher NRD than patients without abdominal para-
dox: Peak: F=6.59, p < 0.05, mean difference 660 microV/RR, C195%
517-803, (8- 1)=0.68 Area: F=13.19, p<001, mean difference
328 microV/RR, C1 95% 254-402, (f - 1) =052 (see Fuy. SA-D).

Comparing COT, NIV and HFT

No significant differences in the degree of TAA were observed
when comparing the three interventions (COT, NIV and HFT), Three
patients changed direction of rotation and development af paradox
between interventions.
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Table 3
Predominant Directioo of Rocation [Cockwise or Counterciockwise ) for Each Individaal Patlent s Each Exercese Condition.

Patices Nusmber COT (Belt Abead) NIV (Belt Ahead) High Flow (Selt Ahead]
! Thorax Abdamen (') Abdomen F)
2 Abdomen Thosax (P) Thorax
3 Abdoamen Tharax (P) Abdeanen
4 Thocax (P) Thavax (P) Thorax ()
5 Thocax (P) Thavax (P) Thorax (F)
3 Abdoment Abduoen Abdomen
7 Thocax (F) Thotax (P} Thorax (P}
8 Abdamen (P) Abdomen Abdomen (P)
9 Abdoanen (P) Abdomen () Abdomen (1)

i Thotax () Thaeax (P) Thorax (P

1 Abdomen Thorax (P) Thorax (')

12 Abdomen Abdomen AbSxpen

13 Thorax () Thorax Thorax ('}

(e Thorax Thoax (') Thotax

15 Theax {F) Thocax Thocax

16 Abdomen Abdamen Abdcmen

7 Thorax () Thorax (F) Thocax (7}

13 Abdomen Abdomen (P) Abdomen

19 Thocax Tharax Abdomen

0 Thocax Thotax Thorax

P Pasadon.
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Fig. 4. (A-D) Nessorespiraory deive (NRD peak and area i ndcrov'RE ) sa patients with clockwise and countesciockwise rotation (A and B) and abduminal parades (C aod
D] during exercise with NIV. Comparisons were made through ANOVA for repeated measures.

Dyspnoea, Respiratory Support and TAA

Comparing dyspnoea response to NIV and HFT in patients
with clockwise or counterclockwise rotation showed no significant
difference. However, patients with clockwise rotation showed a
significant improvement in dyspnoea under NIV compared with
COT (F=5.52, p<0.05, mean difference: 427, 95% (1: 3.58-495
(beta - 1)=0.68). Noimprovement in dyspnoea was found between
COT and HFT in any of the 2 dilferent patterns of TAA Figure E3 A
to D (online supplement) reflect the effect in dyspnoea of COT vs
NIV and HFT between those 2 patterns of TAA.

Discussion

Two distinct patterns of TAA were identified during exerase
in patients with advanced COPD: abdomen ahead (counterclock-

wise) and thorax ahead (clockwise L Notably, patients with severely
impaired lung function exhibited an extreme chockwise pattern
characterized by abdominal paradoxical breathing during exercise.
This pattern was associated with greater hyperinfiation, increased
dyspnoea during COT exercise testing, and higher NRD, regard-
less of the type of respiratory support used (COT, NIV, or HFT).
These findings suggest a compensatory activation of the paraster-
nal muscles 1o counterbalance the diaphragm's inability to meet
the increased respiratory demand.

Defining TAA as a delay between chest and abdominal maove-
ments highlights is role in ineffective respiratory mechanics, a
subtype of dysfunctional breathing It occurs in asthma, COPD, and
neuromuscular diseases, with the most severe form being para-
doxical {[completely out-of-phase ) movement. ' '“ The abdominal
paradox (abdomen moving inward during inspiration) i a classic
sign of muscle fatigue, detectable via physical exam. and linked
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to severe diaphragmatic dysfunction, seen in 20% of COPD out-
patients and 80X of acute respiratory failure cases. This pattern
stands in clear contrast to the pattern observed i patients with air
trapping but more preserved diaphragmatic function, who exhibit
counterclockwise rotation with delayed thoradcic expansion, known
as “Hoover's sign." '’

It is difficult to compare our results with previous studies on
TAA, as the calculation methods used in earlier research were
not the same. For example, Alves et al. studied 22 COPD patients
with an average FEV; of 45% (much higher than in the present
cohort) and evaluated synchrony at rest and during exercise. The
reparted phase angle values {not GPD) were 10 atrestand 22° dur-
ing exercise, presumably indicating counterclockwise rotation.'”
Chien et al. examined the Impact of TAA on 6-min walk distance,
bur, like the study by Alves et al, they did not specify the lead-
ing compartment, and phase angle values remained below 35,
even [n patients with severe COPD. " Finally, Pereira et al. utilized
RIP and OEP to analyze individuals with and without lung disease

during exercise. Among COPD patients, the phase angle was pre-
dominantly negative and significantly narrower compared to the
present study. Notably, previous studies did not establish a con-
nection between RIP findings and clinical or respiratory function,
which stands out as a key strength of the current study.”

The results of the present study should be understood from
a pathophysiological perspective and may have implications for
monitoring and designing exercise protocols: patients with worse
lung function and maore air trapping at rest often exhibit a well-
defined clockwise pattern during exercise, suggesting fatigue or 3
loss of diaphragmatic efficiency caused by flattening and a decrease
in the zone of apposition. Additionally, this pattern is associated
with greater activation of the parasternal muscies and increased
dyspnoesand may eventually contribute to evaluating the response
to rehabilitation programmes. Interestingly, the most severe pat-
tern (abdommal paradax) has not been previously reported or
studied during exercise. Two reasons could be behind this fact
the way the RIP signal i analyzed, which may not show the pres-
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D) during exercise with HFT. Campansons were made thanugh ANOVA for repeated measanes.

ence of paradox, or the use of a recumbent cycloergometer, which
may increase intra-abdominal pressure and make it harder for the
diaphragm to contract

One key aspect of the study is the response 1o non-Lovasive sup-
port techniques. A consistent decrease in TAA might be expected
with NIV or HFT, but ir's crucal to analyze these modes sepa-
rately. No significant differences in TAA with NIV were found across
the cohort, though responses varied widely (see Table 3). Patients
with clackwise rotation may benefit maost from exercise under NIV
in terms of dyspnoea reliel. Some patients showed an abdominal
paradox with NIV before exercise, possibly due 1o excessive sup-
port (mean pressure support of 16 am H,0), which could worsen
hyperinflation and fead to issues like deventilation syndrome.*”

Despite the common practice of using NIV during exerase
and its even recommendation in guidelines " there is a lack of
objective data on the superiority of high-pressure support values
(high-intensity ventilation) during exercise. In a randomized con-
trolled trial, Schneeberger et al found no significant difference in

exercise capacity in patients receiving high-intensity ventilation -
It remains to be demonstrated whether RIP monitoring can discrim-
inate between patients who respond to high pressures and those
who do not benefit from high pressures.

On the other way, the evidence supporting the benefits of HFT
in the context of COPD rehabilitation programmes is lmited ™
A recent meta-analysis found no significant difference in quality
of life, exercise capacity and breathlessness between those who
received HFT and those who received COT. In an experimental
model, Adams et al.** demonstrated that there was an increase in
expiratory resistance that was directly proportional to fow and
cannula size.

The results of the present study may have clinical implications
for the management of patients with advanced COPD who are can-
didates for rehabilitation. Firstly, RIP can be used as a non-invasive
monitoring method of the effects of rehabilitation programmes.
Secondly, it can inform the titration of non-invasive respiratocy
support In the event of paradoxical breathing ( particularly abdom-
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inal) occurring in patients undergoing previously hame NIV, the
programmed parameters should be checked and readjusted if nec-
essary. Ultimately, this approach can assist in identifying patients
with severe clockwise rotation or abdominal paradox, who may
require tailored rehabilitation programmes, particularly lollowing
an acute exacerbation,”

This study has refevant limitations. The sample size was lim-
ited and the study utilized a non-randomized design. It must
be acknowledged that the conclusions of this study may not be
applicable to other rehabilitation protocols, such as conventional
cycloergometry or treadmill ergometry. Furthermore, the findings
cannot be extrapolated to patients with less severe COPD or those
with additional comorbidities, such as cardiovascular impairment.

In conclusion, the information provided by RIP allows the
description of two distinet patterns of exertional TAA in patients
with COPD. The thoracic advancement pattern is associated with
increased NRD and greater dyspnoea. This finding may facilitate the
personalization of exercise rehabilitation protocols and subsequent
evaluation of their efficacy.
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Abstract

Obijectives: This study aimed to evaluate how non-invasive ventilation (NIV) and high-
flow nasal cannula therapy (HFT) versus conventional oxygen therapy (COT) affect neural
ventilatory drive during exercise in patients with severe chronic obstructive pulmonary
disease (COPD). Methods: We conducted an experimental, controlled study with one arm
and three different conditions for the same cohort. After initial testing on conventional
oxygen therapy (COT), patients exercised under NIV and HFT in sequential days and a
random order. Participants: Twventy patients (mean age 60 years old (SD 3.9), 6 female)
with severe COPD (30%: women) on home NIV as a bridge to lung transplantation were
enrolled in this study, with a mean FEV, of 19.78% predicted and marked hyperinflation.
Protocol: Participants performed constant-load cycling exercises at 75% maximum tolerated
workload under three conditions: COT, NIV, and HFT. Neuro-respiratory drive (NRD)
was measured using surface parasternal and sternocleidomastoid electromyography, and
mixed ANOVA was performed to analyze repeated measures across conditions. Results:
In total, 20 patients were included in this study. NIV demonstrated superior performance,
with 60% lower NRD compared to COT (488.81 uV vs. 1180.63 uV, p < 0.05). HFT showed
intermediate effects (807.8 uV). NIV also achieved greater reduction in respiratory rate
(4.2 breaths /min), lower perceived exertion (Borg score decrease: 1.8 points), and more
pronounced CO; reduction (5.3 mmHg) compared to both COT and HFT. Conclusions:
NIV significantly reduces NRD during exercise in severe COPD patients compared to
HFT and COT. This supports its use as a valuable adjunct to pulmonary rehabilitation in
severe COPD.

Keywords: chronic obstructive pulmonary disease; exercise therapy; high-flow therapy;
neural drive; non-invasive ventilation

1. Introduction

Chronic obstructive pulmonary disease (COPD) carries a high burden of mortality
and morbidity worldwide [1]. Patients with severe COPD experience exercise limitation
due to multiple mechanisms, including ventilatory constraints, impaired gas exchange,
and haemodynamic limitation [2]. Among these, expiratory flow limitation may be a key

. Clin. Mod. 2025, 14, B150
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component of developing breathlessness and exercise intolerance [ 3], worsening as exercise
progresses and patients attempt to increase their respiratory rate (RR) at the expense of
shortening expiratory time. This situation inevitably leads to dynamic hyperinflation and
the development of intrinsic end-expiratory positive pressure (iPEEP) [4-7].

The final consequence of this exercise-induced dynamic hyperinflation is the devel-
opment of a “neuro-ventilatory uncoupling” [6]. Despite an increase in inspiratory effort,
trying to meet the breathing demands induced by exercise, patients are unable to propor-
tionally increase tidal volume. Thus, dyspnoea and inspiratory muscle activity (both closely
linked) rise while breathing efficiency reaches a plateau, limiting exercise capacity [5].

Non-invasive ventilation (NIV) has been extensively studied as a means to improve
ventilation in severe COPD by reducing neural respiratory drnive uncoupling through
inspiratory muscle unloading, intrinsic PEEP reduction, and increased tidal volume at
rest [9-11] and during exercise.

Therefore, NIV has been proposed as a strategy to enhance the exercise capacity
of severe COPD patients. While early reports showed conflicting results and an initial
meta-analysis did not show evidence of NIV’s benefit [12], there is wide heterogenicity
in terms of patient selection, protocols, outcome measures, and NIV titration. Some
studies have focused on naive NIV users, with limited, poor results [13], while others
have evaluated alternative ventilatory modes [14,15] or improvements in physiological
markers (for example, in muscle blood flow [ 16] or inflammatory profile [17,18]), ventilatory
efficiency and exercise capacity [19], or long-term effects.

On the other hand, high-flow therapy (HFT) is a relatively established technique
that provides high flow rates (usually >30-40 L/min) of conditioned gas (air and oxygen
mixture with a selected fraction of inspired oxygen (FiO;), heated and humidified to 100%
relative humidity) [20] that has also been studied as a tool to increase exercise capacity in
COPD patients. While there is much less evidence of its benefits, and most of the studies
investigating it are limited, it seems a promising tool for improving exercise capacity, with
better tolerance than NIV [21].

More recent meta-analyses have demonstrated the ability of NIV to improve exercise
tolerance and many physiological measures, such as oxygen consumption and dyspnoea,
over HFT [22,23].

While there have been several studies identifying the physiological effects of adminis-
tering NIV during exercise, the effect of HFT on NRD compared with NIV has not been
directly researched. A recent study by Bonnevie et al. [24] assessed the physiological
effects of HFT during exercise in severe COPD, including an exploratory evaluation of neu-
romechanical uncoupling, and found partial improvement with some uncertainty. Unlike
previous studies using fixed NIV settings, we aim to compare the effects on neural respira-
tory drive (NRD) during exercise between real-time electromyography (EMG)-guided NIV
with high-flow therapy (HFT) support and unsupported exercise with conventional oxygen
therapy (COT). To our knowledge, this is the first study to directly compare EMG-derived
NRD responses across NIV, HFT, and COT. The aim of this study was therefore to compare
NRD during constant-load exercise across three different conditions: COT, respiratory
support with NIV, and HFT.

2. Materials and Methods

2.1. Population

The inclusion criteria for the study consisted of patients with COPD who were on
the lung transplant waiting list and already evaluated by the Lung Transplant Unit at
12 de Octubre University Hospital, with the lung transplant waiting kist inclusion criteria
determined according to national guidelines [25]. COPD was diagnosed according to
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Global Obstructive Lung Disease (GOLD) guidelines, with plethysmography confirming
air trapping (a Residual Volume greater than 120% of the predicted value). Evidence of
dynamic air trapping during exercise was required, confirmed by flow-volume curve anal-
yses and the visual identification of expiratory flow limitation as previously described [26].
Additionally, patients needed to be already adapted and adherent to home non-invasive
ventilation (NIV) as a bridge to transplantation. A minimum use of >4 h/day for more
than 20 out of 30 days of the previous month was required.

Exclusion criteria included the presence of uncontrollable comorbidities that limited
the ability to perform physical exercise (such as uncontrolled ischemic heart disease, severe
pulmonary hypertension, or neuromuscular disorders), refusal to participate in the study,
inability to carry out the proposed exercise protocol under baseline conditions or with
ventilatory support, and the absence of reliable EMG signals for analysis.

2.2, Ethical and Data Management Protocol

The study protocol was approved by the Ethics Committee of Hospital 12 de Octubre
(Resolution 18/025) and complied with the Spanish Organic Law on Data Protection
15/1999. All participants provided informed consent, and their inclusion in this study did
not affect their status on the lung transplant waiting list.

An anonymized database, linked to clinical records through consecutive codes, was
stored on a secure server within the Pneumology Department, accessible only to the
principal investigator.

The trial was registered at ClinicalTrials.gov (identifier: NCT04597606).

2.3. Study Design

We conducted an experimental, cross-sectional, controlled study, with one arm and
three different conditions (NIV, COT, HFT) for the same cohort.

2.4, Protocol

For the exercise testing, a semi-recumbent cycloergometer was used. The subjects
were instructed to cycle with their arms relaxed along their trunk and avoid grasping the
handlebars or support bars to avoid cross-contamination with pectoral muscle activity
(due to gripping the handlebars) [27]. Each exercise session was planned for a maximum
of 10 min of constant-load cycling, followed by a 5-min recovery (unloaded cycling at
a gradually decreasing pace until stopping). Participants were strongly encouraged to
continue pedaling throughout the 10-min period; however, some were unable to do so due
to exertion and stopped early. Nevertheless, for all participants—regardless of whether
they completed the full period without stopping pedaling, the prescribed duration of the
exercise phase was set at 10 min for data analysis purposes. Testing was conducted on
three separate days under the following conditions:

e  COT: Patients started on their usual home oxygen flow, which was then adjusted to
maintain a peripheral oxygen saturation (SpQO;) between 92% and 96% [25]. Continu-
ous pulse oximetry was monitored, although mean SpO, values were not recorded for
later analysis.

e  NIV: Patients were titrated as described below, with supplemental oxygen if needed,
to maintain their SpO, > 92% avoiding SpO, values over 96%.

e HFT (Airvo 2%, Fisher &Paykel, Auckland, New Zealand): A flow of 40 litres
per minute was selected. Supplemental O, flow was initially set—before start-
ing exercise—to maintain an estimated Fi0O, similar to that required to achieve an
SpO; > 92% with COT [29], avoiding SpOs values over 96%.
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Each day, before starting the exercise, each patient performed three maximum inspira-
tory maneuvers with simultaneous EMG recording to allow calibration and normalization.
No other pulmonary function was measured during or after the exercise.

At baseline, participants underwent a “ramp test” with incremental loads up to their
maximum tolerated workload, and 75% of that maximal tolerated load was selected for
the tests [30,31]. Patients were already included in the exercise protocol for the lung
transplantation programme, so they had all previously performed at least three sessions of
exercise on a cycloergometer under COT and could thus already be considered acclimated.
Three constant-load exercise tests were performed over three consecutive days. The first
day was performed under COT, and at the end of the exercise testing, a 5 min trial with
NIV, cycling under a free protocol for pressure titration, was performed to titrate pressures.
All of the patients underwent exercise with an Astral 150% ventilator (Resmed®©, San Diego,
CA, USA) in spontaneous/timed mode (ST mode), as it had been previously shown to
be capable of providing enough pressurization support across different programmes [32].
Expiratory pressure was titrated to avoid ineffective efforts and trigger delay in online
flow /pressure control, and inspiratory pressure was titrated in order to reduce neural
respiratory drive (NRD) by at least 20% as measured by parasternal EMG (online EMG
Root Mean Square (RMS) traces were continuously monitored to obtain that decrease, with
no subsequent offline calculations in that phase).

The >20% visual EMG RMS peak for parasternal muscle reduction was employed ex-
clusively as a pre-exercise titration target during a brief unloaded cycling trial to standardize
NIV support (intervention step). These titration data were not analyzed as outcomes.

2.5. Signal Recording

During the tests, patients were connected to a recording system equipped with the
following sensors:

e  Electrodes placed on both sides of the second parasternal space to conduct parasternal
and sternocleidomastoid surface EMG, as previously described [33].

e A combined transcutaneous CO; and pulse oximetry oxygen saturation sensor (Sentec
TCM®, Therwill, Switzerland).

e  Chest and abdominal respiratory inductance plethysmography (RIP) belts (Braecbon
QZ-RIP, Braecbon Medical Corp, Ottawa, ON, Canada) for determining inspiratory
and expiratory onset.

e Inthe NIV condition, airflow was recorded as a raw signal from a calibrated pneu-
motachograph placed between the tubing and usual oronasal mask and connected
to a differential pressure transducer (Powerlab Spirometer FE141, AD Instruments,
Sydney, Australia) and pressure mask (Powerlab MLT844, AD Instruments, Australia).

All sensors were connected to a digital-to-analogue converter (PowerLab SP, AD
Instruments, Australia), and the sampling frequency was set to 2000 Hz.

EMG signals were processed to calculate NRD as previously described [34]. Briefly,
an 80 Hz high-pass filter was applied, the RMS method was employed to normalize the
signals, and they were referenced to the maximum peaks obtained in an MIP maneuver.
Both the peak and area under the curve (AUC) of EMG contraction were used to calculate
NRD. We avoided non-respiratory tonic artefacts in the EMG by estimating the onset of
inspiration from the belts’ signals. NRD was calculated as the product of the respiratory
rate and both the peak and area under the peak RMS, as described by Jolley et al. [35].
Respiratory rate was determined from RIP signals, independently of the ventilator's trigger
detection, ensuring that all inspiratory efforts were accounted for.
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2.6. Data Collection

Anthropometric variables were collected, data were taken from the last spirometry and
arterial blood gas analysis, and lung function tests were performed according to current
national guidelines [36], with the closest test to the exercise day selected (all within the
previous 6 months).

Data were collected at different time points during the exercise test: at baseline; 1, 4,7,
and 10 min into exercise; and 3 and 5 min into the recovery period. Before each constant-
load exercise, participants underwent a 5-min stabilization period under their assigned
ventilatory support, and values collected at the end of this period served as baseline data
for each condition.

e  Respiratory variables: RR; dyspnoea perception, as measured by the BORG test scale;
breathless sensation, as asked; and transcutaneously monitored CO; (t¢cCO,, mmHg).

e NRD was measured as described by Jolley et al. [35]. Briefly, we choose to measure
parasternal (EMGpara) and sternocleidomastoid (EMGsem) EMG signals by attach-
ing 2 electrodes, as described previously [37]. These signals were normalized and
transformed through an RMS protocol, and non-respiratory tonic artefacts in the
EMG were avoided in calculations as inspiration was also signalled by the induc-
tive plethysmography belts, and peaks were referenced to the mean baseline EMG
RMS activity [38]. The RMS peak and AUC of both the EMGpara and EMGsem (uV)
signals were analysed at every time step by LabChart ® Software, Version 8.0 (AD
Instruments, Australia).

2.7. Statistical Analysis

Quantitative variables were described using means and standard deviations. A general
linear model with repeated measures (mixed ANOVA) was used to analyze NRD variables,
including the maximum parasternal RMS value across all measurements, with the signal
normalized by transmissibility—both for the peak and the AUC EMGpara signal.

The same linear model was applied to repeated measures of the maximum sternoclei-
domastoid RMS value, also normalized, for both the peak and the area of the EMG signal.
For the ANOVA, the F value, degrees of freedom, and corresponding p-value were recorded
to assess the statistical significance of differences across conditions.

It was considered that, in the whole-sample analysis, the global EMG signal amplitude
might have been underestimated due to patients who paused during exercise. Therefore,
the same mixed factorial repeated-measures ANOVA was performed on a subset of patients
who did not stop pedalling during the tests.

The level of significance was set at p < (.05, and statistical analyses were performed
using SPSS, Version 25 (Chicago, IL, USA).

3. Results
3.1. Descriptive Analysis

During the study period, 47 patients with COPD were enrolled in the lung transplant
programme. Of these, 23 were receiving home NIV and met the criteria for inclusion.
One patient underwent lung transplantation before the trial commenced, and two others
were excluded due to consistently unreliable EMG signals despite multiple attempts. As
a result, the final study cohort consisted of 20 patients with severe COPD, 30% of whom
were women. Detailed anthropometric measurements, pulmonary function test results,
and arterial blood gas values are presented in Table 1.
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Table 1. Patient characteristics and ventilator parameters.

Patient Characteristics
Variable Mean + SD
Age (years) 60.0 =39
FEV; (mL; % pmdicted) 580 £ 129;193 = 4.1
FVC (mL; % pmdicted) 2038.5 + 739.6; 51.5 £ 18.0
RV (mL; % predicted 6240.6 + 1242.5; 286.4 + 282
TLC (mL; % pmdicted) 8563.9 + 1358.9; 1409 + 28.2
RV /TLC ratio (%) 734478
pO; (mmHg) 60.7 £ 14.2
pCO; (mmHg) 51.1 £ 68
pH (units) 740 £ 0.1
Ventilator Parameters
IPAP at baseline (cmH;0) 193 +50
IPAP during exercise (cmH;0) 219 +57
EPAP at baseline (cmH,0) 9.0 +£27
EPAP during exercise (cmH>0) 95+3.1

FEV): Forced Expiratory Volume in 1 5 (mL = absolute value; % = percent predicted); FVC: Forced Vital Capacity
(mL = absolute value; % = percent predicted); RV: Residual Volume (mL = absolute value; % = percent predicted);
TLC: Total Lung Capacity (mL = absolute value; % = percent predicted); RV /TLC: Residual Volume to Total Lung
Capacity ratio (%); pOs: baseline partial pressure of oxygen in arterial blood (mmHg) under room air or home
continuous oxygen; pCOz: baseline partial pressure of carbon dioxide in arterial blood (mmHg); pH: arterial
blood pH measured under room air conditions (FiO; = 0.21, Fraction of Inspired Oxygen 21'%); IPAP: Inspiratory
Positive Airway Pressure (cmH,0); EPAP: Expiratory Positive Airway Pressure (cmH;0); baseline: home NIV
parameters; exercise: pressure values after titration, while performing constant-load cycling at 75% of maximum
tolerated workload.

Comparative analysis showed that ventilatory pressure parameters differed signifi-
cantly between home NIV settings and exercise testing conditions. Specifically, the mean
Inspiratory Positive Airway Pressure (IPAP) increased from 19.57 + 5.02 emH,0 dur-
ing home use to 21.93 =+ 5.73 emH,0 during exercise (p < 0.01), indicating a clinically

meaningful rise in pressure requirements during physical activity, as outlined in Table 1.

3.2. Comparative Study of Respiratory Variables

A comparative analysis of respiratory interventions revealed distinct physiological
effects. NIV showed superior performance, with a greater reduction in RR (mean difference:
4.2 breaths/min), lower perceived exertion (Borg score decrease: 1.8 points), and a more
pronounced reduction in tcCO; (decrease: 5.3 mmHg) compared to both COT and HFT
during exercise testing (p < 0.05 for all comparisons). HFT demonstrated intermediate
efficacy between COT and NIV. These findings are illustrated in Figure 1, and a summary
of intra- and intercondition statistics is presented in Table 2.

3.3. Comparative Study of Neuroventilatory Variables

During exercise, significant within-subject differences were observed in the degree of
respiratory muscle activation. In the intercondition analysis, NIV resulted in the greatest
muscular unloading compared to COT, with HFT showing an intermediate effect. When
analyzing NRD (expressed as uV x RR) across the three exercise conditions (COT, NIV,
and HFT), a mixed repeated-measures ANOVA including the full cohort demonstrated
significant differences. Specifically, peak EMGpara activity was lowest with NIV, indi-
cating the most effective reduction in respiratory muscle load during exercise. However,
the analysis of the EMG area (AUC RMS for both EMGpara and EMGscem) showed no
significant intercondition muscle differences, although significant within-subject changes
were detected. Table 2 also summarizes NRD findings for EMGpara and EMGsem, while
Table 3 reflects the average RD values for each condition.
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Figure 1. Evolution of respiratory rate (RR), dyspnea perception (Borg scale), and transcutaneous
CO; (tcCO;y) during constant-load exercise under three ventilatory conditions {conventional oxygen
therapy, high-flow therapy, and non-invasive ventilation). Mean =+ SD values are shown for each
time point (baseline; minutes 1, 4, 7, and 10 of exercise; and 3- and 5-min recovery). Results from
mixed repeated-measures ANOVA show significant intra- and intercondition effects.
Table 2. Statistical analysis of respiratory and neural respiratory variables.
Parameter F-Statistic p-Value Effect Size (n?) Power (B~1)
Respiratory Rate (RR)
Intrasubject 12.00 p<0.05 0.20 0.88
Intersubject 6.07 p<0.01 0.20 0.86
Borg Scale
Intrasubject 26.08 p <0.001 0.77 1.00
Intersubject 4221.59 p<0.001 0.76 1.00
TeCO; (mmHg)
Intrasubject 1191.23 p<0.001 0.96 1.00
Intersubject 26.08 p=01 0.10 0.43
Parasternal peak EMG
Intrasubject 2595 p <0.001 0.68 1
Intersubject 256 0.05 0.09 0.56
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Table 2. Cont.
Parameter F-Statistic p-Value Effect Size (n?) Power (B~ 1)
Parasternal area EMG
Intrasubject 15.21 p<0.001 0.61 0.99
Intersubject 2.52 p=008 0.1 0.48
SCM peak EMG
Intrasubject 6.53 0.08 0.2 0.67
Intersubject 257 0.1 0.05 0.35
SCM area EMG
Intrasubject 28.04 p <0.001 032 1
Intersubject 277 0.07 0.1 0.52
Table 3. Mean neural respiratory drive variable analysis across exercise conditions.
Parameter Condition Mean + SD 95% CI
A coT 1180.00 + 200.10 781.68 to 1579.58
D, terna
' ““‘Suv ( ; ?;;D < NIV 488 81 + 199.09 89.80 to 887.70
pe HFT 807.80 + 20432 39850 to 1217.15
; coT 143424 + 265.17 903.30 to 1965.24
M (NRSQ‘“ 2 NIV 75890 + 26517 227.80 to 1289.80
g HFT 125610 + 265.17 72515 t0 1787.10
COT: Conventional oxygen therapy; NIV: non-invasive ventilation; NRD: neural respiratory drive; HFT: high-flow
therapy; SCM: stemodeidomastoid; SD: standard deviation; Cl: confidence interval.
Finally, Figure 2 presents the whole-cohort NRD analysis.
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Figure 2. “All sample with STOPs"” Peak and area values of parasternal (NRDpara) and sternocleido-
mastoid (NRDscm) EMG activity during constant-load exercise under three ventilatory conditions
(conventional oxygen therapy, high-flow therapy, and non-invasive ventilation). Results from the full
cohort are shown as mean + SD. Mixed repeated-measures ANOVA revealed significant intra- and
intercondition effects.
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3.4. Subgroup Analysis: Exercise Non-Limited Cohort (Patients Who Did Not Stop
Pedalling, N = 7)

Significant time- and condition-related differences were observed in peak NRD
(1V x RR) in both muscle groups analyzed, with effects observed both within and be-
tween subjects. Among the three experimental conditions, NIV was associated with the
greatest reduction in respiratory muscle effort during exercise, reflected in highly signifi-
cant decreases in both peak and area NRD values for the EMGpara compared with COT
and HFT:

e EMGpara NRD peaks:

*  Within-subject: F (6,14) = 8.970, p < 0.001, 0> = 0.79, ' = 0.99.
*  Between-subject: F (2,18) = 9.116, p < 0.01, n* = 0.50, ! = 0.94.

e EMGscem NRD peaks:

*  Within-subject: F (6,33) = 23.142, p < 0.001, n? = 0.41, ! = 0.99.
*  Between-subject: F (2,33) = 4760, p <0.01,n? = 0.22, B~ = 0.75.

For the patients who did not stop, the differences did not reach statistical significance.
When only taking normalized EMG RMS values into account (both parasternal and stern-
ocleidomastoid, independent of RR), no significant differences were obtained between the
three modalities (COT, HFT, and NIV) across the whole cohort.

4. Discussion

This study demonstrates that NIV significantly reduces NRD during exercise in pa-
tients with severe COPD when compared to HFT and COT. NRD, quantified as the product
of RR and normalized EMGpara (EMGpara®max), was 60% lower with NIV than with COT
(488.81 uV vs. 1180.63 uV, p < 0.05), with HFT showing intermediate effects (807.8 uV). These
results are consistent with previous meta-analyses indicating the superiority of NIV over
HFT in improving exercise tolerance and alleviating dyspnoea [22,39-44]. The physiological
basis for this advantage lies in NIV’s ability to unload inspiratory muscles by counteracting
iPEEP, reducing dynamic hyperinflation, and increasing tidal volume—mechanisms that
are only modestly engaged by HFT, which primarily enhances oxygenation and comfort.

The limited impact of HFT on NRD likely reflects its inability to provide sufficient and
consistent positive pressure under high ventilatory demand. Although HFT can generate
a degree of airflow-dependent positive airway pressure (~4 emH>O at 40 L/min), this is
typically inadequate to overcome the elevated inspiratory threshold load encountered dur-
ing exercise in severe COPD [21]. In contrast, NIV offers adjustable inspiratory pressures,
effectively reducing inspiratory effort, as demonstrated by decreases in both EMGpara and
EMGscm activity. In post hoc analyses, we observed that while some patients exhibited
reductions in EMG amplitude alone, others showed minimal EMG changes but marked
decreases in RR. Only the composite NRD measure (EMG x RR) revealed consistent and
statistically significant differences across the cohort, underscoring the dual contribution
of both respiratory muscle unloading and rate reduction to the overall ventilatory relief
provided by NIV. This slowing of RR represents an additional mechanism contributing
to NRD reduction and is functionally coupled with the unloading of inspiratory muscles.
These findings reinforce the concept that pressure support, rather than flow delivery alone,
is essential for effective respiratory muscle unloading in patients with significant expiratory
flow limitation [45].

Patient characteristics likely influenced the observed efficacy of NIV. Participants
presented with severe airflow limitation with a predicted first-second Forced Expiratory
Volume (FEV ) of 19.78% and marked hyperinflation (Residual Volume /Total Lung Capac-
ity 160%), making them particularly suitable for NIV-assisted training.
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Another key contributor to NIV’s success was participants’ prior acclimatization to
home NIV. This familiarity likely enhanced both tolerance and adherence, in contrast to NIV-
naive patients, who frequently experience mask-related discomfort and patient-ventilator
asynchrony, often resulting in early discontinuation [13]. In our cohort, acclimatized pa-
tients achieved optimal synchrony, allowing sustained pressure delivery even during peak
exercise, which likely contributed to improved alveolar ventilation and lower transcuta-
neous CO, levels.

The use of a high-performance ventilator, with rapid pressurization capabilities (rise
time < 50 ms), also played a pivotal role in matching the ventilator’s response to patients’
inspiratory demands during exercise. Unlike older or less responsive devices [13], this
technology minimized flow demand and ensured consistent patient-ventilator synchrony
even under rapidly changing ventilatory loads. This likely contributed to the consistent
achievement of the study’s target of at least a 20% NRD reduction, a result that would
be harder to obtain with suboptimal equipment. In this context, it is worth noting that
proportional assist ventilation shares these physiological principles and has been shown
to allow higher-intensity exercise training and greater physiological adaptation compared
with conventional or unassisted exercise in severe COPD [30].

Finally, individualized inspiratory pressure titration was key to achieving physio-
logical optimization. IPAP was adjusted prior to testing to ensure a >20% reduction in
NRD during unloaded cycling, thereby tailoring support to each patient’s needs [13,14,46].
Comparisons of NRD reported in this study refer to the constant-load exercise phase, and
real-time feedback from EMG allowed for the fine-tuning of pressure support, maximizing
inspiratory muscle unloading.

The improved ventilatory pattern and lower dyspnoea with NIV suggest better exer-
cise tolerance, in line with previous studies reporting increased endurance with ventilatory
support, consistent with previous findings, such as those by Xie et al. [47], who reported
a 59% improvement in dyspnoea-adjusted exercise capacity using comparable protocols.
In contrast, the absence of significant benefits with HFT diverges from the review by
Candia et al. [21], who observed functional improvements in patients with milder COPD.
This contrast underscores HFT's potential utility in moderate disease stages, while re-
inforcing the specific advantage of NIV in patients with more severe airflow limitation
and hyperinflation.

These findings must also be interpreted in light of the practical demands associated
with implementing NIV in clinical settings. The complete experimental setup—including
EMG preparation, calibration, and transcutaneous CO; stabilization—required approxi-
mately 45 min per session (for only 10 min of active, loaded exercise and 5 min of cold
down), while the actual pressure titration phase lasted about 5 min and was performed by
experienced personnel. This requirement poses a significant barrier in rural or resource-
limited environments where access to both equipment and trained professionals may be
limited. The development of automated pressure adjustment algorithms and simplified
EMG monitoring techniques could play a key role in facilitating broader implementation.
Moreover, future research should aim to develop simplified titration strategies that do not
rely on complex monitoring. Easily measurable surrogates such as RR, dyspnoea scores, or
ventilator-derived parameters could serve as practical alternatives to guide NIV initiation
and adjustment in routine rehabilitation settings. But, at the same time, technological
developments may offer easier approaches to these complex measurements. For example,
automated expiratory flow limitation compensation may serve to titrate EPAP, or cheaper
wearable devices may allow for a better understanding of respiratory muscle response dur-
ing exercise [48]. Additionally, cost considerations remain an important factor, and future
research should focus on evaluating whether the higher upfront costs of NIV and EMG
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monitoring are offset by long-term healthcare savings, particularly through reductions in
hospital admissions following rehabilitation.

Accordingly, while our data provide mechanistic support—namely a robust, acute
reduction in NRD during exercise—we consider it premature to recommend routine incor-
poration of NIV into standard pulmonary rehabilitation outside specialized settings until
pragmatic trials demonstrate sustained improvements in function, symptoms, and quality
of life after program completion and address real-world implementation barriers.

This study has some limitations that warrant consideration. The relatively small sam-
ple size (n = 20) constrains statistical power, and although this is comparable to previous
single-centre physiological trials, it limits the generalizability of the findings to broader
COPD populations. Another limitation concemns the characteristics of our study population.
All participants were lung transplant candidates with very severe, “pure” COPD and
minimal comorbidities, which limits the generalizability of our findings. To minimize the
potential impact of comorbidities on study outcomes, all participants underwent a com-
prehensive pre-transplant evaluation, which, combined with the extensive pre-transplant
assessment, ruled out the presence of comorbidities that confound the response to ventila-
tory support, and patients who are older and have milder disease or common comorbidities
such as heart failure, pulmonary hypertension, or muscle dysfunction may respond differ-
ently. Furthermore, the inclusion of patients previously acclimatized to home NIV may have
introduced a selection bias, potentially overestimating tolerance and benefit during exercise
sessions. Another limitation concerns the HFT condition, which was applied at a fixed flow
of 40 L/min without individual titration. This setting was chosen based on tolerability in
severe COPD, the flow rates most commonly used in chronic home settings [49], current
clinical recommendations for home HFT [50], and the potential physiological adverse
effects reported with higher flows [51]. Future studies should explore EMG-guided flow
titration to better define the physiological ceiling of HFT in this population. To confirm the
reproducibility and external validity of these results, larger multicentre studies involving
more heterogeneous patient groups and varying levels of disease severity are essential.
Another important limitation is that the NIV systems used in this and previous studies
are stationary and restricted to supervised settings. Attempts to develop truly portable
ventilatory support for ambulation have faced major technical barriers, mainly related to
battery life, device weight, and the need for high-pressure oxygen sources. Early studies
using backpack-mounted ventilators [52] showed no improvement in dyspnoea or walking
distance, and newer lightweight devices, such as the Philips VitaBreath, provided only
intermittent support and have since been discontinued [53]. Therefore, the applicability
of our findings remains limited to controlled, stationary rehabilitation environments until
substantial technological advances occur.

Future research should focus on several key areas to build on these findings. First, the
development of personalized ventilatory support algorithms that could enable automatic
pressure adjustments during exercise, enhancing both precision and feasibility. Second,
rigorous cost-benefit analyses comparing the long-term outcomes of NIV and HFT across
healthcare systems with differing resource availability are needed to inform clinical and
policy decisions. Third, the potential of hybrid protocols—such as sequential HFI-NIV
strategies—should be investigated to determine whether they could offer an optimal
balance between patient comfort and physiological efficacy, particularly in populations
with variable tolerance or access to equipment.
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5. Conclusions

This study confirms that EMG-titrated NIV significantly reduces NRD during exercise
in patients with severe COPD compared to HFT and COT. These benefits are particularly
evident in patients previously acclimatized to NIV and with no other comorbidities.
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Abbreviations
The following abbreviations are used in this manuscript:

COorb Chronic Obstructive Pulmonary Disease

coT Conventional Oxygen Therapy

NIV Non-Invasive Ventilation

HFT High-Flow Nasal Cannula Therapy (High-Flow Therapy)
NRD Neural Respiratory Drive

iPEEP Intrinsic End-Expiratory Positive Pressure

EMG Electromyography

EMGpara Parasternal Electromyography
EMGscm  Sternocleidomastoid Electromyography

SCM Sternocleidomastoid Muscle

RIP Respiratory Inductance Plethysmography
SpOs Peripheral Oxygen Saturation

tcCO; Transcutaneous Carbon Dioxide

FEV, Forced Expiratory Volume in 1 Second
FVC Forced Vital Capacity

RV Residual Volume

TLC Total Lung Capacity

RV/TLC  Residual Volume to Total Lung Capacity Ratio
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IPAP Inspiratory Positive Airway Pressure
EPAP Expiratory Positive Airway Pressure
FiO, Fraction of Inspired Oxygen

MIP Maximal Inspiratory Pressure

RMS Root Mean Square

AUC Area Under the Curve

RR Respiratory Rate

SD Standard Deviation

Cl Confidence Interval

STmode  Spontaneous/Timed Mode (Ventilator Setting)
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7. DISCUSION CONJUNTA

7.1. Vision General y Contribucion Cientifica

7.1.1. Contribuciéon Metodolégica

La presente tesis doctoral contribuye significativamente al avance metodoldgico en la
evaluacion de la funcion respiratoria mediante el desarrollo del Global Phase Delay
(GPD) como método mejorado para la cuantificacion de la asincronia toracoabdominal
(TAA). Este desarrollo metodoldgico supera las limitaciones del angulo de fase
tradicional y permite una caracterizacion méas precisa de los patrones de asincronia

respiratoria.

El GPD, basado en el angulo formado por los vectores torécico y abdominal en el plano
horizontal, cubre todo el espectro de situaciones de asincronia toracoabdominal en un
unico valor, simplificando asi su medicién y eliminando algunos de los inconvenientes
asociados con la medicion clasica del angulo de fase. Los resultados demuestran que el
GPD es superior al angulo de fase para detectar desviaciones severas y movimientos
paraddjicos, con un rango de -179,75 a +178,54 grados comparado con -86,90 a +88,4

grados del angulo de fase.

La medicién de la asincronia toracoabdominal mediante el angulo de fase presenta
importantes limitaciones metodolégicas que han sido identificadas y estudiadas
sistematicamente en esta investigacion. Estas limitaciones incluyen varios aspectos

fundamentales:

e Limitaciones matematicas inherentes: El calculo del angulo de fase se basa
unicamente en las relaciones entre el desplazamiento toracico y abdominal en un
unico punto del ciclo respiratorio (el punto medio de la excursion torécica), y esta
relacién puede cambiar, especialmente para formas de bucle aberrantes (distintas
velocidades de movimiento angular del componente toracico y el abdominal).
Ademas, existe un limite matematico para calcular simplemente la relacion de los
vectores my s, ya que el rango de la relacion solo puede estar entre 0y 1, lo que

significa que los valores sin™! estarian entre 0 y 90 grados.
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Asuncion de movimiento sinusoidal: El &ngulo de fase asume que tanto el térax
como el abdomen se mueven en un patron puramente sinusoidal ("movimiento
armanico simple™). Esta analogia podria ser valida para un individuo normal, pero
en pacientes con EPOC, la tasa de vaciado del compartimento toracico es mucho
mas lenta debido a la alta resistencia intrapulmonar, y por lo tanto, la condicion
béasica para considerar valido el angulo de fase (la necesidad de una velocidad
angular constante, ) ya no se cumple.

Incapacidad para identificar el compartimento que lidera el movimiento (“térax
adelantado” vs “abdomen adelantado™): El 4ngulo de fase no informa qué banda
(torécica o abdominal) esta adelantada. Esta limitacion es particularmente
relevante desde el punto de vista clinico, ya que el compartimento avanzado puede
tener importantes implicaciones clinicas, traduciendo uso de musculatura
accesoria por debilidad diafragmatica en el caso de “térax adelantado, giro
horario” vs. obstruccion o marcado atrapamiento aéreo en el caso de “abdomen
adelantado, giro antihorario”.

Limitaciones en la deteccién de paradojas toracoabdominales severas: El angulo
de fase y el area del bucle no son suficientes para discriminar bucles con paradojas
severas. Solo se encontraron diferencias significativas entre los grupos de
sincronizaciéon normal y desviacion leve, sin diferencias significativas para los

grupos restantes.

Desarrollo del Global Phase Delay como Solucion

Para superar estas limitaciones, se desarrollé el GPD como parametro alternativo basado
en la relacién de dos vectores diferentes que representan cada uno de los cinturones. El
GPD se calcul6 a partir de las pendientes de ambos vectores (m1 -Abd- y m2 -Tho-) y
corresponde al angulo entre ambos vectores, asignando un signo positivo si el cinturén

avanzado era el toracico y un signo negativo si era el abdominal.

Los resultados demuestran que el GPD supera las limitaciones del angulo de fase

tradicional al:

Proporcionar informacion sobre la totalidad del desplazamiento del bucle, no solo
en un punto particular del ciclo

Permitir un rango mas amplio de TAA medida (de -179,75 a +178,54 grados)
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¢ Incluir las paradojas toracicas y abdominales en la estimacion

e Identificar claramente qué compartimento lidera el movimiento
Implicaciones Clinicas de las Mejoras Metodoldgicas

La implementacion del GPD tiene implicaciones para la practica clinica. La capacidad de
detectar y cuantificar patrones paradodjicos permite una mejor caracterizacion de la
disfuncion respiratoria, especialmente en situaciones donde el angulo de fase tradicional

fallaria en identificar asincronias severas.

Ademas, la identificacion del compartimento lider proporciona informacidn valiosa sobre
los mecanismos fisiopatoldgicos subyacentes. El avance significativo del componente
abdominal puede indicar atrapamiento aéreo, mientras que el avance significativo del

componente toracico puede indicar reclutamiento de musculos accesorios.

7.1.2. Contribucidn Fisiopatologica

Los resultados del primer articulo presentado han contribuido al posterior entendimiento
de los mecanismos fisiopatoldgicos de la limitacion al ejercicio en la EPOC,
particularmente en relacion con la TAA'y el impulso neural respiratorio. Esta herramienta
aplicada a la poblacion de EPOC estudiada ha permitido caracterizar los patrones
especificos de TAA durante el ejercicio y sus correlaciones con parametros clinicos y

funcionales.

Se identificaron dos patrones distintos de TAA durante el ejercicio: el patrdn de rotacion
horaria (térax adelantado, propio de predominio de la musculatura accesoria sobre el
diafragma) y el patrén de rotacién antihoraria (abdomen adelantado, propio de actividad
diafragmatica intensa que no consigue superar la hiperinsuflacion). El patron de rotacion
horaria se asocié con peor funcion pulmonar basal, mayor disnea de ejercicio pico y
mayor impulso neural respiratorio comparado con la rotacion antihoraria, sugiriendo una
activacion compensatoria de los mausculos paraesternales para contrarrestar la

incapacidad del diafragma de satisfacer la demanda respiratoria aumentada.
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7.1.3. Contribucion Terapéutica

La evaluacién comparativa de diferentes modalidades de soporte respiratorio no invasivo
durante el ejercicio contribuye al desarrollo de estrategias terapéuticas optimizadas para
pacientes con EPOC severa. Los resultados demuestran que la VNI es superior a la terapia
de alto flujo (TAF) en términos de reduccion del impulso neural respiratorio, con una
reduccion del 60% comparada con la terapia convencional con oxigeno. Y de acuerdo al
estudio sobre TAA, aquellos pacientes con torax adelantado se benefician mas del soporte

con VNI que los que adelantan el abdomen.
7.1.4. Contribucion Clinica

Los hallazgos de esta investigacion tienen implicaciones clinicas directas para el manejo
de pacientes con EPOC severa sometidos a ejercicio para su rehabilitacion. El desarrollo
de métodos mejorados de monitorizacion y la identificacion de predictores de respuesta
al tratamiento pueden mejorar la atencion clinica y los resultados de los pacientes.

TAA como Marcador de Respuesta a la VNI Durante el Ejercicio

Los resultados de este estudio revelan que los patrones de TAA durante el ejercicio en
pacientes con EPOC severa pueden indicar la severidad del deterioro de la funcion
pulmonar y predecir la severidad de la disnea inducida por el ejercicio. Se identificaron

dos patrones distintos:

e Patrdn de rotacion horaria (térax adelantado): Este patron se caracterizé por una
mayor severidad de la enfermedad, con pacientes presentando menor FEV1 y
FVC predicha comparado con aquellos con rotacién antihoraria (FEV1 15,5% +
3,44% vs. 20,54 + 3,85%, p < 0,05). Estos pacientes también experimentaron
mayor disnea durante el ejercicio con terapia convencional de oxigeno y mayor
impulso neural respiratorio.

e Patrdn de rotacion antihoraria (abdomen adelantado): Este patrén se observé en
pacientes con funcién pulmonar relativamente mejor preservada y menor grado

de disfuncion respiratoria durante el ejercicio.

La paradoja abdominal, caracterizada por el movimiento hacia adentro del abdomen
durante la inspiracion, representa la forma mas severa de TAA y sirve como marcador
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clinico de disfuncidon diafragmatica severa y fatiga muscular. Los pacientes con paradoja
abdominal mostraron mayor impulso neural respiratorio tanto en pico como en area bajo

la curva comparado con aquellos sin paradoja abdominal.
Respuesta Diferencial a la VNI Segun el Patron de TAA

Una observacion clave de este estudio es que la respuesta al soporte respiratorio no
invasivo varia segun el patron de TAA presente. Los pacientes con rotacion horaria fueron
mas propensos a experimentar reduccion de la disnea con VNI comparado con la terapia

convencional de oxigeno, en contraste con aquellos con rotacion antihoraria.

Este hallazgo sugiere que la TAA puede servir como un biomarcador para predecir la
respuesta al soporte respiratorio durante el ejercicio. La identificacion previa del patron
de TAA podria permitir una seleccién més precisa de pacientes que se beneficiarian de
estrategias especificas de soporte respiratorio.

Limitaciones en la Respuesta Global a la VNI

Aunque se esperaba una disminucidn consistente de la TAA con VNI o TAF, no se
observaron diferencias significativas en el grado de TAA al comparar las tres
intervenciones (terapia convencional, VNI y TAF). Las respuestas variaron ampliamente
entre individuos, y tres pacientes cambiaron la direccion de rotacion y desarrollo de

paradoja entre intervenciones.

Esta variabilidad en la respuesta sugiere que la TAA es un fendmeno complejo
influenciado por multiples factores, incluyendo el grado de soporte proporcionado, la
configuracion del ventilador y las caracteristicas individuales del paciente. Algunos
pacientes mostraron paradoja abdominal con VNI antes del ejercicio, posiblemente

debido a soporte excesivo que podria empeorar la hiperinsuflacion.
Valor Predictivo y de Monitorizacion de la TAA

Los resultados sugieren que la pletismografia de inductancia respiratoria puede
proporcionar una herramienta no invasiva para identificar pacientes que mas
probablemente respondan a intervenciones especificas, incluyendo configuraciones de

VNI de alta presion. Ademas, podria ayudar a asegurar configuraciones apropiadas de
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VNI durante el ejercicio basandose en asincronias registradas y podria ser una

herramienta efectiva para el seguimiento de pacientes.

La monitorizacion de la TAA durante el ejercicio puede proporcionar informacion valiosa
sobre la eficacia del soporte respiratorio y permitir ajustes en tiempo real de los

pardmetros ventilatorios para optimizar la sincronia paciente-ventilador.
7.1.5. Efectos Superiores de la VNI en la Descarga Muscular, CO2 y Disnea

Los resultados de este estudio demuestran de manera concluyente que la VNI es superior
a la TAF en términos de reduccion del impulso neural respiratorio durante el ejercicio en
pacientes con EPOC severa. La VNI redujo el impulso neural respiratorio pico en un 60%
comparado con la terapia convencional de oxigeno (488,81 uV vs. 1180,63 pV, p<0,05),

mientras que la TAF mostro efectos intermedios (807,8 uV).

Esta superioridad se explica por los diferentes mecanismos de accion de ambas
modalidades. La VNI proporciona soporte inspiratorio activo mediante presion positiva
ajustable, reduciendo efectivamente el trabajo de los masculos respiratorios al
contrarrestar la PEEP intrinseca y aumentar el volumen corriente. En contraste, la TAF,
aunque puede generar un grado de presion positiva dependiente del flujo (~4 cmH-0 a 40
L/min), es tipicamente inadecuada para superar la carga umbral inspiratoria elevada

encontrada durante el ejercicio en EPOC severa.

La VNI demostrd una reduccion mas pronunciada en la CO2 transcutanea (disminucién
de 5,3 mmHg) comparada tanto con la terapia convencional como con la TAF durante el

esfuerzo. Esta mejora en la eliminacion de CO2 refleja varios mecanismos:

e Mejora de la ventilacion alveolar: La VNI facilita el incremento del volumen
corriente y reduce la frecuencia respiratoria, mejorando la eficiencia ventilatoria
y reduciendo el espacio muerto fisioldgico.

e Reduccion de la hiperinsuflacion dindmica: Al proporcionar presion espiratoria
(EPAP) que contrarresta la PEEP intrinseca, la VNI facilita el vaciado pulmonar
y reduce el atrapamiento aéreo.

e Optimizacién de la relacion ventilacién-perfusion: La mejora en la mecanica
respiratoria con VNI resulta en una distribucion mas homogeénea de la ventilacion,
optimizando el intercambio gaseoso.
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La VNI logro una mayor reduccion en la percepcion del esfuerzo (disminucién de 1,8

puntos en la escala de Borg) comparada con ambas modalidades de control (TAF y

oxigeno convencional). Esta reduccion superior en la disnea se atribuye a varios factores:

Reduccion del impulso neural respiratorio: La disminucion significativa del
impulso neural respiratorio con VNI se traduce directamente en una menor
percepcion del esfuerzo respiratorio. Existe una elevada y solida evidencia que
correlaciona el drive neuro ventilatorio (NRD) con la disnea percibida (11, 18, 22,
23, 56, 76-80).

Mejora de la eficiencia neuromecénica: La VNI reduce el desacoplamiento entre
el impulso neural y la respuesta mecanica del sistema respiratorio, fundamental
en la génesis de la disnea en EPOC.

Reduccidn de la fatiga muscular: Al aliviar la carga de los musculos respiratorios,
la VNI previene o retrasa el desarrollo de fatiga muscular, un factor importante en

la limitacion del ejercicio.

Varios factores especificos del estudio contribuyeron a la eficacia superior de la VNI

observada:;

Aclimatacion previa: Los participantes tenian familiaridad previa con VNI
domiciliaria, lo que mejoro tanto la tolerancia como la adherencia, en contraste
con pacientes ndive a VNI que frecuentemente experimentan incomodidad
relacionada con la mascarilla y asincronia paciente-ventilador. En este sentido
existen trabajos previos con pacientes mas leves, previamente sin adaptacion a
ventilacion domiciliaria (40). que encontraron incluso empeoramiento de la
tolerancia al ejercicio empleando VNI (45). El paciente ademas realizaba el
ejercicio con su propio equipamiento (mascarilla, tubuladura) con la que ya estaba
familiarizado.

Uso de ventilador de alto rendimiento: Se utilizo un ventilador con capacidades
de presurizacion rapida (tiempo de elevacion <50 ms), que minimizé la demanda
de flujo y aseguro sincronia paciente-ventilador consistente incluso bajo cargas
ventilatorias que cambian rapidamente. La presurizacién de estos equipos es
Optima en situaciones de muy alta demanda. Nuestro grupo conjunto entre el

Hospital Parc Tauli y el Hospital 12 de Octubre ya demostré en un relevante
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estudio previo publicado por C Lalmolda (81) sobre pacientes EPOC estables
cémo las diferencias en la capacidad de presurizacion de los equipos domiciliarios
influian no solo en parametros propios de banco de pruebas (como el PTP300)
sino también en la descarga muscular en pacientes estables. Esto se exacerba en
pacientes bajo situaciones de muy alta demanda, como durante el esfuerzo.
Incluso en algunos trabajos citados (45) los pacientes incluidos llegaban a superar
el flujo maximo de respiradores de generaciones anteriores (150Ipm) produciendo
una intensa demanda de flujo y evitando el efecto de descarga muscular buscado.

e Titulacion individualizada: La presion inspiratoria se ajustd para asegurar una
reduccion >20% en el impulso neural respiratorio durante el ciclismo sin carga,
maximizando asi la descarga de los mdusculos inspiratorios mediante
retroalimentacion en tiempo real del EMG. Esto permitio partir de unos
parametros mas ajustados al inicio del ejercicio, que cubriesen la demanda del
paciente desde el inicio. Y de manera mas relevante, se puso interés en el ajuste
de la presion espiratoria (EPAP) para compensar la limitacion al flujo espiratorio
evitando retrasos de disparo (trigger) y esfuerzos ineficaces. Algunos trabajos han
tratado de titular la EPAP realizando medidas repetidas durante el ejercicio de
capacidad inspiratoria, sin encontrar diferencias entre una EPAP empirica y la
titulada (5cmh20) ya que en ambos casos mejoraba la hiperinsuflacion (82). Otros
autores han empleado el concepto de ventilacion de alta intensidad aplicado al
esfuerzo (83), empleando presiones inspiratorias altas, pero, sorprendentemente,
tiempos inspiratorios fijos y frecuencias respiratorias elevadas, tratando de
“capturar” al paciente durante el esfuerzo. Fisiopatologicamente es dificil de
entender, dado el impacto en la limitacion del tiempo espiratorio y la dificultad de
“capturar” y descargar muscularmente a un paciente taquipneico con altas
demandas mediante una ventilacién controlada y no asistida. Mas sorprendente
en este estudio es el uso de EPAP relativamente bajas, 1o que puede impedir una
adecuada correccion de la limitacion al flujo espiratorio.

e Seleccion de aquellos pacientes mas graves: La severidad de la enfermedad
influye significativamente en la respuesta a la VNI durante el ejercicio. Los
pacientes con EPOC muy severa, como los incluidos en nuestro estudio (FEV1
medio 19,78% predicho), presentan caracteristicas que los hacen particularmente

adecuados para el entrenamiento asistido con VNI:
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o Limitacion ventilatoria marcada: Pacientes con obstruccion severa al flujo
aereo y hiperinsuflacion marcada (volumen residual/capacidad pulmonar
total 160%) se benefician mas del soporte de presion para superar la
resistencia de las vias aéreas.

o PEEP intrinseca elevada: La presencia de auto-PEEP significativa en estos
pacientes permite que la EPAP proporcionada por la VNI tenga un efecto
mas pronunciado en la reduccion del trabajo respiratorio.

o Reservaventilatoria limitada: En pacientes con EPOC muy severa, incluso
pequefias mejoras en la eficiencia respiratoria pueden traducirse en
mejoras sustanciales en la tolerancia al ejercicio.

e Ausencia de Comorbilidades no controladas: la presencia de comorbilidades
cardiovasculares, musculoesqueléticas o neuroldgicas puede confundir los efectos
de la VNI durante el ejercicio. Nuestro estudio incluyé pacientes en lista de espera
para trasplante pulmonar, quienes habian sido sometidos a evaluaciones
exhaustivas (incluyendo coronariografia, evaluacion cardiologica extensa, etc)
que descartaron comorbilidades significativas. Esta seleccion estricta, aunque
limita la generalizacion, permite una evaluacion mas pura de los efectos de la VNI
en la limitacion ventilatoria. En poblaciones menos seleccionadas, los efectos de
la VNI pueden verse atenuados por factores no respiratorios que limitan el

ejercicio.
7.1.6. Papel del alto flujo

Finalmente, tras demostrarse la superioridad (en EPOC) del ejercicio soportado con VNI
vs TAF, cabe plantear cual es el papel del alto flujo como ayuda en el ejercicio. Una
revision reciente (53), y un documento de posicionamiento de la Sociedad Espafiola de
Neumologia (SEPAR) (84), dejan clara la escasez de estudios comparados con los
disponibles para la VNI. Los beneficios, superiores a los del oxigeno convencional,
vienen probablemente determinados por la capacidad de mantener una FiO2 constante
durante todo el ejercicio, mas que por el limitado efecto PEEP (que se pierde en pacientes
que durante el ejercicio suelen respirar con la boca abierta), o por la capacidad de
humidificacion. Sin embargo, al disminuir el drive neuro ventilatorio de manera superior
al oxigeno convencional, tal y como se demuestra en los presentes trabajos, puede ser de

utilidad como alternativa a la VNI en pacientes intolerantes.
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7.2. Limitaciones del Estudio

7.2.1. Derivadas de la muestra de pacientes

Una limitacion importante de esta investigacion es el tamafio muestral relativamente
pequefio (n=20) y la poblacion altamente seleccionada de pacientes en lista de espera para
trasplante pulmonar. Esta seleccion estricta, aunque permite el estudio de los mecanismos
fisiopatoldgicos en su expresion mas intensa, limita significativamente la generalizacién
de los resultados. Los pacientes en lista de trasplante representan una poblacion muy
especifica con EPOC en estadio terminal, sin comorbilidades cardiovasculares
significativas y con un estado funcional que les permite someterse a protocolos de
ejercicio intensivos. Si bien hay datos de metaandlisis sobre la eficacia del soporte
ventilatorio en pacientes con insuficiencia cardiaca en rehabilitacion (85), la interaccion
respiratoria y hemodindmica en estos pacientes puede complicar la titulacion y la
interpretacion de los resultados, no siendo por tanto extrapolables nuestros hallazgos a
otras poblaciones. De igual manera, son pacientes con un sesgo de edad, por lo que se

desconoce como pueden responder pacientes méas ancianos a este tipo de entrenamiento.

Aunque el tamafio de cohorte es comparable a otros estudios fisiolégicos unicéntricos
previos, limita el poder estadistico para detectar diferencias menores entre grupos y para
analisis de subgrupos. De especial interés seria una evaluacion por subgrupos segun los
niveles de atrapamiento aéreo (por ejemplo, segmentados segun capacidad pulmonar total
o volumen residual). Sin embargo, lo limitado de la muestra impide realizar este estudio

de subgrupos.
7.2.2. Derivadas de requerimientos Técnicos y Econdmicos

La implementacion de los protocolos utilizados en esta investigacion presenta

importantes barreras técnicas y econémicas:

Sistema de monitorizacion costoso: La configuracion de EMG vy la titulacion de presiones
requirieron aproximadamente 45 minutos por sesion e involucraron personal con
experiencia especializada. El costo de los equipos de monitorizacion EMG y la necesidad
de personal altamente entrenado pueden ser prohibitivos en entornos rurales o con

recursos limitados.
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En el caso concreto de la titulacion de presiones, el desarrollo de algoritmos
automatizados de ajuste de presion, basadas por ejemplo en oscilometria de impulsos
acoplada al respirador (86) o en el andlisis de la sefial de flujo del respirador (como
propuso el codirector de esta tesis junto con nuestro grupo (87)), pueden permitir
disminuir la experiencia necesaria en la titulacion y el tiempo requerido para ello,
automatizando el proceso. No obstante, algunos estudios previos con sistemas
automaticos de soporte (ventilacion asistida proporcional) no encontraron diferencias con

presiones inspiratorias “fijas” (41, 88).

Aunque estudios previos han demostrado que la rehabilitacion pulmonar resulta en una
intervencion altamente costo efectiva (74), los costos iniciales méas altos de la VNI y
monitorizacién EMG requieren evaluacion adicional para determinar si son compensados

por ahorros a largo plazo en el sistema de salud.

7.3. Lineas Futuras de Investigacion

En el campo de la asistencia a la rehabilitacion se pueden plantear varias lineas que

mejorarian las actuales limitaciones:

Mejora en sistemas de monitorizacion: La complejidad técnica y los frecuentes
problemas de sefiales derivados de la electromiografia de superficie pueden limitar su
uso. La alternativa de EMG diafragmatico a través de una sonda esofagica multicanal
aporta sefiales de mucha mas fidelidad a costa de mucha mayor complejidad técnica y
sobre todo, mayor invasividad. En los Gltimos afios ha aumentado el interés en sistemas
no invasivos de monitorizacion tanto de la ventilacion (sobredistension, reclutamiento,
etc) con equipos como la tomografia de impedancia eléctrica (EIT) (89), o en el uso de
técnicas destinadas a evaluar la sincronia toracoabdominal sin contacto, como la
pletismografia de luz estructurada (90). Sin embargo, ambos métodos presentan como
limitacién los artefactos inducidos por el movimiento parasito del pedaleo, requiriendo
complejos algoritmos para minimizar este impacto. De manera paralela, el desarrollo de
sistemas wearables de electromiografia, integrados en chalecos es una prometedora via
para “democratizar” el uso de EMG en la guia de la titulacion del soporte ventilatorio

(91).
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Automatizacion de la titulacion: Si bien trabajos previos con sistemas de presion de
soporte automatizados, como la presion asistida proporcional, no demostraron
superioridad sobre la presion de soporte tradicional en su uso en ejercicio, la posibilidad
de un autoajuste de EPAP para compensar la progresiva limitacion al flujo espiratorio que
se produce durante el esfuerzo. Asi, algunos fabricantes estan desarrollando, con grandes
limitaciones, sistemas que integran oscilometros en respiradores, empleando una
oscilacion a 5Hz tanto en inspiracion como en espiracion para la deteccion de limitacion
al flujo espiratorio (86). Estos equipos incluyen un algoritmo de “auto-EPAP” que puede
ser una forma de simplificar la titulacion en un futuro. Si ademas se desarrollan sistemas
que integren un autoajuste del nivel de soporte y de la presurizacion de manera mas
sencilla y explicable que el algoritmo previo de la presion asistida proporcional, puede
ser de una gran utilidad para simplificar el proceso de adaptacion del soporte al nivel de

esfuerzo.

Telerrehabilitacién: La necesidad de hacer llegar estos programas a areas mas remotas
0 menos dotadas tecnoldgicamente ha hecho que exista un progresivo interés en el
desarrollo de programas de telerrehabilitacion y “telecoaching” (92). Estos programas,
combinados con tecnologias de “wearables”, tal y como comentabamos en este editorial
(93), suponen una oportunidad para expandir los beneficios de la rehabilitacion asistida
con VNI. Cabe sofiar con un futuro cercano en que se integren los datos de dispositivos
comerciales (tipo Fitbit®) con los datos que aporta el respirador, permitiendo un ajuste
remoto de parametros, e idealmente, la alimentacion con estos datos de sistemas de

inteligencia artificial que automaticen el proceso.
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8. CONCLUSIONES
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8. CONCLUSIONES

e Laventilacion no invasiva genera una descarga muscular respiratoria (mejoria del
drive neuroventilatorio) estadistica y clinicamente significativa superior a la
terapia de alto flujo y al oxigeno convencional.

e La ventilacion no invasiva mejora la disnea, la tolerancia al ejercicio y la
hipercapnia de manera superior a la terapia de alto flujo y a la oxigenoterapia
convencional.

e El célculo de Global Phase delay (GPD) es una técnica que mejora la capacidad
de identificar asincronia toracoabdominal de manera superior al calculo del
angulo de fase.

e Los patrones de asincronia toracoabdominal observados durante el ejercicio en
pacientes con EPOC muy grave reflejan la severidad de la obstruccion e
hiperinsuflacion pulmonar y se correlacionan con la intensidad de la disnea
inducida.

e EI registro continuo de la sincronia toracoabdominal permitié identificar dos
patrones claramente diferenciados: adelantamiento toracico (rotacion horaria) y
adelantamiento abdominal (rotacion antihoraria). La presencia de adelantamiento
torécico o de un patréon paradojico abdominal se asocia a mayores valores de NRD

y mayor disnea.

94
EFECTO DE LA VNI SOBRE EL ACOPLAMIENTO NEURORRESPIRATORIO Y SINCRON{A TORACOABDOMINAL DURANTE

EL EJERCICIO EN PACIENTES CON EPOC GRAVE. Javier Sayas Catalan.



9. BIBLIOGRAFIA

1. Rabec C, Sayas J, Lujan M. One Plus One Might not make Two: Patient-Ventilator Interaction

in Non-Invasive Ventilation. Who Does What? Arch Bronconeumol (Engl Ed). 2019;55:403-6.

2. Sayas J, Lalmolda C, Corral M, Flérez P, Hernandez-Voth A, Janssens JP, et al. Measurement
of thoraco-abdominal synchrony using respiratory inductance plethysmography: technical

aspects and a proposal to overcome its limitations. Expert Rev Respir Med. 2024;18:227-36.

3. Sayas Catalan J, Lalmolda C, Hernandez-Voth A, Corral Blanco M, Murphy P, Gonzalez-Ramos
L, et al. Thoracoabdominal Asynchrony in Very Severe COPD: Clinical and Functional Correlates

During Exercise. Arch Bronconeumol. 2025.

4. Sayas-Catalan J, Villena Garrido V, Lalmolda C, Herndndez-Voth A, Corral-Blanco M, Jiménez-
Gdémez M, et al. Muscle Unloading During Exercise: Comparative Effects of Conventional
Oxygen, NIV, and High-Flow Therapy on Neural Drive in Severe COPD. Journal of Clinical
Medicine. 2025;14:8150.

5. Venkatesan P. GOLD COPD report: 2025 update. Lancet Respir Med. 2025;13:e7-e8.

6. Ministerio de S. Informe Anual del Sistema Nacional de Salud 2023. Ministerio de Sanidad,

Gobierno de Espafiia; 2024.

7. Hidalgo A, Oliva J. Libro blanco sobre la carga socio-econdmica de la EPOC. Madrid: Instituto

Max Weber; 2015.

8. O'Donnell DE, Revill SM, Webb KA. Dynamic hyperinflation and exercise intolerance in

chronic obstructive pulmonary disease. Am J Respir Crit Care Med. 2001;164:770-7.

9. Babb TG, Viggiano R, Hurley B, Staats B, Rodarte JR. Effect of mild-to-moderate airflow
limitation on exercise capacity. J Appl Physiol (1985). 1991;70:223-30.

10. Marin JM, Carrizo SJ, Gascon M, Sanchez A, Gallego B, Celli BR. Inspiratory capacity,
dynamic hyperinflation, breathlessness, and exercise performance during the 6-minute-walk

test in chronic obstructive pulmonary disease. Am J Respir Crit Care Med. 2001;163:1395-9.

95
EFECTO DE LA VNI SOBRE EL ACOPLAMIENTO NEURORRESPIRATORIO Y SINCRON{A TORACOABDOMINAL DURANTE

EL EJERCICIO EN PACIENTES CON EPOC GRAVE. Javier Sayas Catalan.



11. Soffler MI, Hayes MM, Schwartzstein RM. Respiratory Sensations in Dynamic

Hyperinflation: Physiological and Clinical Applications. Respir Care. 2017;62:1212-23.

12. Kamilla Tays M, Valéria Amorim Pires Di L, Kamilla Tays M, Valéria Amorim Pires Di L,
Rodrigo Boemo J, Ramona C, et al. Noninvasive Ventilation as an Important Adjunct to an

Exercise Training Program in Subjects With Moderate to Severe COPD. Respiratory Care. 2018.

13. Marrara KT, Di Lorenzo VAP, Jaenisch RB, Cabiddu R, de Oliveira Sato T, Mendes RG, et al.
Noninvasive Ventilation as an Important Adjunct to an Exercise Training Program in Subjects

With Moderate to Severe COPD. Respir Care. 2018;63:1388-98.

14. Lorenzana |, Galera R, Casitas R, Martinez-Cerdn E, Castillo MA, Alfaro E, et al. Dynamic
hyperinflation is a risk factor for mortality and severe exacerbations in COPD patients. Respir

Med. 2024;225:107597.

15. Vogiatzis |, Zakynthinos G, Andrianopoulos V. Mechanisms of physical activity limitation in

chronic lung diseases. Pulm Med. 2012;2012:634761.

16. Vaes AW, Burtin C, Casaburi R, Celli BR, Evans RA, Lareau SC, et al. Prevalence and
prognostic importance of exercise limitation and physical inactivity in COPD. Breathe (Sheff).

2024;20:230179.

17. Figueira Gongalves JM, de Miguel Diez J, Alcazar Navarrete B, Almagro Mena P, Alonso-
Ortiz MB, Balafia Corberd A, et al. Delphi Consensus on the Management of Patients With

Advanced COPD: COPD-Avanz Working Group. Open Respir Arch. 2025;7:100411.

18. Jolley C, Luo Y, Steier J, Sylvester K, Man W, Rafferty G, et al. Neural respiratory drive and
symptoms that limit exercise in chronic obstructive pulmonary disease. Lancet. 2015;385 Suppl

1:551.

19. Jolley CJ, Luo YM, Steier J, Reilly C, Seymour J, Lunt A, et al. Neural respiratory drive in
healthy subjects and in COPD. Eur Respir J. 2009;33:289-97.

20. Ramsook AH, Mitchell RA, Bell T, Calli S, Kennedy C, Lehmann J, et al. Is parasternal
intercostal EMG an accurate surrogate of respiratory neural drive and biomarker of dyspnea

during cycle exercise testing? Respir Physiol Neurobiol. 2017;242:40-4.

21. Wu W, Guan L, Li X, Lin L, Guo B, Yang Y, et al. Correlation and compatibility between

surface respiratory electromyography and transesophageal diaphragmatic electromyography

96
EFECTO DE LA VNI SOBRE EL ACOPLAMIENTO NEURORRESPIRATORIO Y SINCRON{A TORACOABDOMINAL DURANTE

EL EJERCICIO EN PACIENTES CON EPOC GRAVE. Javier Sayas Catalan.



measurements during treadmill exercise in stable patients with COPD. Int J Chron Obstruct

Pulmon Dis. 2017;12:3273-80.

22. Murphy PB, Kumar A, Reilly C, Jolley C, Walterspacher S, Fedele F, et al. Neural respiratory
drive as a physiological biomarker to monitor change during acute exacerbations of COPD.

Thorax. 2011;66:602-8.

23. Reilly CC, Ward K, Jolley CJ, Lunt AC, Steier J, Elston C, et al. Neural respiratory drive,
pulmonary mechanics and breathlessness in patients with cystic fibrosis. Thorax. 2011;66:240-

6.

24. James MD, Berton DC, Neder JA. Activity-related dyspnea and exercise intolerance in

chronic obstructive pulmonary disease: recent insights. Curr Opin Pulm Med. 2025;31:145-55.

25. Pereira MC, Porras DC, Lunardi AC, da Silva C, Barbosa RCC, Cardenas LZ, et al.
Thoracoabdominal asynchrony: Two methods in healthy, COPD, and interstitial lung disease

patients. PLoS One. 2017;12:e0182417.

26. Cano Porras D, Lunardi AC, Marques da Silva CCB, Paisani DM, Stelmach R, Moriya HT, et al.
Comparison between the phase angle and phase shift parameters to assess thoracoabdominal

asynchrony in COPD patients. J Appl Physiol (1985). 2017;122:1106-13.

27. Masa JF, Corral J, Martin MJ, Riesco JA, Sojo A, Hernandez M, et al. Assessment of
thoracoabdominal bands to detect respiratory effort-related arousal. Eur Respir J.

2003;22:661-7.

28. Kapur VK, Auckley DH, Chowdhuri S, Kuhimann DC, Mehra R, Ramar K, et al. Clinical
Practice Guideline for Diagnostic Testing for Adult Obstructive Sleep Apnea: An American

Academy of Sleep Medicine Clinical Practice Guideline. J Clin Sleep Med. 2017;13:479-504.

29. Drakatos P, Higgins S, Duncan |, Bridle K, Briscoe S, Leschziner GD, et al. The utility of
respiratory inductance plethysmography in REM sleep scoring during multiple sleep latency

testing. Respir Physiol Neurobiol. 2016;230:1-4.

30. Tobin MJ, Guenther SM, Perez W, Lodato RF, Mador MJ, Allen SJ, et al. Konno-Mead
analysis of ribcage-abdominal motion during successful and unsuccessful trials of weaning

from mechanical ventilation. Am Rev Respir Dis. 1987;135:1320-8.

97
EFECTO DE LA VNI SOBRE EL ACOPLAMIENTO NEURORRESPIRATORIO Y SINCRON{A TORACOABDOMINAL DURANTE

EL EJERCICIO EN PACIENTES CON EPOC GRAVE. Javier Sayas Catalan.



31. Huang PH, Chung WC, Sheu CC, Tsai JR, Hsiao TC. Is the asynchronous phase of
thoracoabdominal movement a novel feature of successful extubation? A preliminary result.

Annu Int Conf IEEE Eng Med Biol Soc. 2021;2021:752-6.

32. Hammer J, Newth CJ. Assessment of thoraco-abdominal asynchrony. Paediatr Respir Rev.

2009;10:75-80.

33. Vitazkova D, Foltan E, Kosnacova H, Micjan M, Donoval M, Kuzma A, et al. Advances in
Respiratory Monitoring: A Comprehensive Review of Wearable and Remote Technologies.

Biosensors (Basel). 2024;14.

34. Hill K, Holland AE. Strategies to enhance the benefits of exercise training in the respiratory

patient. Clin Chest Med. 2014;35:323-36.

35. Ambrosino N, Xie L. The Use of Non-invasive Ventilation during Exercise Training in COPD

Patients. COPD. 2017:1-5.

36. Furlanetto KC, Pitta F. Oxygen therapy devices and portable ventilators for improved
physical activity in daily life in patients with chronic respiratory disease. Expert Rev Med

Devices. 2017;14:103-15.

37. Ambrosino N, Cigni P. Non invasive ventilation as an additional tool for exercise training.

Multidiscip Respir Med. 2015;10:14.

38. Babcock MA, Pegelow DF, Harms CA, Dempsey JA. Effects of respiratory muscle unloading
on exercise-induced diaphragm fatigue. J Appl Physiol (1985). 2002;93:201-6.

39. Borghi-Silva A, Oliveira CC, Carrascosa C, Maia J, Berton DC, Queiroga F, Jr., et al.
Respiratory muscle unloading improves leg muscle oxygenation during exercise in patients

with COPD. Thorax. 2008;63:910-5.

40. Bianchi L, Foglio K, Porta R, Baiardi R, Vitacca M, Ambrosino N. Lack of additional effect of
adjunct of assisted ventilation to pulmonary rehabilitation in mild COPD patients. Respir Med.

2002;96:359-67.

41. Hawkins P, Johnson LC, Nikoletou D, Hamnegard CH, Sherwood R, Polkey MI, et al.
Proportional assist ventilation as an aid to exercise training in severe chronic obstructive

pulmonary disease. Thorax. 2002;57:853-9.

98
EFECTO DE LA VNI SOBRE EL ACOPLAMIENTO NEURORRESPIRATORIO Y SINCRON{A TORACOABDOMINAL DURANTE

EL EJERCICIO EN PACIENTES CON EPOC GRAVE. Javier Sayas Catalan.



42. Ricci C, Terzoni S, Gaeta M, Sorgente A, Destrebecq A, Gigliotti F. Physical training and

noninvasive ventilation in COPD patients: a meta-analysis. Respir Care. 2014;59:709-17.

43. Menadue C, Piper AJ, van 't Hul AJ, Wong KK. Non-invasive ventilation during exercise
training for people with chronic obstructive pulmonary disease. Cochrane Database Syst Rev.

2014;2014:Cd007714.

44. Owens RL, Derom E, Ambrosino N. Supplemental oxygen and noninvasive ventilation. Eur

Respir Rev. 2023;32.

45, Bonnevie T, Gravier FE, Fresnel E, Kerfourn A, Medrinal C, Prieur G, et al. NIV Is not

Adequate for High Intensity Endurance Exercise in COPD. J Clin Med. 2020;9.

46. Johnson JE, Gavin DJ, Adams-Dramiga S. Effects of training with heliox and noninvasive
positive pressure ventilation on exercise ability in patients with severe COPD. Chest.

2002;122:464-72.

47. da Luz Goulart C, Caruso FR, Garcia de Araudjo AS, Garcia de Moura SC, Catai AM, Batista
Dos Santos P, et al. The Effect of Adding Noninvasive Ventilation to High-Intensity Exercise on

Peripheral and Respiratory Muscle Oxygenation. Respir Care. 2023;68:320-9.

48.Lei Y, HelJ, HuF, Zhu H, Gu J, Tang L, et al. Sequential inspiratory muscle exercise-
noninvasive positive pressure ventilation alleviates oxidative stress in COPD by mediating

SOCS5/JAK2/STAT3 pathway. BMC Pulm Med. 2023;23:385.

49. Hannink JD, van Hees HW, Dekhuijzen PN, van Helvoort HA, Heijdra YF. Non-invasive
ventilation abolishes the IL-6 response to exercise in muscle-wasted COPD patients: a pilot

study. Scand J Med Sci Sports. 2014;24:136-43.

50. Reuveny R, Ben-Dov |, Gaides M, Reichert N. Ventilatory support during training improves
training benefit in severe chronic airway obstruction. The Israel Medical Association journal :

IMAJ. 2005;7:151-5.

51. Duiverman ML, Wempe JB, Bladder G, Jansen DF, Kerstjens HA, Zijlstra JG, et al. Nocturnal
non-invasive ventilation in addition to rehabilitation in hypercapnic patients with COPD.

Thorax. 2008;63:1052-7.

52. Elshof J, Duiverman ML. Clinical Evidence of Nasal High-Flow Therapy in Chronic

Obstructive Pulmonary Disease Patients. Respiration. 2020;99:140-53.

99
EFECTO DE LA VNI SOBRE EL ACOPLAMIENTO NEURORRESPIRATORIO Y SINCRON{A TORACOABDOMINAL DURANTE

EL EJERCICIO EN PACIENTES CON EPOC GRAVE. Javier Sayas Catalan.



53. Candia C, Lombardi C, Merola C, Ambrosino P, D'Anna SE, Vicario A, et al. The Role of High-
Flow Nasal Cannula Oxygen Therapy in Exercise Testing and Pulmonary Rehabilitation: A

Review of the Current Literature. J Clin Med. 2023;13.

54.Chen X, Xu L, Li S, Yang C, Wu X, Feng M, et al. Efficacy of respiratory support therapies
during pulmonary rehabilitation exercise training in chronic obstructive pulmonary disease

patients: a systematic review and network meta-analysis. BMC Med. 2024;22:389.

55. Scano G, Innocenti-Bruni G, Stendardi L. Do obstructive and restrictive lung diseases share

common underlying mechanisms of breathlessness? Respir Med. 2010;104:925-33.

56. Jolley CJ, Luo YM, Steier J, Rafferty GF, Polkey MI, Moxham J. Neural respiratory drive and
breathlessness in COPD. Eur Respir J. 2015;45:355-64.

57. Cherniack RM, Snidal DP. The effect of obstruction to breathing on the ventilatory response
to CO2. J Clin Invest. 1956;35:1286-90.

58. Sinderby C, Spahija J, Beck J, Kaminski D, Yan S, Comtois N, et al. Diaphragm activation
during exercise in chronic obstructive pulmonary disease. Am J Respir Crit Care Med.

2001;163:1637-41.

59. Spahija J, de Marchie M, Albert M, Bellemare P, Delisle S, Beck J, et al. Patient-ventilator
interaction during pressure support ventilation and neurally adjusted ventilatory assist. Crit

Care Med. 2010;38:518-26.

60. Luo YM, He BT, Wu YX, Yuan H, Xu J, Moxham J, et al. Neural respiratory drive and
ventilation in patients with chronic obstructive pulmonary disease during sleep. Am J Respir

Crit Care Med. 2014;190:227-9.

61. da Fonseca JDM, Resqueti VR, Benicio K, Fregonezi G, Aliverti A. Acute Effects of Inspiratory
Loads and Interfaces on Breathing Pattern and Activity of Respiratory Muscles in Healthy

Subjects. Front Physiol. 2019;10:993.

62. Ergan B, Oczkowski S, Rochwerg B, Carlucci A, Chatwin M, Clini E, et al. European
Respiratory Society Guideline on Long-term Home Non-Invasive Ventilation for Management

of Chronic Obstructive Pulmonary Disease. Eur Respir J. 2019.

63. Gloeckl R, Andrianopoulos V, Stegemann A, Oversohl J, Schneeberger T, Schoenheit-Kenn

U, et al. High-pressure non-invasive ventilation during exercise in COPD patients with chronic

100
EFECTO DE LA VNI SOBRE EL ACOPLAMIENTO NEURORRESPIRATORIO Y SINCRON{A TORACOABDOMINAL DURANTE

EL EJERCICIO EN PACIENTES CON EPOC GRAVE. Javier Sayas Catalan.



hypercapnic respiratory failure: A randomized, controlled, cross-over trial. Respirology.

2019;24:254-61.

64. loannis V, Nikolaos C, loannis V, Nikolaos C, Matthew A, Nikolaos C, et al. Intermittent Use
of Portable NIV Increases Exercise Tolerance in COPD: A Randomised, Cross-Over Trial. Journal

of Clinical Medicine. 2019.

65. Koopman M, Spruit MA, Franssen FME, Delbressine J, Wouters EFM, Mathew D, et al.
Effects of Non-Invasive Ventilation Combined with Oxygen Supplementation on Exercise
Performance in COPD Patients with Static Lung Hyperinflation and Exercise-Induced Oxygen

Desaturation: A Single Blind, Randomized Cross-Over Trial. J Clin Med. 2019;8.

66. Labeix P, Berger M, Court Fortune |, Feasson L, Verges S, Costes F. Quadriceps Endurance
Increases Following Cycling Exercise With Non-Invasive Ventilation In Moderate-To-Severe
COPD Patients. A Non-Randomized Controlled Study. Int J Chron Obstruct Pulmon Dis.
2019;14:2461-8.

67. Lin L, Guan L, Wu W, Chen R. Correlation of surface respiratory electromyography with

esophageal diaphragm electromyography. Respir Physiol Neurobiol. 2019;259:45-52.

68. Maud K, Martijn AS, Maud K, Frits MEF, Martijn AS, Frits MEF, et al. Effects of Non-Invasive
Ventilation Combined with Oxygen Supplementation on Exercise Performance in COPD
Patients with Static Lung Hyperinflation and Exercise-Induced Oxygen Desaturation: A Single

Blind, Randomized Cross-Over Trial. Journal of Clinical Medicine. 2019.

69. Ramsook AH, Mitchell RA, Guenette JA. Reply to: Assessment of 'neural respiratory drive'

from the parasternal intercostal muscles. Respir Physiol Neurobiol. 2019;259:173-5.

70. Sehgal S, Small B, Highland KB. Activity monitors in pulmonary disease. Respir Med.
2019;151:81-95.

71. Vitacca M, Ambrosino N. Non-Invasive Ventilation as an Adjunct to Exercise Training in

Chronic Ventilatory Failure: A Narrative Review. Respiration. 2019;97:3-11.

72.Vogiatzis |, Chynkiamis N, Armstrong M, Lane ND, Hartley T, Gray WK, et al. Intermittent
Use of Portable NIV Increases Exercise Tolerance in COPD: A Randomised, Cross-Over Trial. J

Clin Med. 2019;8.

101
EFECTO DE LA VNI SOBRE EL ACOPLAMIENTO NEURORRESPIRATORIO Y SINCRON{A TORACOABDOMINAL DURANTE

EL EJERCICIO EN PACIENTES CON EPOC GRAVE. Javier Sayas Catalan.



73. Williams S, Porter M, Westbrook J, Rafferty GF, MacBean V. The influence of posture on
parasternal intercostal muscle activity in healthy young adults. Physiological measurement.

2019;40:01NT3.

74. Breda M, Bernard M, Dympna C, Dympna C, Declan D, Declan D, et al. Pulmonary
rehabilitation for chronic obstructive pulmonary disease. Cochrane Database of Systematic

Reviews. 2015.

75.Wu W, Guan L, Li X, Lin L, Guo B, Yang Y, et al. Correlation and compatibility between
surface respiratory electromyography and transesophageal diaphragmatic electromyography
measurements during treadmill exercise in stable patients with COPD. International Journal of

Chronic Obstructive Pulmonary Disease. 2017;12:3273--80, date=2017.

76. Walterspacher S, Pietsch F, Walker DJ, Rocker K, Kabitz HJ. Activation of respiratory

muscles during respiratory muscle training. Respir Physiol Neurobiol. 2018;247:126-32.

77.Suh ES, Mandal S, Harding R, Ramsay M, Kamalanathan M, Henderson K, et al. Neural
respiratory drive predicts clinical deterioration and safe discharge in exacerbations of COPD.

Thorax. 2015;70:1123-30.

78. Silva Junior dEFF, Campos SL, Leite WS, Melo PVdS, Lins RAC, Araujo dMdGR, et al. Surface
electromyography signal processing and evaluation on respiratory muscles of critically ill

patients: A systematic review. PloS One. 2023;18:e0284911.

79. Ramsook AH, Mitchell RA, Bell T, Calli S, Kennedy C, Lehmann J, et al. Is parasternal
intercostal EMG an accurate surrogate of respiratory neural drive and biomarker of dyspnea
during cycle exercise testing? Respiratory Physiology & Neurobiology. 2017;242:40--4 , date=
2017-08.

80. Jolley CJ, Luo YM, Steier J, Reilly C, Seymour J, Lunt A, et al. Neural respiratory drive in
healthy subjects and in COPD. The European Respiratory Journal. 2009;33:289--97,  date=
2009-02.

81. Lalmolda C, Flérez P, Corral M, Hernandez Voth A, Grimau C, Sayas J, et al. Does the
Efficacy of High Intensity Ventilation in Stable COPD Depend on the Ventilator Model? A
Bench-to-Bedside Study. Int J Chron Obstruct Pulmon Dis. 2022;17:155-64.

102
EFECTO DE LA VNI SOBRE EL ACOPLAMIENTO NEURORRESPIRATORIO Y SINCRON{A TORACOABDOMINAL DURANTE

EL EJERCICIO EN PACIENTES CON EPOC GRAVE. Javier Sayas Catalan.



82. Dennis CJ, Menadue C, Schneeberger T, Leitl D, Schoenheit-Kenn U, Hoyos CM, et al. Bilevel
non-invasive ventilation during exercise reduces dynamic hyperinflation and improves cycle

endurance time in severe to very severe COPD. Chest. 2021.

83. Schneeberger T, Dennis CJ, Jarosch |, Leitl D, Stegemann A, Gloeckl R, et al. High-intensity
non-invasive ventilation during exercise-training versus without in people with very severe
COPD and chronic hypercapnic respiratory failure: a randomised controlled trial. BMJ Open

Respir Res. 2023;10.

84. Moreno-Zabaleta R, Torne ML, Catalan JS, Torres PG, Padilla DL, Anon MM, et al. SEPAR
Position Paper on the Use of High Flow Nasal Cannula Therapy in the Home Setting. Arch

Bronconeumol. 2025.

85. da Silva JBP, Santana MCR, Martinez BP, Duarte HB. Non-Invasive Ventilatory Support as a
Tool to Improve Exercise Tolerance in Patients With Heart Failure: A Systematic Review With

Meta-Analysis. Physiother Res Int. 2025;30:e70037.

86. Dellaca RL, Duffy N, Pompilio PP, Aliverti A, Koulouris NG, Pedotti A, et al. Expiratory flow
limitation detected by forced oscillation and negative expiratory pressure. Eur Respir J.

2007;29:363-74.

87. Florez Solarana P, Lalmolda Puyol C, Corral Blanco M, Hernandez Voth A, Montén Soler C,
Pomares Amigo X, et al. Automatic detection and monitoring of expiratory flow limitation in

non-invasive ventilation. ERJ Open Research.10:64.

88. Thomas ED, Thomas ED, Roger G, Roger SG. Proportional Assist Ventilation and Exercise
Tolerance in Subjects With COPD. Chest. 1997.

89. Kimura S, Sato M, Sano K, Shimoyama K, Honda T, Yasukawa K, et al. Electrical impedance

tomography for evaluating child respiratory rehabilitation. Pediatr Int. 2023;65:e15572.

90. de Pedro-Carracedo J, Fuentes-Jimenez D, Cabrera-Umpiérrez MF, Gonzalez-Marcos AP.
Structure function in photoplethysmographic signal dynamics for physiological assessment. Sci

Rep. 2025;15:14645.

91. Rafols-de-Urquia M, Estrada L, Estevez-Piorno J, Sarlabous L, Jane R, Torres A. Evaluation of
a Wearable Device to Determine Cardiorespiratory Parameters From Surface Diaphragm

Electromyography. IEEE J Biomed Health Inform. 2019;23:1964-71.

103
EFECTO DE LA VNI SOBRE EL ACOPLAMIENTO NEURORRESPIRATORIO Y SINCRON{A TORACOABDOMINAL DURANTE

EL EJERCICIO EN PACIENTES CON EPOC GRAVE. Javier Sayas Catalan.



92. Breuls S, Blondeel A, Wuyts M, Verleden GM, Vos R, Janssens W, et al. 1-year physical

activity coaching programme in lung transplant recipients: an RCT. Thorax. 2025.

93. Jiménez-Gémez M, Sayas Catalan J. Smart steps forward: the role of wearables in long-

term rehabilitation after lung transplantation. Thorax. 2025.

104
EFECTO DE LA VNI SOBRE EL ACOPLAMIENTO NEURORRESPIRATORIO Y SINCRON{A TORACOABDOMINAL DURANTE

EL EJERCICIO EN PACIENTES CON EPOC GRAVE. Javier Sayas Catalan.



10. INDICE DE ABREVIATURAS

e  CEIC: Comité Etico de Investigacién Clinica

¢ COT: Terapia convencional con oxigeno

e DNR: Drive Neural Respiratorio (impulso neural respiratorio)
e EMG: Electromiografia

e EMGdi: Electromiografia diafragmatica

e EMGpara: Electromiografia paraesternal

e EMGscm: Electromiografia esternocleidomastoideo

e EPOC: Enfermedad Pulmonar Obstructiva Crénica (COPD en inglés)
e FEV1: Volumen Espiratorio Forzado en el primer segundo

e FiO2: Fraccion inspirada de oxigeno

e FR: Frecuencia Respiratoria

¢ FVC: Capacidad Vital Forzada

e GOLD: Global Initiative for Chronic Obstructive Lung Disease
e GPD: Global Phase Delay (Retardo de Fase Global)

e IPAP: Presion Inspiratoria Positiva en las Vias Aéreas

e LOPD: Ley Organica de Proteccidn de Datos

e MIP: Maniobra Inspiratoria Mdxima

e NIV: Non-Invasive Ventilation (Ventilacion Mecanica No Invasiva)
e PaCO02: Presidn Parcial Arterial de CO2

e Pa02: Presion Parcial Arterial de 02

e PEEPi: Presion Positiva al Final de la Expiracién Intrinseca

e RIP: Respiratory Inductance Plethysmography (Pletismografia de Inductancia
Respiratoria)

e RV:Volumen Residual

e SpO02: Saturacién de Oxigeno Pulmonar

e TAF: Terapia de Alto Flujo (High-Flow Therapy)

e TAA: Thoracoabdominal Asynchrony (Asincronia Toracoabdominal)
e TLC: Capacidad Pulmonar Total

e VNI Ventilacion Mecdnica No Invasiva
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