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Resumen

El sistema nervioso auténomo (SNA) desempefia un papel crucial en el asma,
principalmente a través del sistema nervioso parasimpatico (SNP). Este ultimo no solo
regula funciones esenciales de las vias respiratorias, como el tono muscular bronquial, las
secreciones, el flujo sanguineo y la permeabilidad microvascular, sino que también
participa en la migracion y liberacion de mediadores inflamatorios. Estos mediadores
definen distintos fenotipos inflamatorios en el asma, caracterizados generalmente por la
presencia de eosinéfilos o neutrdfilos, y cuya identificacion se realiza mediante

procedimientos no invasivos como esputo inducido.

Sin embargo, la broncoconstriccion, una caracteristica distintiva del asma, no siempre
estd mediada por la inflamacion bronquial. De hecho, en una proporcion significativa de
pacientes asmaticos (aproximadamente el 40%), no se detecta inflamacion bronquial. En
estos casos, se sospecha que la broncoconstriccion puede originarse por mecanismos
mecanicos estrictamente ligados al diametro de las vias respiratorias, inducidos por la

estimulacion nerviosa, especificamente el reflejo colinérgico.

Esta compleja interaccion entre la inflamacion y el control neuronal de las vias
respiratorias modula la respuesta inflamatoria (hipersecrecion, edema y liberacion de
mediadores proinflamatorios como los mastocitos) a través de la activacion del reflejo

colinérgico, con efectos reciprocos entre mediadores inflamatorios y neurotransmisores.

La variabilidad del ritmo cardiaco (VRC) es un marcador neurobiologico del SNA que,
cuando se encuentra desregulada, se asocia con diversos resultados fisicos y psicoldgicos
negativos. Se ha observado que las personas con asma tienden a presentar una VRC

alterada en comparacion con individuos sanos, lo que sugiere una actividad desregulada



del SNA, particularmente del SNP. Diversos hallazgos indican que la VRC podria estar
especialmente alterada en pacientes con asma grave, lo que sefalaria un desequilibrio
autondémico con una menor actividad parasimpatica. Esta desregulacion podria contribuir
a la inflamacién sistémica, a la pérdida de control y, por consiguiente, aumentar la

susceptibilidad a las exacerbaciones.

Ademéds, la ansiedad y la depresion, trastornos con alta prevalencia en pacientes
asmaticos, también se han relacionado con un desequilibrio de la VRC. Se ha propuesto
que la disfuncion autondmica, caracterizada por una disminucion del tono vagal, podria
ser un mecanismo subyacente comun que conecta estos trastornos psicologicos con el
asma grave. Esta disfuncion no solo afectaria la regulacion cardiovascular, sino también
la percepcion de los sintomas respiratorios, lo que podria agravar el curso de la

enfermedad y complicar su manejo clinico.

Por todo lo anterior, profundizar en el conocimiento de las diversas utilidades de la
evaluacion no invasiva del SNA en la enfermedad asmatica, especialmente en el asma
grave no controlada, podria aportar informacion neurobiologica valiosa y permitiria
identificar caracteristicas especificas dentro de cada perfil de pacientes. Esto podria
facilitar un apoyo diagnéstico y una monitorizacion individualizada (medicina
personalizada) del control de la enfermedad, proporcionando informacion objetiva para
guiar las decisiones terapéuticas y complementar las herramientas validadas que se

utilizan habitualmente en el manejo del asma.

El objetivo de esta Tesis es profundizar en la comprension del papel del SNA en el asma
grave no controlada (AGNC), utilizando la VRC como método de evaluacion no invasivo

a través de los intervalos cardiacos utilizando el electrocardiograma (ECG).



Para demostrar este concepto, se llevaron a cabo dos estudios. El primero analiz6 la
potencial contribucion de la evaluacion del SNA a través de métodos no invasivos en
poblacion asmatica. Y el segundo estudio, se centrd en analizar a los pacientes asmaticos
en funcion de su nivel de control y gravedad de la enfermedad y su estado emocional. En
ambos se recopilaron los siguientes datos de los participantes: sociodemograficos,
antropométricos, clinicos, funcionales respiratorios e inflamatorios. Ademas, se
administraron cuestionarios validados para evaluar el control y la calidad de vida en el
asma, asi como cuestionarios especificos para identificar el riesgo de trastornos
emocionales comunmente asociados al asma, como son la ansiedad y la depresion.
También se recogieron biomarcadores en sangre periférica, informaciéon sobre la
medicacion para el asma y marcadores neurobiologicos del SNA a través de la VRC,

obtenida mediante los intervalos cardiacos del ECG.

Los resultados obtenidos fueron:

Estudio 1: Prueba de concepto que demuestra que la evaluacion no invasiva del SNA
mediante la VRC es una herramienta objetiva potencial para discriminar entre sujetos
asmaticos segin el control de sus sintomas, utilizando uUnicamente sefiales
electrocardiograficas y respiratorias registradas durante 10 minutos. Revelamos una
variabilidad de la frecuencia cardiaca significativamente més deprimida o desregulada en
pacientes asmaticos no controladas en comparacién con aquellos con asma controlada.
La integraciéon de la informacion obtenida del SNA de manera estratificada en los
pacientes asmaticos, mostrd un rendimiento similar al obtenido utilizando Gnicamente
caracteristicas clinicas, asi como a las pruebas de control del asma empleadas en la

préctica clinica habitual.



Estudio 2: Se encontraron diferencias significativas en los asmadticos graves no
controlados en comparacion con los sujetos con asma controlada independientemente de
la gravedad (P < .05) al evaluar los parametros méas cominmente empleados en la
medicion de la VRC analizados a través del ECG. También se evalud el riesgo de
ansiedad y depresion en los sujetos con asma estudiados, ya que son trastornos
emocionales frecuentemente vinculados en la enfermedad asmatica. Se analizaron los
mismos parametros estandarizados del SNA demostrando diferencias significativas (P <
.05) en los sujetos asmaticos con riesgo de ansiedad y depresion mostrando valores
reducidos o alterados del SNA, en comparacioén con los sujetos asmaticos sin riesgo de
ansiedad y depresion. La evaluacion de la VRC, puede ser un medio util para el
seguimiento del control del asma y ayudar a discriminar los trastornos del estado de animo

mas comunmente relacionados (ansiedad y depresion).

Las conclusiones mas relevantes de esta Tesis Doctoral son: la evaluacion no invasiva del
SNA mediante la medicion de la VRC permite diferenciar entre sujetos asmaticos
controlados y no controlados, especialmente en casos de asma grave no controlada. En
esta Tesis también pudimos reconocer otros trastornos que estan asociados a la
desregulacion del SNA como son la depresion y la ansiedad, comorbilidades habituales

en la enfermedad asmatica no controlada.

Palabras clave: asma grave, control del asma, sistema nervioso autdbnomo, variabilidad

del ritmo cardiaco, depresion, ansiedad.



Abstract

The autonomic nervous system (ANS) plays a crucial role in asthma, primarily through
the parasympathetic nervous system (PNS). The latter not only regulates essential airway
functions, such as bronchial muscle tone, secretions, blood flow, and microvascular
permeability, but is also involved in the migration and release of inflammatory mediators.
These mediators define distinct inflammatory phenotypes in asthma, generally
characterized by the presence of eosinophils or neutrophils, and whose identification is

performed through noninvasive procedures such as induced sputum.

However, bronchoconstriction, a hallmark of asthma, is not always mediated by bronchial
inflammation. In fact, in a significant proportion of asthmatic patients (approximately
40%), bronchial inflammation is not detected. In these cases, it is suspected that
bronchoconstriction may be caused by mechanical mechanisms strictly linked to airway

diameter, induced by nerve stimulation, specifically the cholinergic reflex.

This complex interaction between inflammation and neuronal control of the airways
modulates the inflammatory response (hypersecretion, edema, and release of
proinflammatory mediators such as mast cells) through the activation of the cholinergic

reflex, with reciprocal effects between inflammatory mediators and neurotransmitters.

Heart rate variability (HRV) is a neurobiological marker of the ANS that, when
dysregulated, is associated with various negative physical and psychological outcomes.
It has been observed that people with asthma tend to have altered HRV compared to
healthy individuals, suggesting dysregulated activity of the ANS, particularly the PNS.
Several findings indicate that HRV may be especially altered in patients with severe

asthma, indicating an autonomic imbalance with decreased parasympathetic activity. This



dysregulation could contribute to systemic inflammation, loss of control, and

consequently, increased susceptibility to exacerbations.

Furthermore, anxiety and depression, disorders with a high prevalence in asthma patients,
have also been linked to an imbalance in HRV. It has been proposed that autonomic
dysfunction, characterized by decreased vagal tone, could be a common underlying
mechanism linking these psychological disorders to severe asthma. This dysfunction
would not only affect cardiovascular regulation but also the perception of respiratory
symptoms, which could worsen the course of the disease and complicate its clinical

management.

Therefore, further understanding the diverse uses of noninvasive ANS assessment in
asthma, especially in severe uncontrolled asthma, could provide valuable neurobiological
information and allow for the identification of specific characteristics within each patient
profile. This could facilitate diagnostic support and individualized monitoring
(personalized medicine) of disease control, providing objective information to guide
therapeutic decisions and complementing the validated tools commonly used in asthma

management.

The objective of this thesis is to deepen our understanding of the role of the ANS in severe
uncontrolled asthma, using HRV as a noninvasive assessment method using cardiac

intervals using the electrocardiogram (ECG).

To demonstrate this concept, two studies were conducted. The first analyzed the potential
contribution of ANS assessment through noninvasive methods in the asthma population.
The second study focused on analyzing asthma patients based on their level of disease
control and severity, and their emotional state. In both, the following data were collected

from the participants: sociodemographic, anthropometric, clinical, respiratory function,



and inflammatory data. In addition, validated questionnaires were administered to assess
asthma control and quality of life, as well as specific questionnaires to identify the risk of
emotional disorders commonly associated with asthma, such as anxiety and depression.
Peripheral blood biomarkers, information on asthma medication, and neurobiological
markers of the ANS were also collected through HRV, obtained from the cardiac intervals

of the ECG.

The first study analyzed the potential contribution of noninvasive ANS assessment in an
asthma population. The second study focused on analyzing asthma patients based on their

level of control, disease severity, and emotional status.

The results obtained were:

Study 1: Proof of concept demonstrating that noninvasive ANS assessment using HRV
is a potential objective tool for discriminating between asthmatic subjects based on
symptom control, using only electrocardiographic and respiratory signals recorded over
10 minutes. We revealed significantly more depressed or dysregulated heart rate
variability in uncontrolled asthmatic patients compared to those with controlled asthma.
Integrating this autonomic information into patient stratification showed similar
performance to that obtained using clinical characteristics alone in several tested

approaches, as well as to asthma control tests used in routine clinical practice.

Study 2: Significant differences were found in the ANS between patients with severe
uncontrolled asthma and controlled asthmatics (p<0.05), as well as in mood disorders
common in asthma, such as depression and anxiety. HRV assessment may be a useful
tool for monitoring asthma control and helping to distinguish the most associated mood

disorders (anxiety and depression).



The most relevant conclusions of this doctoral thesis are the following: noninvasive
assessment of the ANS through HRV measurement allows differentiation between
controlled and uncontrolled asthma patients, especially in cases of severe uncontrolled
asthma. In this study, we were also able to identify patients at risk for ANS-related mood
disorders, such as depression and anxiety, significant comorbidities in uncontrolled

asthma.

Keywords: severe asthma, asthma control, autonomic nervous system, heart rate

variability, depression, anxiety.
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1.1 El Asma bronquial

1.1.1 Definiciéon y epidemiologia.
La definicion del asma ha evolucionado significativamente a lo largo del tiempo.
Actualmente, entidades reconocidas internacionalmente —como la Global Initiative for
Asthma (GINA) y la Organizacion Mundial de la Salud (OMS)—, junto con la Guia
Espanola para el Manejo del Asma (GEMA) a nivel nacional, lo definen como un
sindrome heterogéneo que engloba diversos fenotipos clinicos. Aunque estos fenotipos
presentan manifestaciones similares, se considera que sus etiologias pueden ser distintas
(1-3). En términos pragmaticos, el asma se caracteriza por ser una enfermedad
inflamatoria crénica de las vias respiratorias, en la que intervienen multiples células y
mediadores inflamatorios, modulada en parte por factores genéticos, y que se manifiesta

mediante hiperreactividad bronquial y una obstruccion variable del flujo aéreo (3).

El asma es un problema de salud global que afecta a millones de personas, sin distincion
de edad, género o condicion socioecondmica. La OMS estima que mas de 300 millones
de personas padecen asma en todo el mundo (2). Por su parte, la GINA sefala que la
prevalencia global varia ampliamente, situdndose entre el 1% y el 18% de la poblacion,
tanto en nifios como en adultos (1). Esta enfermedad no solo deteriora significativamente
la calidad de vida de quienes la sufren, sino que también tiene un impacto negativo

considerable en el bienestar socioecondmico de la sociedad (4).

1.1.2 Etiopatogenia y fisiopatologia.

En el asma se identifican como caracteristicas patogénicas fundamentales la inflamacion,
la hiperreactividad bronquial (HRB), la obstruccion reversible del flujo respiratorio y el
remodelado de las vias aéreas (5). Durante mucho tiempo, la obstruccion bronquial —y,

por ende, la contraccion del musculo liso— se consider6d el rasgo patogénico mas



relevante, hasta que se consolidé el paradigma que define al asma como un fenémeno
inflamatorio. Aunque inicialmente se pensaba que la inflamacién y la obstruccioén eran
elementos irreconciliables en la etiopatogenia del asma, se ha ido demostrando que el
musculo liso bronquial no es simplemente un efector pasivo de la broncoconstriccion,
sino que desempefia un papel crucial en el desarrollo de la hiperreactividad, el remodelado

y, en cierta medida, en la inflamacion de las vias respiratorias (5).

La HRB es un rasgo distintivo del asma, aunque no exclusiva, ya que también puede
manifestarse en otras patologias respiratorias e incluso en individuos aparentemente
sanos. Ademas, la HRB puede presentarse de forma transitoria ante respuesta a irritantes
ambientales, contaminacion o infecciones del tracto respiratorio en personas sin

enfermedad respiratoria (6).

En los pacientes asmaticos se distinguen dos tipos de HRB:

1. HRB basal o fija:

Este tipo refleja los cambios estructurales en los bronquios de los asmaticos y
suele ser parcial o totalmente irreversible, incluso tras el tratamiento
antiinflamatorio. Aunque el mecanismo subyacente no se conoce completamente,
se sugiere que estd relacionado con la reduccion del calibre de la luz bronquial,
debido a la hipertrofia o hiperplasia del musculo liso bronquial, asi como al
engrosamiento de la matriz extracelular y de la membrana basal del epitelio

bronquial (7,8).

2. HRB variable o episodica:



Se asocia con exposiciones agudas a agentes capaces de inducir broncoconstriccion,
como los alérgenos. Este tipo, es consecuencia de la inflamacion de la via respiratoria.
Aunque, el mecanismo exacto que vincula la inflamacién con la HRB atn no estd
completamente definido, se postula que el aumento de la permeabilidad de la mucosa
respiratoria y el reclutamiento local de células inflamatorias podrian tener un efecto
directo sobre las células del musculo liso bronquial (Figura 1) o sobre el sistema

nervioso autébnomo (SNA), potenciando la broncoconstriccion (7,9,10).

Epithelial dysfunction
(Disrupted barrier, aberrant inflammatory response
to asthma triggers)

Epithelial transition: goblet cell
hyperplasia
(Mucus hypersecretion)

Key cytokines: TSLP, IL-33, IL-25, IL-4, IL-5, IL-13, IL-8
Key infl y medi leuk PGD, hi
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Figura 1. Unidad tréfica epitelial-mesenquimal en el asma (11).

1.1.3 Diagnéstico y clasificacion de la gravedad

El diagnoéstico de asma debe considerarse en pacientes que presentan sintomas y signos
clinicos sugestivos —como sibilancias, disnea, tos y opresion toradcica— y se confirma
mediante pruebas diagnosticas objetivas, siendo la espirometria la prueba de funcién

pulmonar preferida para demostrar alteraciones compatibles (véase Figura 2).
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Figura 2. Algoritmo diagndstico del asma GEMA (3).

*En nifios un incremento del 12% es suficiente para considerarla positiva aunque éste sea <200 ml. **En los casos en
los que la prueba de broncoconstriccion sea negativa debe considerarse el diagndstico de bronquitis eosinofilica.
***Como alternativa pueden utilizarse glucocorticoides inhalados a dosis muy altas, 1.500 - 2.000 pg de propionato
de fluticasona, en 3 o 4 tomas diarias, durante 2-8 semanas.

La definicion de la gravedad en la enfermedad asmatica ha evolucionado a lo largo del

tiempo. Convencionalmente se ha fundamentado en criterios clinicos y funcionales:

intermitente, persistente leve, persistente moderada y persistente grave. Es crucial resaltar

que la gravedad comprende tanto la intensidad del proceso patolégico como la respuesta

al tratamiento del asma para alcanzar el control de los sintomas y prevenir exacerbaciones

(2, 12,13) (Figura 3).
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Figura 3. Clasificacion de la gravedad del asma cuando esta bien controlada con tratamiento, GEMA (3).

1.1.4 Control y métodos de medicion.
El control del asma se define como el grado en que las manifestaciones clinicas de la
enfermedad son eliminadas o reducidas significativamente mediante intervenciones
terapéuticas, permitiendo alcanzar los objetivos del tratamiento y demostrando la eficacia
del manejo (12,14). El control puede clasificarse en distintos niveles, desde buen hasta

mal control, segun los criterios establecidos en la GEMA (ver Figura 4).
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& >
*
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»

Bueno Control Malo

Figura 4. Relacion entre la gravedad y el control en el asma. El nivel de control refleja en gran medida la
adecuacion del tratamiento. Algunos pacientes tienen un asma grave de control dificil (ACD) GEMA (3)



Sin embargo, el grado de control del asma no siempre coincide con lo que dictan las guias,
ya que algunos pacientes pueden presentar un control adecuado de los sintomas diarios y
de la funcidon pulmonar, pero aun asi sufrir exacerbaciones frecuentes; en contraste, otros
pueden presentar sintomas persistentes sin llegar a experimentar crisis graves (17),
ademds de no poder identificar si el paciente padece de otras comorbilidades —entre
otros, los trastornos emocionales— que podrian aumentar el riesgo de un mal control del

asma. Este aspecto se abordara en el punto 1.1.6.

Tal como se define el control, las guias nacionales e internacionales recomiendan una
serie de procedimientos para evaluarlo (15). El elemento fundamental es la consulta
médica periddica, en la que se examinan tanto el control actual como el riesgo futuro de
exacerbaciones, la posible presencia de obstruccion fija del flujo aéreo y los efectos
adversos asociados al tratamiento. Para estandarizar la evaluacion del control actual, se
han desarrollado diversos cuestionarios validados y adaptados culturalmente que el
paciente autocumplimenta. Uno de los mas ampliamente utilizados es el Test de Control
del Asma (ACT) (16). Este test establece los siguientes puntos de corte: una puntuacion
igual o superior a 20 indica asma bien controlada, mientras que una puntuacion igual o
inferior a 19 sefiala asma no bien controlada. No obstante, la capacidad de estos
cuestionarios para detectar asma mal controlada es limitada (17), por lo que no deben

emplearse como unica herramienta de valoracion.

1.1.5 Asma grave no controlada.

En el asma grave, el tratamiento exige el empleo de multiples fArmacos a altas dosis,
correspondiente a los escalones 5-6 de la GEMA (3) y el escalon 5 de la GINA (1). Este

subtipo abarca tanto en sujetos controlados como a aquellos que permanecen sin control,



y se asocia con un mayor consumo de recursos econdmicos en comparacion con el asma

moderada o leve (4).

El asma grave no controlada (AGNC) ha sido denominada de diversas maneras, sin existir
un consenso unanime. Una de las més aceptadas en la GEMA (3), la define cuando la
enfermedad persiste mal controlada pese a recibir tratamiento en el ultimo afio con una
combinacion de glucocorticoides inhalados a dosis elevada/ agonista B2 adrenérgico de
accion prolongada (GCI/LABA) y antimuscarinicos de accion prolongada (LAMA) o
requiera glucocorticoides (GCS) de mantenimiento (tratamiento con duracion de 6 meses
al afio independientemente de la dosis, o dosis acumulada > 1 g de prednisona o
equivalente, independientemente de la duracidon). El no control del asma, se objetiva

mediante cualquiera de las siguientes caracteristicas:

e Testde Control del Asma (ACT) inferior a 20 o Cuestionario de Control del Asma

(ACQ) superior a 1,5.

o Dos 0 mas exacerbaciones graves o haber recibido al menos dos ciclos de
glucocorticoides orales (cada uno con una duracion minima de 3 dias) durante el

afio previo.

e Al menos una hospitalizacion por exacerbacion grave en el aflo previo.

o Limitacion cronica del flujo aéreo, definida como una relacion FEV1/FVC
inferior a 0,7 o un FEV1 menor al 80 % del valor predicho, después de haber

administrado un tratamiento adecuado.



1.1.6 Asma grave y trastornos emocionales.

Ademés de evaluar el control del asma, es crucial identificar la presencia de
comorbilidades que puedan aumentar el riesgo de resultados adversos relacionados con
la enfermedad (véase Figura 5). Se reconoce que las comorbilidades psiquiatricas se
asocian con un manejo deficiente de los sintomas asmaticos, especialmente por su elevada
frecuencia. Entre los trastornos emocionales, la ansiedad y la depresion son los mas
comunes en personas con asma, ya que se ha vinculado a un incremento en las

exacerbaciones y a un mayor numero de visitas a urgencias (18).

La literatura evidencia una estrecha relacion entre la salud mental y el asma grave. Se ha
comprobado que la ansiedad y la depresion son de 1,5 a 2,4 veces més frecuentes en
personas con asma que en aquellas sin la enfermedad, siendo el impacto atin mayor en
individuos con asma grave o no controlada. Ambos trastornos, que a menudo se presentan
conjuntamente, afectan la capacidad funcional de la persona y se asocian con diversos

cambios conductuales, cognitivos y fisioldgicos (19).

A pesar de contar con diversas herramientas para detectar sintomatologia ansiosa y
depresiva en atencion primaria, la mayoria no ha sido validada en pacientes con asma. Es
fundamental estar alerta ante la presencia de depresion y/o ansiedad en personas
asmaticas, especialmente cuando existe un historial previo de estos trastornos. Cuando
sea pertinente, se debe evaluar al paciente, derivarlo a un especialista en psiquiatria o
utilizar un instrumento diagndstico psiquiatrico especifico, ya que estas afecciones tienen

importantes implicaciones prondsticas en el manejo del asma.
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Figura 5. Comorbilidades y agravantes mas comunes en asma, sus correspondientes pruebas diagndsticas
y su tratamiento GEMA (3)

Una revision sistematica sobre la evaluacion integral del asma, evidencié que el bienestar
psicologico solo se valor6 en dos tercios de los pacientes (20). En la practica clinica, la
ansiedad y la depresion se determina habitualmente mediante cuestionarios
autoadministrados. Las respuestas obtenidas con estos instrumentos validados posibilitan
describir la intensidad de los sintomas, optimizar la identificacion de problemas de salud
mental e incluso orientar y valorar la intervencion terapéutica (21). Sin embargo, en
individuos con enfermedades respiratorias, la ansiedad y la depresion tienden a estar
infradiagnosticadas e insuficientemente tratadas. Considerando la recomendacion de
cribar la ansiedad y la depresion en personas con asma grave, y dado que existen
herramientas de sencilla aplicacion en el contexto clinico, una de las escalas mas

empleadas para estimar el riesgo de estos trastornos es la Escala Hospitalaria de Ansiedad

y Depresion (HADS). Este instrumento se centra en las manifestaciones emocionales y



cognitivas, evitando la interferencia de los sintomas fisicos, y ha sido validado y traducido

a multiples lenguas para su uso en entornos hospitalarios no psiquiatricos (22).

La HADS se compone de 14 preguntas, divididas en dos subescalas de 7 items cada una
(una para ansiedad y otra para depresion). Cada item se puntua en una escala de 0 a 3,
donde O representa "ausencia total", 1 "ocasionalmente", 2 "frecuentemente" y 3
"constantemente". Esto resulta en una puntuacién maxima de 21 en cada subescala, y se
ha establecido que una puntuacion mayor de 7 en cualquiera de ellas sugiere la existencia

de ansiedad o depresion (22).

1.2 El Sistema nervioso autonomo

1.2.1 El sistema nervioso simpatico y parasimpatico.

El sistema nervioso autonomo (SNA) es la rama del sistema nervioso periférico encargada
de regular de manera involuntaria el funcionamiento de multiples 6rganos y tejidos.
Desempena un papel fundamental en el mantenimiento de la homeostasis al supervisar y
modular diversas variables fisiologicas, como la frecuencia cardiaca (FC), la presion
arterial, la actividad respiratoria, la temperatura corporal y el peristaltismo
gastrointestinal. Para ello, las fibras aferentes de los nervios craneales transmiten
informacion sensorial al tronco encefélico y al hipotdlamo, donde se procesa e integra.
Posteriormente, estas estructuras, junto con areas superiores del cerebro, envian sefiales

a través de fibras eferentes para regular la funcion de los 6rganos (23).

El SNA se compone de tres vias: el sistema nervioso simpatico (SNS), el sistema nervioso
parasimpatico (SNP) y el sistema nervioso entérico. Este tltimo, encargado del control
del tracto gastrointestinal, no se abordard en esta Tesis. La actividad del SNS, esta
relacionada con el aumento de la frecuencia cardiaca y de la fuerza de contraccion, mayor

frecuencia respiratoria, vasoconstriccion, broncodilatacion, fortalecimiento del tono



muscular esquelético y dilatacion pupilar. Por el contrario, la actividad del SNP induce
una disminucién de la frecuencia cardiaca y respiratoria, promoviendo la vasodilatacion,

broncoconstriccion y constriccion pupilar (23).

Dado que la mayoria de los tejidos reciben inervacion tanto del SNS como del SNP, cuyos
efectos son opuestos, el SNA proporciona un control 4gil y eficiente de la funcion
organica. Es importante sefialar que ambos sistemas presentan tasas de descarga basal,
denominadas tono simpatico y parasimpatico (o vagal), lo que permite modular su

actividad a través de variaciones en la frecuencia de las sefales eferentes (24) (ver figura

6).

Esta Tesis se enfocard en el SNA, especificamente en el sistema nervioso parasimpatico
(SNP). Este ultimo es el responsable fisioldgico de la broncoconstriccion (24) y la

regulacion del tono bronquial (25).
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Figura 6. Anatomia de las ramas simpatica (izquierda) y parasimpatica (derecha) del sistema nervioso
autonomo. Se indica el efecto que ejerce cada rama sobre los diferentes érganos que inervan. Reproducido
y modificado Silverthorn (24).

1.2.2  El Sistema nervioso parasimpatico y el asma.

El SNA regula el tono del musculo liso en las vias respiratorias mediante tres
mecanismos: adrenérgico, colinérgico y no adrenérgico no colinérgico (NANC). La via
colinérgica es de particular interés debido a la presencia de dos tipos de receptores
muscarinicos para la acetilcolina (ACh): los receptores M2, que no participan
directamente en la contraccion muscular lisa, pero restringen la liberacion excesiva de
ACh por el nervio vago, y los receptores M3, que inducen la contraccion del musculo

liso. Aunque no se han hallado alteraciones en la cantidad o funcién de los receptores M3



en asmaticos en comparacion con individuos no asmaticos (26,27), el andlisis del rol de
los receptores M2 en asmaticos ha revelado una alteracion consistente (27,28). Una
posible causa de esta disfuncion es la presencia de eosindfilos, ya que liberan diversas
proteinas con carga positiva durante la respuesta inflamatoria (27). Dado que los
receptores M2 son especialmente susceptibles al bloqueo por proteinas con carga positiva,
la presencia de proteinas eosinofilicas provoca una disfuncion de estos receptores,
impidiendo la retroalimentacion negativa que normalmente ejercen tras la liberacion de
ACh, lo que conlleva una secrecion excesiva e incontrolada de ACh (27). Por
consiguiente, la disfuncidon de los receptores M2 aparenta ser un elemento clave en la
hiperreactividad de las vias respiratorias. No obstante, la existencia de un considerable
grupo de asmaticos no eosinofilicos (29) sugiere la participacion de otros mecanismos
que podrian influir en el funcionamiento anémalo de los receptores M2. La suposicion de
que el SNA desempefia un papel significativo en el desarrollo del asma, junto con las
dificultades en el diagnostico (especialmente en los casos graves de control dificil) y el
monitoreo continuo de esta enfermedad, ha impulsado estudios dirigidos a evaluar la
actividad del SNA en individuos con asma. Partiendo de la premisa de que la regulacion
alterada del calibre de las vias respiratorias podria reflejarse en modificaciones paralelas
en el control de la frecuencia cardiaca o de los intervalos cardiacos, se ha considerado el
andlisis de la variabilidad del ritmo cardiaco, para la caracterizacion de la actividad

auténoma tanto en adultos (30-33) como en nifios (34,35) con asma.

Diversos autores han informado sobre alteraciones del tono vagal (33,35) o un
predominio vagal (30) en individuos con asma en comparacion con sujetos sanos. En
contraste, otros estudios revelan modificaciones en la actividad parasimpatica mediante
pruebas de evaluacion del SNA (31,32,34), analizando la respuesta de la frecuencia

cardiaca a la respiracion profunda o a la maniobra de Valsalva. Adicionalmente, se



encontré una correlacion positiva entre la alteracion de la actividad vagal medida y la
gravedad del asma en la poblacion infantil (31). En consecuencia, considerando la
implicacion del SNP en la broncoconstriccion (24) y la regulacion del tono broncomotor
(25), se ha postulado una actividad disfuncional del SNP como un posible factor
fundamental en la patogénesis del asma. Esta idea se alinea con la hipotesis que sefiala la
disfuncion de los receptores M2 como la causa principal de la hiperreactividad de las vias
respiratorias. Asi, la visidbn convencional de la inflamacion como el principal
desencadenante de la hiperreactividad de las vias respiratorias podria transformarse hacia
una comprension mas compleja, donde la disfuncion del SNA se presenta como un factor
clave, que podria ser tanto una consecuencia de la inflamacién como de otros
mecanismos. Dicho de otra manera, una alteracion o depresion del SNP puede conducir
a una disfunciodn en la regulacion del tono muscular de las vias respiratorias, lo que puede
acarrear un incremento de la broncoconstriccion. Esto ocurre porque la inhibicion del
sistema parasimpatico puede perturbar el equilibrio entre los efectos constrictores
(ejercidos por el sistema parasimpdtico) y relajantes (ejercidos por el sistema simpatico)

en las vias aéreas.

A modo de ejemplo, situaciones que disminuyen la funcidon parasimpatica, tales como el
estrés cronico, ciertas afecciones autoinmunes o desdrdenes en el equilibrio del sistema
nervioso auténomo, podrian potencialmente originar una broncoconstriccion mas
pronunciada o recurrente. Esto reviste importancia en patologias respiratorias como el
asma, donde la broncoconstriccion constituye una manifestacion clinica esencial (Figura

7).
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Figura 7. Inervacion neural de las vias respiratorias.

1.2.3 El sistema nervioso parasimpatico y los trastornos emocionales.

Existen varios trastornos del estado de animo, pero en esta Tesis nos centraremos en dos
de los mas comunes: la depresion y la ansiedad. Estos trastornos, que constituyen
comorbilidades frecuentes en personas con asma (18,19), han sido ampliamente
estudiados por su impacto en los marcadores psicofisioldgicos de la salud y el bienestar.
Esta evidencia ha aumentado la conciencia sobre la relacion bidireccional entre estos
trastornos y el asma, ya que, en esta enfermedad, interactian directamente con los
mecanismos patogénicos del tracto respiratorio, influyendo en su aparicion y evolucion
(19,36). No solo se ha demostrado que la ansiedad y la depresion son altamente frecuentes
en individuos asmaticos en comparacion con aquellos sin asma, (37,38), si no que su
impacto es alin mayor en pacientes con asma grave o no controlada (39,40). Mas all4 de
los estudios del asma y su vinculacion con la depresion y la ansiedad, dentro del campo

de la neurociencia, existen estudios que demuestran que una actividad vagal cardiaca



disfuncional se vincula cada vez mas con la depresion y con la ansiedad, lo que corrobora
la idea de que una dinamica del SNA comprometida, y que puede contribuir a los
trastornos del estado de animo (41,42). La reduccion del control vagal cardiaco, analizada
mediante la VRC, se asocia con sintomas depresivos y ansiosos. Incluso, la alteracion o
la reduccion de la actividad vagal en la depresion mayor no solo se asocié con la gravedad
de la depresion, sino que también predijo la persistencia de los sintomas depresivos (47).
Ademés, la actividad vagal disfuncional en la depresion a menudo puede resultar en
enfermedades cardiacas. Un metaanalisis mostré que la depresion aumento el riesgo de
todos los accidentes cerebrovasculares (50). Sin embargo, no se ha hallado literatura
disponible de la relacion de la alteracion del SNA observado en la ansiedad y la depresion,
y que pueda afectar negativamente el curso del asma. Pero, podria estar relacionado con
la superposicion de mecanismos autonémicos, que intervienen en la activacion y
regulacion de funciones fisiologicas, como la variabilidad del ritmo cardiaco, ya

documentada tanto para el asma como para la ansiedad y depresion (41,42) (Figura 8).

Figura 8. Los circuitos neuronales relacionados con los trastornos emocionales que influyen en el sistema

cardiovascular a través del SNA.



Se sugiere que el vinculo entre la salud fisica y mental podria estar, en parte, asociado a
un deterioro en la actividad del nervio vago, lo que conduce a una desregulacion de los

procesos inflamatorios (42) (Figura 9).
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Figura 9. Inflamacion periférica inducida por estrés y neuroinflamacion en trastornos relacionados con el

estrés. Adaptacion (42)

1.3 La Variabilidad del ritmo cardiaco

1.3.1 La variabilidad del ritmo cardiaco y el asma bronquial.

Algunos autores sugieren que la alteracion del control autondmico del diametro
de las vias respiratorias en el asma podria manifestarse con cambios paralelos en
el ritmo cardiaco (31,32). Esta hipotesis se basa en la observacion de que las
personas con asma suelen presentar una frecuencia cardiaca en reposo mas

elevada que quienes no padecen la enfermedad (30-35).



En consecuencia, diversas investigaciones se han enfocado en desarrollar métodos
no invasivos para evaluar la actividad del SNA en personas con asma. Se ha
prestado especial atencién a la rama parasimpatica ya que participa en la
broncoconstriccion y el control broncomotor como se expuso en el apartado 1.2.1,
y la escasa inervacion simpatica en las vias respiratorias pequenas (24), ha
sefalado que el SNP esta fuertemente relacionado con la alteracion del tono de las

vias respiratorias en asmaticos.

Dado que el SNA también modula la funcion cardiaca, el anélisis de la VRC se
ha propuesto como una herramienta util para caracterizar la actividad autonémica
(32,33). Este enfoque ha revelado un predominio de la actividad vagal en
respuesta a pruebas autondmicas (31,32) o durante el suefio (35). En pacientes
asmaticos y alérgicos, esta condicion se ha asociado a un aumento en la actividad
del SNP, y se ha sugerido que el asma modifica la VRC, evaluada a través del
tono parasimpatico basal. De hecho, estudios también relacionan la gravedad del

asma con una mayor desregulacion de la VRC (33).

Por otro lado, otros trabajos se han centrado en la actividad respiratoria,
igualmente influenciada por el control neural. Se ha descrito una disminucién mas
rapida de la actividad muscular inspiratoria en sujetos con obstruccion de las vias
respiratorias en comparacion con controles sanos (43), lo que indica que el analisis
de la dindmica inspiratoria podria ofrecer informacion sobre el estado subyacente
del SNA en el asma. En contraste, la actividad espiratoria se relaciona mas con
las propiedades mecénicas del sistema respiratorio, observandose una reduccioén
en la compliancia en sujetos con obstruccion de las vias respiratorias (44).

Ademas, se ha sugerido que la dindmica respiratoria se altera en sujetos asmaticos




en respuesta al estrés (45), lo que, junto con el predominio vagal detectado en

pruebas autonoémicas (31,32), podria indicar una respuesta autondémica

desequilibrada ante situaciones exigentes.

Dado que la valoracion directa del sistema nervioso parasimpatico resulta inviable
0 poco practica en el contexto clinico, se propone su evaluacion no invasiva
mediante la medicion de los intervalos cardiacos de la VRC, utilizando los
estindares de medicion, interpretacion fisiologica y aplicacion clinica
establecidos por las guias de las Sociedades Europea y Americana de Cardiologia
y Electrofisiologia (46), los cuales se obtienen a través del electrocardiograma

(ECG).

1.3.2 La variabilidad del ritmo cardiaco en la depresion y la ansiedad.

Diversos estudios han abordado la VRC en la ansiedad y los trastornos depresivos hasta
el momento (42,47,48). La explicacion para la alteracion de la VRC en los trastornos del
estado de animo se fundamenta en un modelo de integracion neurovisceral, que postula
la intervencion de fibras nerviosas en la modulacion de la actividad y la inhibicion
parasimpatica del nervio vago. Esta desregulacion se ha vinculado también con otras
afecciones como la diabetes mellitus tipo 2, las enfermedades cardiovasculares y
neurodegenerativas, entre otras (49-52). El modelo de integracion neurovisceral se define
asimismo por estructuras neuronales especificas que capacitan a las personas para
responder de forma adaptativa a las condiciones fisioldgicas, ambientales, cognitivas y
emocionales. En consecuencia, un sistema cardiorrespiratorio sano se distingue por
oscilaciones "altas" de la VRC en el intervalo cardiaco, mientras que un sistema no

saludable exhibe oscilaciones "bajas" (42).



La actividad vagal cardiaca disfuncional se ha asociado crecientemente con la depresion
y la ansiedad, lo que refuerza la nocidon de que una dindmica comprometida del SNA
puede contribuir a los trastornos del estado de 4nimo. Un control vagal cardiaco reducido,
cuantificado mediante series de la VRC (53), se relaciona con sintomas depresivos y

ansiosos.

Incluso, en consonancia a la mencion anterior, la estimulacion del nervio vago se esta
investigando como potencial via de tratamiento, para la depresion refractaria al
tratamiento, sustentada por datos alentadores (41). Adicionalmente, la estimulaciéon no
invasiva del nervio vago potencia la regulacion emocional, lo cual ratifica la participacion

causal del nervio vago en el procesamiento de las emociones.

1.3.3 Me¢étodos no invasivos para la evaluacion del SNA a través de la variabilidad

del ritmo cardiaco y su analisis.

La variabilidad del ritmo cardiaco (VRC) se define como las fluctuaciones en el intervalo
cardiaco entre latidos a lo largo del tiempo y se evalia cominmente mediante un
electrocardiograma (ECG). El ECG registra la actividad eléctrica del musculo cardiaco a
través de electrodos adheridos a la piel. Esta sefial resulta de la suma espacio-temporal de
los potenciales de accidon generados por todas las células del tejido cardiaco, produciendo
ondas caracteristicas cuya morfologia y duracion contienen informacion crucial para el
diagnostico de patologias cardiacas. Asi, cada ciclo cardiaco se refleja en el ECG
mediante deflexiones consecutivas positivas y negativas, que corresponden a la
despolarizacién y repolarizacion de los cardiomiocitos en las distintas regiones del

corazon.



Dentro del registro del ciclo cardiaco reflejado en el ECG—que incluye elementos como
el complejo QRS, la onda Q y la onda T—se pueden identificar intervalos temporales
relevantes. Uno de ellos es el intervalo RR, definido como el tiempo entre dos ondas R
consecutivas. Este intervalo, que se considera el periodo entre latidos sucesivos, se utiliza
para caracterizar arritmias y también para el analisis de la VRC, objetivo de esta Tesis

(54).

En condiciones normales, la frecuencia cardiaca estd controlada por el nodo
sinoauricular, cuya periodicidad de despolarizacion depende tanto del SNS como
del SNP. Lejos de ser constante, la frecuencia cardiaca varia latido a latido, y esta
variacion, conocida como la VRC, esta sujeta a los efectos opuestos de la actividad
simpatica y vagal, que tienen como objetivo satisfacer las demandas
homeostaticas del cuerpo. Mientras que el aumento de la actividad simpatica o la
retirada parasimpatica dan lugar a un aumento de la frecuencia cardiaca, un
aumento vagal o una reduccion de la actividad simpatica conducen a una

desaceleracion de la frecuencia cardiaca.

Este pardmetro es un marcador esencial del bienestar psicologico y de la salud
cardiovascular general, ademas de representar un predictor significativo de
mortalidad (55,56). Se ha propuesto que la relacion entre la salud mental y fisica
podria estar, en parte, con el deterioro de la actividad del nervio vago, lo que
ocasiona una desregulacion de los procesos inflamatorios (57). En particular, las
reducciones en la VRC en condiciones de reposo reflejan una disminucion en el

gasto vagal.

El andlisis de la VRC puede abordarse a partir de diversas representaciones del

ritmo cardiaco, utilizando distintas estrategias analiticas. Entre las metodologias



mas extendidas se encuentran aquellas basadas en los dominios del tiempo y la

frecuencia, asi como el andlisis no lineal. Cada enfoque posee particularidades

que lo hacen més adecuado segun la estrategia a investigar. A continuacion, se

presenta tres aproximaciones de los pardmetros mas comunmente utilizados:

1.

Andlisis en el dominio del tiempo: Este método se basa en el estudio de
los momentos de primer orden y las propiedades geométricas de las series
de intervalos normal-normal (NN). Entre los indices mas utilizados se

encuentran (46,58):

Media y desviacion estandar de los intervalos NN (NN y SDNN,
respectivamente): reflejan la variabilidad cardiaca global.

Desviacion estandar y raiz cuadrada de la media de las diferencias entre
intervalos NN adyacentes (SDSD y RMSSD, respectivamente): indican
variaciones a corto plazo.

Porcentaje de diferencias sucesivas de intervalos NN mayores de 50 ms

(pPNN50).

Ademas, dentro del dominio del tiempo se identifican las medidas geométricas,

que se obtienen a partir del histograma del intervalo RR, el cual suele presentar

una forma triangular. En este sentido:

El indice triangular de la VRC se calcula dividiendo la integral del
histograma del intervalo RR por su altura.
La interpolacion triangular del histograma de intervalos NN se determina

a partir del ancho de la linea base del histograma.




2. Analisis en el dominio de la frecuencia: Este analisis se centra en examinar
la distribucion de la potencia en los distintos componentes de frecuencia
presentes en la VRC. En estudios a corto plazo se han definido tres bandas

de interés:

e Banda de muy baja frecuencia (VLF): 0 a 0,04 Hz.
e Banda de baja frecuencia (LF): 0,04 a 0,15 Hz.

e Banda de alta frecuencia (HF): 0,15 a 0,4 Hz.

Basandose en investigaciones que utilizan inhibidores farmacologicos del SNS y
SNP, asi como en la aplicacion de estresores, se ha establecido que el contenido
de potencia en la banda HF (PHF) se asocia con la actividad parasimpatica. En
contraste, el contenido de la banda LF (PLF) refleja tanto la modulacion simpética
como la parasimpdtica y se cree que estd influenciado, principalmente, por la
actividad barorrefleja (59,60). Por otro lado, la interpretacion fisioldgica de la
potencia en la banda VLF (PVLF) es menos directa, y se ha vinculado a procesos

de termorregulacion y al sistema renina-angiotensina (61).

Ademas de estos indices, se emplea ampliamente la potencia espectral total (TP),
calculada como la suma de PLF y PHF, junto con la relacion de potencia LF a HF
(RLF/HF = PLF/PHF) y la potencia LF normalizada (PLFn = PLF/(PLF + PHF)).
Mientras que la TP se asocia con la variacion total de la actividad del SNS y el
SNP, la RLF/HF y la PLFn se interpretan cominmente como indicadores del
equilibrio simpdtico-vagal, ofreciendo una representacion cuantitativa de la

interaccion entre ambas vias del SNA (59,60).




3. Andlisis no lineal: Este enfoque se basa en la cuantificacion de la complejidad o
regularidad de la VRC, utilizando parametros como la dimension de correlacion (D2),
la entropia aproximada (ApEn) y la entropia de muestra (SampEn) (62). Otro método
no lineal ampliamente utilizado es el diagrama de Poincaré, que consiste en
reconstruir el espacio de fases a partir de la serie de intervalos RR. A partir de este
diagrama, se pueden extraer diversos parametros que representan la VRC a corto

plazo (SD1) o de forma global (SD2, S) (61).

Existen otras estrategias para el analisis de la VRC, en las denominadas basadas en la
dindmica de la informacién (58), pero para la siguiente Tesis Doctoral, se realizaron
analisis de la VRC en los 3 dominios descritos que son los mas empleados y
recomendados a partir de la serie de intervalos cardiacos RR, tras la correccion de latidos

ectopicos, siguiendo las recomendaciones del Grupo de Trabajo (46).
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Hipotesis y justificacion

Dado el conocimiento actual sobre la desregulacion del sistema nervioso autonomo
(SNA), en particular del sistema nervioso parasimpatico (SNP), en poblacion asmatica, y
considerando que puede evaluarse de forma objetiva mediante métodos no invasivos, se
plantea que su andlisis podria contribuir a una mejor comprension de la fisiopatologia del
asma, concretamente en las formas mas graves. Aunque se ha avanzado en la comprension
de los mecanismos inmunoldgicos subyacentes en el asma, estos no explican
completamente la broncoconstriccion, ya que, en una proporcion significativa de
pacientes, esta no estd mediada por la inflamacién bronquial. Se sospecha, en cambio,
que la broncoconstriccion podria deberse a mecanismos mecanicos estrictamente
relacionados con el didmetro de las vias respiratorias, inducidos por la estimulacion

nerviosa a través del reflejo colinérgico.

En este contexto, nos propusimos investigar marcadores neurobioldgicos no inflamatorios
con potencial implicacidn en la broncoconstriccion asmatica, como por ejemplo el SNA.
Diversos estudios han explorado enfoques no invasivos para evaluar la actividad del SNA
en asmaticos, dado que la broncoconstriccion y el control del tono broncomotor estan
mediados principalmente por la via vagal del SNA. Ademas, el control neural desempetia
un papel clave como modulador de la inflamacion de las vias respiratorias, lo que sugiere
que una disfuncion del SNP podria ser un factor determinante en la patogénesis del asma.
En este sentido, el analisis de la variabilidad del ritmo cardiaco (VRC) o de los intervalos
cardiacos del ECG, ha surgido como una herramienta viable para caracterizar la actividad
autondmica en asmaticos, evidenciando un desequilibrio o desregulacion de predominio
vagal en respuesta a pruebas autondmicas (respiracion profunda, maniobra de Valsalva y

ortostatismo) e incluso durante el suefio en sujetos asmaticos.



Sin embargo, dado el numero limitado de estudios y la variabilidad de sus hallazgos, nos
propusimos evaluar exhaustivamente el papel del SNA en el AGNC y también su relacion
con los trastornos del estado de animo mas frecuentemente asociados al asma, como son
la ansiedad y la depresion, ya que hay estudios donde se analizan independientemente y
estan asociados a trastornos de la VRC, pero hasta donde sabemos, ninglin estudio ha
abordado de forma integral, mediante un enfoque objetivo basado en el anélisis del SNA

tanto para el AGNC y su relacion con los trastornos emocionales.

Para esta Tesis se plantean las dos siguientes hipotesis:

1. Es posible a través de métodos no invasivos evaluar la actividad del sistema

nervioso autdbnomo en pacientes con asma.

2. La desregulacion del sistema nervioso autéonomo desempeiia un papel
fundamental en el asma grave no controlada y en la aparicion de trastornos del

estado de animo, como la ansiedad y la depresion
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3.1  Objetivo Principal

El objetivo principal de esta tesis es determinar el papel del sistema nervioso

autobnomo en la patogénesis del asma grave no controlada.

3.2 Objetivos secundarios

1.

Evaluar de forma no invasiva la actividad del sistema nervioso autbonomo como
una posible herramienta para la estratificacion de pacientes asmaticos segun el
nivel de control de sus sintomas, utilizando Unicamente sefiales

electrocardiogréficas y respiratorias.

Evaluar el sistema nervioso autonomo en pacientes con asma grave en relacion
con el nivel de control de la enfermedad y la relacion de trastornos emocionales

frecuentes asociados, como la depresion y la ansiedad.
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ARTICLE INFO ABSTRACT

Keywords: Objective: the aim of this study & to eval heth i ic activity could rep:
Asthma 4 potential lool for the s|ranﬁca|nen nf asthmatic subjects based on symptoms control, using oaly lovmm elec.
Autonomic pervous system trocardi and y

Hlewrt iz, vclatility Methods: several heart rate variability (HRV) derived indexes, which are regarded as

& of i
m‘:eml ek g activity, were evaluated in a group of asthmatic patients classified based on their symptoumology control. The
effect of respiration on HRV was mitigated by means of orthogonal subspace projection. The most relevant
features were used for training different classifiers.
Resufts: similar classification performance was obtained when using HRV or clinical features, with just a 10%
decrease in accuracy when using the HRV features (80% vs. 70%). This classification performance is equivalent
to that achieved in new patients using lhe current asthma control tests.
Conclusion: results suggest that the noni ve of ic activity could mpre_mu an added value
for the monitoring of asthmatic subjects outside the clinic, using less cumby quip and theref
being suitable for an objective asthma self-monitoring.
Significance:: This study provides evidence on the useful of i ive ic activity for
asthma control stratification, supporting it as & potential complement to the current clinical practice.
1. Introduction and the levels of exhaled nitric oxide (FeNO) [1.2)

Diagnosis of asthma in adults is performed following a well-
established clinical routine, and it is based on the identification of
characteristic symptom patterns and evidence of variable airflow limi-
tation assessed through functional respiratory tests [1,2]. Since asthma
is an heterogeneous disease with different underlying pathological
processes, additional strategies may be needed to monitor the disease or
to classify the subjects in recognizable clusters of demographic, clinical
and/or pathophysiological characteristics, often referred to as asthma
phenotypes [7]. For this purpose, several inflammatory biomarkers are
usually quantified, being the most common the inflammatory cells count
in the induced sputum, the amount of serum immunoglobulin E (IgE)

Apart from the severity of the disease, there is a high clinical interest
in stratifying the level of control of the symptomatology, since a poor
symptoms control has been associated with an increased risk of exac-
erbations [ 4], and might require additional treatment. The assessment of
asthma control is generally based on self-applied questionnaires,
although their reliability is lower than that of clinical diagnosis (5] and
might be hampered in the absence of asthma self-management training
[6]. Therefore, an accurate diagnosis and monitoring of asthma requires
continuous visits to the hospital, very specific equipment and personnel,
and is highly time consuming. This, together with the current growth of
telematic and mobile healthcare, has led to the development of hun-
dreds of mobile apps aiming to improve asthma self-management [7]. In
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a recent siudy investigating the requirements these apps should meet
from the point of view of patients and healthcare professionals, the
former were interested in the monitoring of asthma over time and the
collection of data to present to healthcare teams, whereas the latter were
concerned about the assessment of deteriorating asthma control, so that
parients can be advised o seek medical amention when required [&].
Additionally, some of the participants pointed to the measurement of
physiological markers such as breathing rate, heart rate, stress levels or
quality of sleep as useful for the monitoring of asthma control [£]. The
exponential growth of the market of wearable devices for physiological
manitoring (9] alse motivates research on noninvasive biomarkers that
can aid in the continuous screening of chronic disorders such as asthma,
an even anticipate the occurrence of exacerbations.

Regarding previous efforts for the non-invasive assessment of respi-
ratory disorders, two main groups of studies can be found in the liter-
ature. On one hand, those forusing on the analysis of respiration, either
by means of respiratory activity measurement [ 10] or focusing on res-
piratory sounds [11,12]. Although these approaches present very good
performance in asthma stratification, measurement of respiratory ac-
tivity requires from specific equipment (e.g. respiratory belts or
impedance pneumography acquisition systems), whereas the recording
of respiratory sounds cannot be performed in a continuous-time basis,
thus limiting their usefulness for symptoms evolution monitoring.

On the other hand, several authors have focused on the development
of noninvasive approaches for the study of autonomic nervous system
(ANS) activity in asthmatics. Since broncho-constriction and broncho-
mator tone control are mainly mediated by the vagal pathway of the
ANS [13,14], and given the role of the neural contral as A modulator of
airway inflammation [15], the suspicion that an altered ANS functioning
could be an important factor in the pathogenesis of asthma has received
widespread research attention for decades. In this context, heart rate
variability (HRV) analysis has raised as a feasible option, and has been
employed for the characterization of ANS activity in asthmatic children
[16-18] and adults [19-21], revealing an increased vagal dominance in
response to autonomic tests [16,19.21] or during sleep [17,18.20].
Moreover, the study of asthmatic subjects classified based on their
asthma control suggests a decreased HRV in subjects with uncontrolled
asthma [22.23]. Despite the promising results highlighted by the
aforementioned studies, they do not address the potential of the pro-
posed methodologies in comparison with clinical features, and they are
limited to statistical analysis, not providing a classification framework
for patient stratification. Therefore, no ANS information is currently
employed in the diagnosis or phenotyping of asthma [1,2], neither for
asthma control monitoring.

Mevertheless, during last years’ pandemic the need of a reduction in
the technological gap and the development of cost-efficient tools for
patient monitoring has been further emphasized. In the case of asth-
matic patients, agglomerations in health services centers could be
reduced if & non-invasive monitoring tool was available to warn the
patients when their symptoms have worsened and hence they should
visit a clinician. The main contribution of the present work is the smudy
of the potential of ANS assessment through HRY for the monitoring of
asthma control. Results reveal that the performance achieved with the
proposed non-invasive methodology is similar to that of clinical features
which require sperialized equipment and a visit to the hospital, and also
to that of the widely employed asthma control tests (ACT). Additionally,
combination of AMS-derived and clinical features resulted in an
improved performance with respect to using only clinical features in
some classification schemes. Therefore, results suggest that non-invasive
AMS assessment could have an added value for the clinical management
of asthmatic patients.
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2. Materials and methods
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Thirty adults with persistent asthma were recruited for this study.
The diagnosis was performed according o the clindeal criteria estab-
lished in the Spanish guidelines for the management of asthma [ 2]. The
patients were classified into controlled asthma (19 subjects) and un-
controlled asthma (11 subjects), following the results of the self-applied
ACT (uncontrolled asthma if the score of the test was < 19 and
controlled asthma otherwise) [24]. All the subjects were requested to
remain seated and without talking for a peried of 10 min, during which
multi-lead ECG (Frank's lead configuration) and respiratory effort
(using A respiratory band) were acquired and sampled at 1000 and
250 Hz, respectively. Afterwards, they underwent spirometric, skin
prick and induced sputum tests, in order to assess airway obstruction,
their atopic status and the existence of airway inflammation (when the
count of either eosinophils or neutrophils was higher than the reference
levels established by Pin et al. [25]) Airway obstruction was assessed
through the forced expiratory volume in one second (FEV)), the per-
centage of FEV, with respect to a normalized population (FEV, o) and
the FEV, with respect to the forced vital capacity (FEV,/FVC). Mare-
ower, the fraction of FeNO was assessed, and saliva and blood tests were
performed to account for the levels of cortisol and 1gE respectively, as
well as the existence of peripheral eosinophilia (considered as positive
when the blood eosinophils count was higher than 300 permm®).
Finally, they filled a questionnaire aiming to assess their perceived
quality of life (mini asthma quality of life questonnaire, MinlAQLQ
[26]). The demographics and clinical parameters of the subjects in the
different groups are displayed in Table 1. The data acquisition was

Table 1

Demographics and clinical features of the subjects classified bassd on their
asthma control. The values are displayed as median [25th, 75th percentiles] for
the continuous varialdes {* indicates p < 0.05. BMI: body mass index, Eos:
edinophilia, Inflam: airway inflammation. )

Ciontrolled Unconerolled
N(#) 19 11
SOLEH 481,00
Age years) [9.50, 56.50] [42.75, 63.25]
Sex (Male/Female) 118 29"
. 280 30060
BMI (kg/m) [£3.85, 27.75] [25.25, 33.50]
Atopy (Yes/No) 163 B3
1.0 2007
FEV: (liters) [2.a0, 3.63) [1.72, 239]
S &7.00"
FEV1 (9] [84.25, 9650 [57.50, 91.25]
. A 56, 00"
FEVL/FVC (%) [ 6550, Te00] [50.75, 74.00]
27 0 41.50
FeNO (ppb) [:30.75, 34_50] (225, 57 0]
2400 18,007
AcT [21.00, 25.00] [14.50, 14%.00]
660 5307
ne [E.40, &.80] [3.43, 5.45]
Feripheral Eas (Yes/ o) 7z BS
— 13100 204,00
L5k (Ul/ml) [59.50, 2061, 00] [28.83, 478.75]
Inflam (¥es Mol 415 278
BE0.00 S50
Cartisol {pg/ml}

[522.50, 121250] (491 30, 1670.00]
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performed in accordance with the Declaration of Helsinki, being
approved by the Ethic Committee of Clinical Investigation of the Santa
Cren i Sant Pan Hospital (NCTO2836691, Barcelona, Spain). All the
subjects provided a signed written informed consent prior to their in-
clusion in the study, and none of them presented cardiac, neurological or
endocrine disease, nor other obstructive disease different from asthma at
the time of the study.

2.2 Signal preprocessing

Baseline wander were estimated from the ECG signals using low-pass
(3rd order Butterworth filter with 0.5 Hz cut-off frequency) forward-
backward filtering, to have zero-phase response in order to preserve
the morphology of the signal. Baseline was further subtracted from the
original signals.

Afterwards, the wavelet-based approach described by Martinez et al.
[27] was applied for the R-peaks detection, and ectopic and misdetected
beats correction was performed according to the method proposed by
Mareo and Leguna [25] (the number of corrected beats represented a
0.13% of the total number of beats).

Regarding the respiratory effort signals, they were band-pass filtered
(3rd order Butterworth filter with 0L05-1 Hz cut-off frequencies) in
arder to discard the baseline and those components that are not expected
to be related with respiration. Forward-backward filtering was
employed as for the ECG signals.

The respiratory effort signals were downsampled at 4 Hz

2.3. Time-domain HRV analysis

Mean and standard deviation of the normal-to-normal (MM} intervals
(NN and SDNM, respectively), standard deviation and root mean square
of the successive differences (SDSD and RMSSD, respectively), and the
percentaje of NM intervals greater than 50 ms (pNNS0), were computed
from the RR interval series following ectopic correction (Table 2), ac-
cording to the Task Force [29]. The analysis was performed in 5-min
windows, with 4-min overlap, and each subject was characterized by
the median value of each parameter in the resulting six time windows.

Table 2

Definition of the considerad time-domain HRV parameters. In the able, & rep-
regents the time occurrence of the kth beat, following ectopic correction, and £
accounts for the total mumber of beats. More information regarding the indexes
on this table can be found at [29].

Farameter Defindtion

NM:normal-to-nomaal intervals.
RR: mean of NN intervals.

NM{k] =& -y
1
W-Izm-rul

SOMN: siandand devlation of BN intervals. _ %Elh'.‘llkl TR

S0k sucoessive differences.
SDSEx standard deviation of successive differences.

SIME) = MMk} - NNk - 1)

1
smn-_E sok) - ET)*
“I L] I

EMESD: root mean square of successive
differences.

PHNSE percentage of NN intervals greater than
50 ms.

PHNSD = 100 =
¥ NN = S0ms
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2.4, Frequency-domain HRV analysis

ANS modulation was estimated by means of the modulating signal,
m(r], using a method based on the time-varying integral pulse frequency
modulation (TVIPEM) [20]. Such model relates autonomic modulation
to instantaneous HR, where the presence of ectopic beats [30] is
assumed to be accounted for, before the model is used. The model is
expressed as:

=1+ mir)
J.':_J|IL Tr]d" (1)

being k and & the index and occurrence tfime of the kth beat, respec-

tively, and T{r) a term accounting for the time-varying mean heart

pericd. In Eq. (1), the term:

L imin) 1 i)
T T T

dyglt) = (2]
accounts for the instantaneous HR, and is composed by two terms: the
HRV signal, m(t)/ Tir), and the time-varying mean HR, 1,T(r). Under the
Assumpiion that the variations in mean HR are much slower than the
variations in HRV, the latter term can be easily obtained by low-pass
filtering dyy(f) derived from the QRS detection marks. Defining the
resulting compaonents as daesa(f] = 1,/T(t), and then mif] can be esti-
mated as:
; ey (1] — i (1)

mt) = W 3
Finally, an evenly-sampled discrete-time version of the modulating
signal, m{n}, was obtained by resampling m(t) at 4 Hz. For simplicity,
min] can be also expressed in vector notation as m=
[mi0), mi1). ... m{N— 1]:" (being N the total number of samples in the
10-min recordings).

An a prioni analysis of the respiratory rate revealbed that it was lower
than or just abowve 0.15 Hz in a 13% of the subjects. In frequency-domain
HRV analysis, the lower limit of the high frequency (HF) band (which is
assumed to be related to vagal activity) has been traditionally set at
0.15 Hz [29]. However, in those cases in which the main components of
the respiratory modulation of the HR fall below this limit, there is an
overestimation of the low-frequency (LF, related to both sympathetic
and vagal activity [29]) and an underestimation of the HF contributions
of HRV. Moreover, the power content in the HF band is assumed to
quantify the respiratory modulation of the HR, so that the interpretation
of the frequency compoments within this band, when the respiratory
contribution lays outside it, remains an open debate [31]. Therefore,
several authors have developed methodologies for the decomposition of
the HRV signals into respiratory-related and -unrelated components
irrespective of their frequency band. As a result, the frequency-domain
HRV analysis can be applied even in the presence of low respiratory
rates [32]. Im this work, an orthogonal subsparce decomposition (0SF)
approach was employed [33]. Essentially, it consists in projecting the
HRV signal onto a subspace defined by respiration. For this purpose, an
orthogonal projection matrix, P, is defined as:

P=X[XTX) N, (4

where X iz a matrix whose columns are one sample incremental delayed
versions of the respiratory effort signal, x.(n), up to 2 seconds [33]:
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(0] x(1) - - 1])
K= (1] x(X) (L) (5
LN-D—1) 5N-D) — xN-1)

where N is the total number of samples in the 10-min recordings and D is
A 2-5 delay.

Then, the respiratory-related and -unrelated components of m (m,
and m,. respoectively) com be obtained e

m, = Pm,
M- = M — M.

8]

The estimated spectra of both components, 5.(F) and 5. (F), were
calculated in 5-min windows with 4-min overlap, using the Welch's
pericdogram (50 s windows, 50% overlap). An example of an spectrum
before and after the O5SP decomposition is displayed in Fig. 1. After-
wards, the non-respiratory related HRV power, P'Y, and the respiratory-
related power, P, were obtained as:

w = [

2:': N 7
b= f ,(F)dF.

s

where HR represents the mean HR expressed in Hz Finally, the ratio
5B, = PP, was calculated as an unconstrained measurement of the
sympathovagal balance [33], whereas the total power (TP) was
computed as the power of m{n) within the [0.04, 0.4] Hz band [ 29]:

+
™= f' T (F)dE. (8)
0is

25 Soatisticol analysis

The temporal median of all the ime and frequency domain HRV
parameters was obtained for each subject. Mormality of the data was
assessed using & Kolmogorov-Smirnov test, so that two-sample -tests
were applied in order to assess the differences between groups. The
statistical significance threshold was set to p = 0.05. Those features

al 4
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showing statistical differences among groups were tested in several
machine learning algorithms, in order to explore their potential to
stratify the patients in controlled and uncontrolled asthma. The feature
selection and classification approaches used for this purpose are
described below.

2.6, Automatic strafification

First, feature importance was computed with the out-of-bag
permuted predictor importance algorithm [34], using a random forest
with 400 decision trees. After training each tree using a random subset
of patients (bagging), feature importance was computed as follows:

1. Foreach treei, i = 1,.._1, estimate the out-of-bag error « {prediction
error in the out-of-bag examples, i_e., the data which was not used for
training the tree i).

2. For each predictor variable &, randomly permute the observations of
i, and estimate A new out-of-bag error, e, using the permuted ob-
servations, Subindex j indicates permutaton of the jth predictor
variable.

3. Compute the error difference as d; = «; — ¢,

4. For each predictor variable, compute the mean and standard devia-
tion (d, and &) of the differences d,,.

5. Finally, obtain the out-of-bag permuted predictor importance for
each & asd, /o,

Those features with an almost negligible importance (< 0.025) were
discarded, and the remaining were considered as candidates for building
A classification model. When two features were highly correlated
(Pearson correlation coefficient higher than 0.75) the one with lower
feature importance was discarded. Six different approaches were tested,
namely logistic regression (LR], k nearest neighbors (KNN) and support
vertor machines (SVM], the latter with four different kernels: linear,
quadratic, cubic and radial basis function (RBF). For each of the six types
of classifiers, feature selection was addressed using a greedy forward
algorithm, maximizing the F1 score of the minority class, since the
groups are unbalanced. This feature selection process is dependent on
the classifier type, and only the relevant features selected in the previous
step were considered. In order to avoid overfitting, leave-one-patient-

b) :

08
D&

07

i} LR 02 0.3 04 0 [iR] 0z 0.3 0.4

Freguency (Hz)

Frequency (Hz)

Fig. 1. (a) Mormalized power spectral dengity of the modulating signal (blue) and the respicstory effort (pink) in & S-min segment. Note that the respicatory activity
Lays below 0U15 He (black dashed line). (b) Orthogonal subspace projection was applied o separate the respiratory-related (green) and -unrelsted (red) companents

off the modulsting sigral.
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out cross-validation was combined with bootstrapping [35], following
Table 3

the methodology in [36], as depicted in Fig. 2 (K = 10,000 was
employed, being K. the number of folds used in the bootstrapping,
which is different from the number of folds of the leave-one-patient-out
cross-validation). Also the maximum number of features was restricted
to the square root of the number of subjects in the minority group (i.e., to
3). Afterwards, the leave-one-patient-out cross-validation and boot-
strapping were repeated for constructing a model and testing the per-
formance of the features selected for each classifier (with K. = 100 in
this casel

This process was repeated considering the clinical and the HRV
features separately, so that the performance of both approaches can be
compared. Additionally, we also considered the possibility that the ANS
information represents an added value to the clinical routine, so that we
repeated the classification process a third time, combining both sets of
features.

2. 7. Hyperparameter selection

Given the reduced number of subjects and the preliminary namre of
the current study, no fine hyper-parameter tunning was addressed. The
number of employed decision trees for feamure relevance determination,
as well as the Pearson correlation and the feature relevance thresholds
were adjusted empirically. For the LR classifier, the conventional bogit
cost function was employed. Euclidean distance was used as the distance
metric fior the kNN algorithm, whereas the number of neighbors was set
to 7 (this value was set empirically, as it provided the best classification
performance). No regularization was applied in any of the cases, since
overfitting reduction was addressed through the cross-validation/
bootstrapping strategy described in the previous section, and also by
limiting the number of features to the square root of the number of
subjects in the smallest group [36]. Finally, regarding the selected
valuwes for Ky And K., the former was selected to be much larger than
the later (K, was selected as 1% of K, ), in order to ensure a large
variety of training examples.

3. Results

Decreased SDNM, SDSD, RMSSD, pMMS0, TP, P and P, were

Median [25th, 75th percentiles] of the parameters that were significantly
different among groups (* indicates p < 0.05).

Controdied Uncontrolled
SDNN . a00m
{ms) [26.13, 50.58] [20.92, 27.41]
) 18,85 13,94
S0SD (ms) [14.33, 31.51] [10.29, 15.64]
18,83 13,92
RMEST) (ms) [14.32, 31.47] [10.28, 15.61]
oL oL00”
PRINS (%) [0.42, 10.30) [0.00, 055]
4 1365 405"
TP (A« 107 [5.27, 22.54) (281, 573]
a1 202
P i w107
A ! [2.58, 5.94] [1.55, 323]
P (o = 10 2? Zo6 o
[1.11, 6.79] [0.27, 1.70]

assessed in the uncontrolled with respect to controlled asthmatics. These
results are displayed in Table 3.

The performance of the different classification approaches is shown
im Table 4. Best performance, as measured by F1 score, was achieved
when using the LR classifier, in the case of considering the clinical
features (F1 =0.75), and with the kNN classifier when using HRV fea-
tures (F1=0.61). In both cases, the accuracy achieved with the HRV
features was similar to that of the clinical ones (70% vs. 80% with the LR
classifier, and 68.33% vs. 70% with the kNN classifier). On the other
hand, the HRV features represented an added value in the kNN and SVM
(cubic kernel) classifiers, as reflected by the increased performance with
respect to using only clinical features.

Regarding the feature selection, FEV, FEV) « and IgE were the most
frequently selected clinical features (IZE was closely followed by FeNO),
whilst SDNN, PF and P, were the most relevant HRV features (see
Tahle 5).
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Table 4
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Median [X5eh, 75th percentiles] of the accuracy, sensitivity, specificity and F1 score abtained for each type of clasifier when the subjects were classfied based on their
degres of asthma contral. The sensitivity, specificity and F1 score were computed congidering the uncontrolled asthma groop as the positive cliss. The results
correspond 1o the case of employing clinical features, HRY features, or a combination of both

Senx (36)

Spec. (%)

F1

Aoc. (%)
lin BOLOD [Th.G67, B3.33)
LE HREV TO.00 [63.33, 73]
Al BOLOO [Th.G6T, B3.33)
lin TO00 [G6.67, TLIZ)
NN HEV B33 [B3.33, 73.33]
Al 7333 [70.00, Te.6T]
lin E0.00 [T6.467, B3.33]
SWM (linear kernel) HREV 5500 [B0.00, FOU00]
Al E0.00 [T6.467, B3.33]
lin BOL00 [Th6T, B3.33)
S%M (quadratic kernel) HEV £3.33 [B0.00, 70.00)
Al BOL00 [Th6T, B3.33)
lin BT [53.93, 7393
S%M [rubic kernel) HREV 63,33 [50.00, 7OU00)
Al TEAT [TA.33, BO.0O]
lin BOL00 [73.33, B3.33)
SWM [RBF kernel) HRV BT [B3.33, 7333])
Al BOOO [73.33, B3.33]

TLTA [TL73, 81.82]
54,55 [54.55, GA.04)
TLTA [TL73, 81.82]

54.55 [54.55, 63.04)
63,64 [54.55, 7273
TL73 (6364, 81.82]

it [b3b4, TLTI]
54.55 [45.45, 53 64)
it [b3b4, TLTI]

bied [54.55, b3ed]
54.55 [45.45, 63.04)
bied [54.55, b3ed]

54.55 [45.45, &3.04)
54.55 [45.45, GA.04)
Gibd [54.55, 7273

54.55 [54.55, haued]
54.55 [45.45, 6304]
54.55 [54.55, b3.od]

B4.21 [TH.9G, H9.47]
7.8 [68.42, 78.95)
84.21 [TH.95, H9.47]

TH9S [F3.58, B4
GH.42 [B8.42, T08]
73.68 [BA.AZ, TH.95]

#9.47 [B4.21, 94.74]
TA.6Y (G842, TH95)
#9.47 [B4.21, 94.74]

H9.47 [B9.47,94.74]
G842 (G316, TA.0E)
H9.47 [B9.47,94.74]

TH.95 [F3.88, TH95)
68,42 (68,42, 7T3.068)
89.47 [B4.21, 89.47]

H9.47 [B4.21, 94.74]
TH.9G [TA.68, THY5]
#9.47 [Bd.21, 94.74]

0.75 [0.70, 0.78]
0.57 [0.52, 0.64]
0.75 [0.70, 0.78]

060 (052, 0.67]
Ll [OU55, 0.67]
0.67 [0uel, 0.72]

0.70 [0.67, 0.74]
0.52 [0.43, 0.61]
0.70 [0.67, 0.74]

070 (B2, 0.74]
.55 (048, 0.61]
070 (B2, 0.74]

.55 [0L45, 0.64]
0.51 [0.48, 0.60]
0.67 [0uB0, 0.73]

067 [0uB0, 0.71]
0.55 [0L45, 0.64]
0.67 [0ued, 0.71]

Bold values indicates the best performing approach in each case.

Table 5

Features selscted for each type of clasifier, when congidering the clinical ar
HREY features separately, and when combining bath. The criterion for featurne
selection was to maximize the F1 score of the uncontrolled group.

Salpcied fearures

Clinical { FEV;, FeNO, IgE}
LE HEV {SDNN, PF}

All {FEV,, FeNO, IgE}

Clinical {FEV3, FEW w}
kNN HEV {sonm, FF )

All {5050, B, FEV,}

Clinical {FEV,, FEV &, IZE}
SVM (linear kerned) HRY {sonN, B B Y

All {FEV,, FEV, . IgE}

linical {FEV1, FEV m. IZE}
5WM [quadratic kernel) HRV {S0NM, FF )

All {FEV,, FEV, .. IZE}

linkcal {FEV =}
5WM (rubic kernel) HEV {SDNM, FLF}

All {SLINM, FEV) s, Feli0}

Clinical {FEV,, FEV, .. IgE}
SYM (FBE kernel) HEV {sonm, FFy

All {FEV,, FEV 5, IgE}

4. Discussion

ANS iz acknowledged as a modulator of lower airway inflammation
[15] and contral [13,14]. Therefore, the altered autonomic activity
[16-21] and respiratory dynamics [37-39] observed in asthmatics and
subjects with lower airway obstruction suggest that ANS dysfunction
might play an important robe in the pathogenesis of asthma_ In this work,
we evaluated the capability of ANS assessment for stratifying asthmatic
subjects attending to their degree of asthma control, in comparison with
the wse of clinical features. ANS was assesced from time- and
frequency-domain HRV analyses. A preliminary inspection of the res-
piratory rate revealed that it was lower than or very close to 0.15Hz in
some subjects, which remains the lower limit of the HF band tradi-
tionally employed in frequency-domain HEV analysis [29]. For this

reason, the HRV signals were decomposed in their respiratory-related
and -unrelated components, so that frequency-domain analysis is still
suitable. The O5P algorithm was used for this decomposition, given its
performance in previous works [33]. Although it is a linear method
which does not consider some nonlinearities that may be relevant [ 53],
it shows to be sufficient for this particular application.

Regarding the results displayed in Table 3, a reduction in the sym-
pathetic {P';,F‘,l and wagal (SDED, RMSSD, pNN50 and P, ) components of
HREV, as well as in the total HREV {SDNN, TF), were obtained in the un-
controlled asthma with respect to the controlled asthma group, in
concordance with previous studies by Lugfi [22, 23], However, whereas
Lutfi reported increased vagal dominance in controlled asthmatics, we
did not find a similar tendency. This might be explained by methodo-
logical and demographic differences with respect to the work by Lugfi.
First, no respiratory information is reported in [ 22 23], so that increased
vagal dominance in controlled with respect to uncontrolled asthmatics
might be due to differences in respiratory rate among groups. Addi-
tionally, uncontrolled asthmatics in [22 23] present a much severer
condition than in our case, as indicated by their lower FEV) s and ACT
SCOTES.

The physiological interpretation of reduced HRY in uncontrolled
asthma is not straightforward. Hampered autonomic control could affect
catecholamine circulation, which is thought to play a protective role in
asthma [15.40], as suggested by broncho-constriction following
fblockade which is not seen in non-asthmatics [15]. On the other hand,
previous studies have related increased vagal dominance in response to
autonomic challenge or during sleep with asthma severity [16-21].
Therefore, it is possible that asthmatic subjects with & worse prognosis
present & decreased autonomic control during rest, but their vagal
pathways respond exaggeratedly to certain stimuli, yielding to the
hyper-responsiveness characteristic of asthma [41].

As reflected in Table 1, the uncontrolled asthma group was
composed by a lower relative number of males than the controlled
group. Whereas males usually present increased sympathetic and
decreased vagal tone than females [42], we assessed lower P, in the
uncontrolled asthma group, suggesting that the differences in ANS ac-
tivity between controlled and uncontrolled asthmatics may be due to
other causes than sex. Since the age range was very similar among
groups, the reductions in the cardiorespiratory interactions due to aging
were not considered here.
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Given the existing differences in HRV among groups, we tested the
capability of several types of classifiers to correctly classify the patients
hased on their asthma control. The feature selecton process described
above was repeated twice: once using only the clinical features and
another using only ANS-derived features. As reflected in Table 4, similar
performance was achieved when employing clinical and HRV features in
several classifiers, although the F1 score was generally higher in the
former approach. In the case of using only HRV features, best perfor-
mance was achieved with the LR and kNN classifiers. In both cases, the
Accuracy was around 70%, which is the same than that of the ACT in
patients who are new to the follow-up of an asthma specialist [5], and
similar to that reported for ACT when it was first introduced [43]. As
reflected in Table 5, the mast selected HRV features independently of the
classifier type were SDNN, P';_F and P,, thus suggesting that not only the
total HRV, but also the independent linear contribution of the sympa-
thetic and the vagal branches of the ANS are important for patient
stratification. Regarding the clinical features, FEV,, FEV, . were the
mast selected, followed by I2E levels. This can be explained by the fact
that, in spite of a consistent decrease in FEV,/FVC and an increase in
FeNO and IgE with poor symptoms control (see Table 1), the only
clinical parameters that were able to distinguish between the degree of
symptomatology control were the FEV, and FEV, o, (and the ACT and
the MiniAQLQ questonnaires, which remain the gold standards in this
classification criterion). Although absence of statistical differences in
the other clinical features might be explained by sample size, airway
function appears as the most relevant characteristic of the considered
population.

Additionally, we considered the combination of clinical and HRV
features in A single classification scheme, in order to explore the possible
added value of the latter. The combination of clinical and HRV features
outperformed the case when only clinical features were used for some of
the tested classifiers. As reflected in Table 4, best performance was
achiswved with the VM with cubic kernal, so it is possible that the
complex interactions among the clinical and the HRV features cannot be
properly exploited with lower order approaches.

The use of ANS-derived information has some desirable properties.
First, it is very noninvasive in nature, and can be acquired in a contin-
uous manner and using a less cumbersome equipment, without requiring
A visit to the hospital or trained personnel. Hence, it could represent a
potential contribution for the improvement of asthma self-monitoring
using wearable devices and/or mobile applications. Moreover, a
continwous assessment of autonomic activity could shed some light on
the physiological mechanisms underlying a worsening of asthma con-
trol. Actually, and as described above, a large number of studies have
addressed the potential of ANS assessment for the characterization of
asthma severity [16-21] or control [22 23], Nevertheless, none of these
studies have addressed the potential added walue of the proposed
methodologies in comparison or combined with the most commonly
used clinical features, which is addressed in this work. Interestingly,
some of the aforementioned studies employ autonomic challenge to
emphasize ANS reactivity. In this work basal conditions were consid-
ered, although the use of autonomic tests deserves to be considered.

Another group of studies have focused on the analysis of respiratory
activity or respiratory sounds [11,12] or respiratory activity [10]. The
methodologies proposed on those studies present a very good perfor-
mance in stratifying asthmatic subjects, although they also present some
limitations. Whereas the use of respiratory sounds could present some
limitations in the characterization of the level of asthma control (due to
characteristic variable airway obstruction in ashima [1.2]) the reliable
assessment of respiratory activity usually requires cumbersome equip-
ment or trained personnel. In contrast, the assessment of HRV can be
performed by means of a chest-band, or even a smartwatch.

There are some limitations that should be considered when inter-
preting the results of this work. First, and given the preliminary nature
of this study, the dataset is composed by a small number of subjects, and
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it is imbalanced regarding patient classification. These limitations pre-
vent from dividing the subjects in the traditonal training, cross-
validation, and test sets, since this would only amplify the problem. In
order to reduce the impact of the low amount of data, we adopted the
classification approach presented in [34], consisting of a combination of
leave-one-patient-out  cross-validation and boostrapping. With this
methodology, the performance for each subject was tested in several
different types of classifiers that had been trained with different subsets
of the original dataset, so that the median performance of all the clas-
sifiers can be regarded as a much more robust measurement than if only
leave-one-patient-out cross-validation was applied. The reduced number
of subjects in the minority class also limited the maximum number of
features to be considered in the classifiers, in order to minimize
owver-fitting. Additionally, the ANS-derived features were extracted from
only 10min of ECG and respiratory effort recordings, so that they
represent the instantaneous ANS stamus of each subject, and not an
average ANS condition. However, the subjects were requested to remain
seated and without talking for some minutes prior to biosignals acqui-
sition, s0 that the most possible hasal state was considered. On the
contrary, the use of 10-min recordings also constitutes a strength of this
study, since it represents a low time-consuming test which, given its
noninvasive nature, could eventually be realized without needing to
attend to the clinic, being wseful for self-monitoring. Nonetheless,
evaluation in larger datasets is required, and the assessment of the
Autonomic response of the subjects to different autonomic tests would
probably contribute to improve the classification performance. The use
of HRV for ANS assessment has received some criticism concerning the
physiological contribution to the commaonly employed frequency bands
[44]. In this work, the use of OSP decomposition ensures that the fre-
quency components contributing to P';_F are unrelated to respiratory
activity, likely having its origin in sympathetic modulation. Neverthe-
less, the use of HRV analysis is widely extended in the literature, and has
hesn nften ennsiderad for the eealiation of automnmic activity in scth-
matics [16-21,23 22]. In what concerns the assessment of peripheral
eosinophilia and inflammation, it was based on predefined thresholds
for which there is still no consensus.

5. Conclusion

In conclusion, noninvasive ANS assessment has been presented as a
potential tool for asthma control stratification. The univariate analysis
of the ANS-derived features revealed a reduced HRV in uncontrolled
with respect to controlled asthmatics. Using this autonomic informaton
in the stratification of the patients resulted in a similar performance than
using only clinical features in various of the tested approaches, and also
in an equal performance than the widely employed asthma contral tests.
Additionally, the combination of HRV and clinical features out-
performed the use of clinical features alone in some cases. Therefore,
AMNS assessment through noninvasive cardiorespiratory signals analysis
could represent an added value for the monitoring of asthma patients
outside the clinic and using a less specific equipment, being useful for
self-management.
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ARTICLE INFO ABSTRACT

Articke fistory: Background: Patients with severe asthma often have uncontrolled disease and experience mood disorders, par-
Received for publication January 23, 2024. ticularly anxiety and depression. The autonomic nervous system {ANS) plays an important role in asthma, mainly
Received in revised form July 4, 2024, through the parasympathetic ANS system (PANS), which favors bronchoconstriction and mental health status.
Accepted for publication july 22,2024 Objective: To evaluate the role of the activation of the PANS in uncontrolled asthma and related mood disorders.

Methods: This was a proof-of-concept cross-sectional study that analyzed demographic and clinical vanables
reflecting asthma severity and control, lung function, inflammation (from induced sputum), evaluation of quality
of life, and the risk for anxiety and depression according to validated questionnaires. The PANS analysis was con-
ducted based on heart rate variability: SD of the difference between consecutive normal-to-normal (NN) inter-
vals (SDNN), root mean square of the successive differences (RMSSD), percentage of consecutive NN intervals
(pNNSO0), total power (TP), and respiratory-related power (Pr).
Results: A total of 30 patients with asthma were grouped according to asthma control and the risk for anxiety
and depression; 10 patients with uncontrolled asthma compared with the patients with controlled asthma
showed significant differences (P < .05) in SDNN (26.5 [8.2] vs 42.7 [29.7]), RMSSD (14.1 [6.5] vs 24 |20]), pNN5O
(0.6[1.5] vs 6.2 [11.8]), TP (0.0005 [0.00046] vs 0.0014 [0.00085]), and Pr (0.0003 [0.00025] vs 0.0007 [0.00060])
respectively. A total of 13 patients at risk for anxiety and depression compared with the patients without showed
reduced values (P < .05) for SDNN (265 [7.9] vs 45.6 [31.3]), pNN50 (0.75 [1.4] to 7.12 [12.6]), TP (0.0005
[0.00048] to 0.0012 [0.0008]), and Pr {0.0003 [0.00027] to 0.0008 [0.00062]).
Conclusion: Our results suggest that PANS activity is depressed in patients with uncontrolled asthma and com-
mon mood diserders such as depression and anxiety, and the evaluation of heart rate variability may be a useful
means for follow-up of asthma control and related mood disorders.

© 2024 American College of Allergy, Asthma & immunology. Published by Elsevier Inc. All rights are reserved,

including those for text and data mining, Al training, and similar technologies.

Introduction exhaled nitric oxide and induced sputum.® However, bronchocon-
striction is not always mediated by bronchial inflammation, as evi-
denced by a significant proportion of patients with asthma (40%) in
whom bronchial inflammation is not detected.”” However, it is sus-
pected that bronchoconstriction may be caused by strictly airway
diameter-related mechanical mechanisms induced by nerve stimula-
tion (the cholinergic reflex).” This complex interaction between
inflammation and neuronal airway control, with effects on inflamma-
tory mediators in neurotransmitters, modulates the inflammatory
response (hypersecretion, edema, and the release of pro-inflamma-
tory mediators such as mast cells)’ by activating the cholinergic
reflex.*

The important role played by the autonomic nervous system
(ANS) in asthma pathophysiology and symptomatology has long
been known.' In addition to regulating important airway functions,
such as bronchial smooth muscle tone, secretions, blood flow, and
microvascular permeability, the ANS also intervenes in the migration
and release of inflammatory mediators.” ~ Inflammatory phenotypes
in asthma can usually be distinguished based on the presence of eosi-
nophils or neutrophils, using non-invasive procedures such as

Address correspandence to: Lorena Soto-Retes, MD, Pneumology and Allergy Depart-
ment, Hospital de la Santa Crew i Sant Pau and Department of Medicine, 08025 Sant
Antoni Maria Claret 167, Barcelona, Spain. E-mail: boto@santpaucat,

hetps:/idoiorg/10.1016/3.anai.2024.07 022
1081-1206/0 2024 American College of Allergy, Asthma & k logy. Published by Elsevier Inc. All rights are reserved, including those for text and data mining, Al training, and
similar technologies.
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Evidence-based literature refers specifically to mental and emo-
tional health in people with severe asthma."” Anxiety and depression
are 1.5 to 2.4 times more common in people with asthma than in
people without asthma,'"' and the impact is even greater in people
with severe or uncontrolled asthma.'*'* Anxiety and depression,
which often occur together, affect a person’s ability to function and
are associated with various behavioral, cognitive, and physiological
changes.'® There is growing awareness of the shared relationship
between mental health and asthma course, as both interact directly
with the pathogenic mechanisms of the respiratory tract and affect
the appearance and evolution of asthma."®'* Although the relation-
ship is not fully understood, anxiety and depression can negatively
affect the asthma course, which could be related to the overlap in
autonomic mechanisms that appear to play a role in asthma and are
also involved in the activation and regulation of the physiological
response to emotional disorders related to asthma.'™=""

Decreased heart rate variability (HRV), a neurobiologic marker of
the ANMS, is associated with a varety of negative physical and psycho-
logical outcomes.'® Given that individuals with asthma tend to have
a dysregulated heart rate compared with individuals without asthma,
some authors suggest that autonomic control of airway caliber in
asthma may be accompanied by a change in heart rhythm, suggesting
altered activity of the parasympathetic ANS [PANS).' " In fact, var-
iations in PANS activity and HRV have been observed in children
with asthma and allergy, with the baseline parasympathetic tone
associated with altered HEV. ™

Mood disorders, including depression and anxiety, are prevalent
psychiatric disorders and common comorbidities in people with
asthma,"” and their impact on psychophysiological markers of health
and wellbeing, such as HRV, has been documented.”” The mechanism
underlying the relationship between physical and mental health
may, in part, be related to impaired vagus nerve activity, leading to
dysregulation of inflammatory processes. ™

Mon-invasive PANS are evaluated via HRY according to measure-
ment, physiological interpretation, and clinical use standards as
described in guidelines of the working group of the European and
American Socety of Cardiology and Electrophysiology, which recom-
mends measuring HRY with the electrocardiogram (ECG) as a means
for non-invasively evaluating the PANS.'®

Because publications are few and yield different results, we aimed
to comprehensively evaluate the role played by activation of
the PANS in uncontrolled asthma and related mwood disorders
(specifically anxiety and depression). We hypothesized that ANS dys-
regulation, particularly PANS dysregulation, plays a role in both
uncontrolled asthma and mood disorders. Although studies have
evaluated the association of both disorders separately, to our knowl-
edge, no study has comprehensively related whether greater anxiety
and depression lead to worse asthma control or vice versa objectively
by analyzing the PANS.

Methods
Study Population

A proof-of-concept eross-sectional study was conducted to assess
the PANS in relation to uncontrolled asthma, anxiety, and depression.

A total of 42 patients diagnosed with asthma were recruited from
the pneumology and allergy outpatient clinic at the Hospital Santa
Creu i Sant Pau (Barcelona, Spain). However, 12 declined to partici-
pate, and 30 agreed to be included. All 30 patients complied with the
inclusion and exclusion crteria. Inclusion critena were as follows:
age > 18 years and an asthma diagnosis based on Spanish Asthma
Guidelines™ and Global Initiative for Asthma eriteria*® Exclusion cri-
teria were as follows: upper respiratory tract infection or asthma
exacerbation within the previous 4 weeks, concomitant respiratory
disease [bronchiectasis, fbrosis, etc), amnd any other major

comorbidity {according to investigator criteria), such as diabetes, psy-
chiatric or neurclogical disease, and systemic inflammatory or immu-
nodogic disease.

The research complied with the principles of the Declaration of
Helsinki {18th World Medical Assembly, 1964) and was approved by
the Hospital Santa Creu i Sant Pau Hospital Clinical Research Ethics
Committee (NTCO2836691 ),

Clinical Assessment

Patients were informed about the purposes of the study and
signed their informed consent before inclusion. The 30 patients
meeting the inclusion criteria attended a single visit for ECG mea-
surement of HRV. All asthma medications could be used, but short
acting B2 agonist (SABA) use had to be avoided at least 6 hours
before. Patients completed specific asthma and anxiety-depression
questionnaires, and demographic and clinical data collected included
data on asthma severity, asthma control, lung function, inflammatory
cells in induced sputum, and mental and emotional health (specifi-
cally depression and anxiety).

Heart Rate Variability Measurement

The HREV analysis has been widely used for non-invasive ANS
characterization.'” Traditionally, a distinction has been made
between analysis in the time and frequency domains, each with
advantages and disadvantages. In this study, both domain types were
considered.”” Measurements were conducted with participants
seated and motionless; they were asked to breathe naturally and
avoid talking during recording, and after a 2-minute stabilization
period, they were recorded for 10 minutes. Time-domain analysis
was based on calculating different statistics from the HRV signal,
which, in our study, were the following: the normal-to-normal [NN)
interval; the time between consecutive beats (a measure of the aver-
age heart rate); SD of the difference between consecutive NN inter-
vals [SDNM; a global measure of HREV); root mean square of
successive differences (RMS5D; a measure of short-term variability
reflecting parasympathetic regulation); and the percentage of conse-
cutive NN intervals that differ by more than 50 milliseconds {ms)
(pMN5D; a widely used HRV measure). '™

The resting HRV spectrum is characterized by 2 main compo-
nents: a high-frequency (HF) component in the 0,15 to 0.4 Hz band,
and a low-frequency (LF) component in the 004 to 0,15 Hz band.
Although the HF band has been related to parasympathetic activity,
the LF band has been related to both sympathetic and parasympa-
thetic activity, so the power in each of the bands is related to different
ANS branches. The following parameters were considered: LF power
(PLF), HF power, and total power (TP); that is, LF power, related to
both sympathetic and parasympathetic activity, HF power, mainly
related to parasympathetic activity, and TP (ie, PLF and HF power
summed ), respectively.” "

In the frequency domain, when the respiratory rate (RR) is low,
HRY analysis is compromised. This is because the information con-
tained in the HF band 1= mainly related to respiration, o if the RR s
so low as to be contained within the limits of the LF band, the HF
band ends up empty, and consequently, physiological interpretation
according to traditional measures is not feasible. One way to over-
come this problem is to use orthogonal sub-space projection,” which
combines respiratory signal and HRV information and separates the
HRV part due to respiration from that due to other effects. From this
decomposition, we obtained the following indices: non-respiratory-
related HRV power (PLFnr) and respiratory-related HRV power (Pr. )

Generated through the ECG, those signals distinguish between the
influence of the sympathetic ANS and the PANS.'® This method, pre-
viously developed and studied by our team, has been adapted to
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patients with asthma using 12 leads, a respiratory band, and a pulse
oximeter. Encephalan-EEGR-19/26 (Medicom MTD Lid, Bussia) soft-
ware was used for recording over 10 minutes and registration.”*

Clinical Varighles, Atopic Status, Lung Function, and Inflammatory Tests

Collected data were as follows: demographic and anthropometric
data; smoking status; forced expiratory volume in the first second
(FEV) and forced vital capacity (FVCL ™" asthma severity (according
to the Spanish Asthma Guidelines™® and the Global Initiative for
Asthma™): and fraction of exhaled nitric oxide (FeNO) (chemilumi-
nescence sensor SIR System NGODS, SIR, Madrid, Spain).*'~** Atopic
status was determined using skin prick tests for common aeroaller-
gens such as dust mites, grass pollen, animal dander, and common
fungi (Leti Pharma, Madrid, Spain). ™ with positivity defined as the
presence of at least 1 weal more than or equal to 3 mm.

Induced Sputum

Cell count was analyzed by microscopy following the method
described by Belda et al** and Pin et al.*° Patients were dassified by
bronchial inflammatory phenotype according to European Respira-
tory Society recommendations, as follows: paucigranulocytic {(eosino-
phils = 3%, neutrophils = G65%), neutrophilic (eosinophils < 3%,
neutrophils = 65%), eosinophilic (eosinophils = 3%, neutrophils <
65%), and mixed (eosinophils = 3% neutrophils = 65%). %%

Cuestionnoires

To establish clinical asthma control level, a validated Spanish
version of the Asthma Control Test (ACT) questionnaire was
administered ” Patients completed the ACT, which comprises 5
questions o assess activity limitation, shortness of breath, night-
time symptoms, use of rescue medication, and patient overall rat-
ing of asthma control over the previous 4 weeks. The guestions
are scored from 1 (worst) to 5 [best), and the ACT score is the
sum of the responses, giving a maximum best score of 25. An
ACT score of 19 or less is the cutoff point defining uncontrolled
asthma. To evaluate the quality of life (QoL), a validated Spanish
version of the short version of the Asthma Quality of Life Ques-
tionnaire {MiniAQLD) was administered.”™™ It includes 15 items
divided into 4 dimensions: symptoms (5 items), activity limita-
tion (4 items), emotional function (3 items), and environmental
stimuli (3 items). The 15 items are scored on a 7-point Likert
scale, with scores 1 to 7 corresponding to maximum limitation
and absence of limitation (worst and best possible Qol), respec-
tively. Finally, administered to asses anxiety-depression was the
Hospital Anxiety and Depression Scale (HADS)'™ a 14-point self-
assessment scale used to screen for clinkcally significant anxiety
and depression (7 points each). Each item is rated on a 4-point
scale: O indicating not at all; 1, sometimes; 2, often; and 3, all
the time. This gives a maximum subscale score of 21 for anxiety
and depression, respectively. We considered the HADS question-
naire because it is very simple and explores both anxiety and
depression. In the validation of the questionnaire, a score greaver
than 7 [in the 2 subscales) has been found to define anxiety or
depression.

Peripheral Blood Test

Biologic samples were collected (using BD-Vacutainer, United
Kingdom) to determine complete blood count and total 1gE by
enzyme-linked immunosorbent assay (UMICAP, Pharmacia, Uppsala,
Sweden).

Statistical Analysis

Descriptive baseline values were reported as percentages and fre-
guencies for qualitative data and as mean and 5D values for quantita-
tive data. Severity groups were compared using analysis of variance.
The non-parametric Kruskal-Wallis test was used for non-normally
distributed gquantitative variables, yielding median, minimum, and
maximum values for each group. Multivariate analysis included pos-
sible confounding and/or interaction variables. Statistical significance
was set bo 5% (o = 0.05) and SPSS (version 22.0) for Windows (SPSS,
Inc, Chicago, lllinois) was used for the statistical analysis.

Results
Demographic and Disease Characteristics

The study included 30 patients with asthma (53.3% women; mean
[SD] age, 49.4 [12.8]; BO% atopic; and 6.7% active smokers). Mast had
elevated type-2 biomarkers at baseline, and mean eosinophils and
FeMNO were 311 cells/mL and 45 parts per billion ( ppb). Baseline dem-
ographics and disease characteristics are reported in Table 1.

Asthma Control and Heart Rate Variobility

A total of 10 patients with uncontrolled asthma (ACT < 19) were
predominantly female (70%) and had overweight (mean [SD] body
mass index [BMI], 30 [4.6] vs 26 [3], P=.02), and all required combi-
nation inhalers with a long-acting 32 agonists [LABAs), long-acting
muscarinic antagonists (LAMAS), and SABAs (P < 05). Compared with
patients with controlled asthma, these 10 patients also had poorer
fung function (FEV, 1.9 L [0.4 L] vs 3 L [0.8 L]; FEV, 72% [18%] vs 92%
[8.5%]; FEV,[FVC B03% [13%] vs 69.9% [9.5%]), poorer QoL (MiniAQLQ
4.4 [1.2] vs 6.2 |0.8]), and experienced greater mood disorders (HADS
144 [7.8] vs 7.5 [9.1]) (P = 05) (Table 2). The 10 patients with uncon-
trolled asthma also had significantly lower scores for SDNN (26.5
[8.2] vs42.7 [29.7], P= 03), RMSSD (14 |6] vs 24 [20), P=_05), pNN5O0
(0.6 [1.5] vs 6.2 [11.8], P= 05), TP (0.0005 vs 0.0014, P = 02), and Pr
(0.0003 vs 0.0007, P=_01)(Table 3).

Asthima, Mood Disorders, and Heart Rate Variability

Regarding the classification according to mood disorder severity,
13 patients had borderine or clinically problematic HADS = 8
(Table 4). Compared with patients without depression-anxiety,
patients at risk for depression-anxiety predominantly had over-
weight (BML, 296 [4.8] vs 259 [2.4], P = 02). These patients needed
combination inhalers with LABA (100%) (P = .05); differences due to
LAMA and SABA use were non-significant (76.9% vs 52.9%, P = 1;
B4.6% vs 41.1%, P = 1), These patients also presented greater airway
obstruction (FEVy 22 L [0.79 L] vs 3.09 L [0.79 L), P = .001: FEV; 77.6%
[19%] vs 91.8% [6.5%), P = .02; FEV, [FVC 60% [13%] vs 71% [7%), P =
.01}, lower ACT scores (18 [3.8] ws 23 [2], P = 001), and lower Mini-
AQLQ scores (4.8 [1.3] vs 63 [0.9]. P = .002). Finally, they also had
reduced SDNN (26.5 [7.9] vs 45.6 [ 31.3], P = 04), RMSSD (13.4 [6.5] vs
26 [20], P = .05), pNN50 (075 [1.4] vs 7.12 [128], P = 05}, TP
(0.0005 vs 0.0012, P = 02), and Pr (0.0008 vs 0.0003, P = 01 (Table 5)
Only 2 patients with severe uncontrolled asthma were out of risk of
mood disorders with the following clinical features, mean (5D): age
58 (10.6), 1 male; BMI 28 (2.3); both no smoker; both required com-
bined LABA and LAMA treatment, and SABA use; FEV, 203 L (024 L});
FEV, 89% (2.5): FEV,/FVC 65% (9.5); FeNOD 100 ppb (78.5): bload eosi-
nophils 280 mm?® (84); total IgE 336 Ul/ml (132), eosinophils and
neutrophils in induced sputum 17.5% (15.5) and 63 [ 10). respectively;
ACT score 185 (005); MiniAQLQ score 4.1 (1); HADS 3 (1); SDNN and
RMSSD 168 (20.8), pNN50 0.27 (0.39), TP 00007 (0.003), and Pr
00001 (0.0007).
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Table 1
Baseline Demuographics Asthma Characteristics
Yariables All sample, n=30 Mild and moderate asthma, ne 10 Severe asthma, nw 20 P
Demographic/dinical data
- Age, mean (5D y 494 [12.8) 48 (10} 49,7014} 9
- Budly mass index, mean (S0, kgfm® 275(4) 2(27) 3002 [46) il
- Femnale (%) 533 40 &0 4
- Atopy [X) 80 ol 75 5
- Active smaker [X) &7 10 5 &
- SARA usefwk (X) &0 k1] 75 002
- Combined LABA treatment [X) - &0 100 007
- Combined LAMA treatment (X} 667 a 100 00
- Asthma contral test, mean {50 208(39) ABLn 19,70 {42} 00
- MindAQLL, mean (S0 S6({1.3) BA(02) S1{14) K
= HADS, mean (50 983 (9.2) TE(11.2) 0B (BT} |
Pulmonary function
- FEV'y,, meam (SD}, L 2.7 (0.8} 32(083) 2.4(08) K
= Refierence FEY, [X) B5.7(15) S5.6(9.7) B0.7(154) K
- FEV, [PVC (X} 66.7[11.6) T47(63) 627(11.7) n
= Fe0, mean (500, ppb 45.8 [49.1) 6.3({133) 55.6(574) |
Laboratory
- Blood ecsinophils, mean (S0} mm? 31{171) RO (959) 232 (2002F) A
- Total IgE. mean (S0, Ulfml 309(419) XR1.9(3852) 3232 (446.3) |
Induced sputum (X)
- Ensinophils 49(7) 35(46) S7(79) &
= Newtraphils 54.3(19) 56.7(213) 53.2(183) A
- Macrophages 345(19) 37.5(197) 33(194) 5
- Lymphocytes 1.4 (0.8} 12{0.74) 1.5({0uB) a

Abbreviations: FeMNO, fraction of exhaled nitric axide; FEY;, forced expiratory volume in the first second; PYC, forced vital capacity; HADS, Hospatal Anxiety and Depression Scale; LARBA,
long-acting [A2 agonist; LAMA, long-acting muscarinic antagonists; MiniACQLO, Mind Asthma Cuality of Life Guestionnaire; pph, parts per billion; SABA, short acting [32 agonists.

MOTE: Bald walues in Poolumn means are statistically different [p<005)

Discussion

Our main finding is that, compared with patients with controlled
asthma, patients with poorly controlled asthma had poorer lung
function, overweight, a poorer Qol, and more depressed PANS.

We demonstrated that objective data obtained from HEV mea-
surement could be a non-invasive means of discriminating uncon-
trolled from controlled asthma., We also found that depression-

anxiety was associated with reduced HRV parameters in patients
with poorer lung function. Our results suggest that the PANS pathway
could play a role in asthma pathogenesis, given the alteration in PANS
activity in patients with asthma, most especially in patients with
uncontrolled asthma and depression-anxiety.

A strength of the study is that we used an algorithm to stratify
patients with asthma (as described in our recent study™) that, in
other studies, has pedformed well in analyzing HRV.*'~* The most

Table 2
Demographic and Clinical Characteristics for Patients With Controlled and Uncontrolled Asthma
Yariables Contralled asthma, n= 20 Uncontrolled asthma, n= 10 P
Demographic/dinical data
- Age, mean (5D y 49(12) 49({13) 9
- Body mass index, mean (S0, kgim2 (1) 30(4.6) LIF]
- Femnale (%) k1] 70 |
- Atopy [X) BS 70 A
= Active sroker [X) 5 1] a
- SARA usefwk (X) 40 100 00
- Combined LABA treatment [X) a0 100 00
- Combined LAMA treatment (X} 50 100 00
- Asthma Contral Test, mean S0 B1) 16(2.8) K
- MindAQLL, mean (S0 62({0.8) 44({12) K
= HADS, mean (50 75(9.1) 144 (7.8) 04
Pulmonary function
- FEV'y,, meam (SD}, L 104 (0.8} 14904} K
= Refierence FEY, [X) S22 (R5) TLT[18) K
- FEV, [PVC (X} E99({9.5) 603 [13.3) 01
- FeMD, mean [SI7), ppls 43 (37) 68.0 [63) 06
Laboratory
- Blood ecsinophils, mean (S0} mm? 303 (190} IR (132) &
- Total IgE. mean (S0, Ulfml 19 (298) 510(582) 08
Induced sputum (X)
- Ensinophils 42{47) G5 (10.4) 4
= Newtraphils 54(18) 54(21) 9
- Macrophages 717 2R{21) 2
- Lymphocytes 13(0.6) 1.7 (1.06) .|

Abbreviations: FeMNO, fraction of exhaled nitric axide; FEY'; forced expiratory solume in the first second; PV, forced vital capacity; HADS, Hospital Anociety and Depression Scale; LARA,
LABA, long-acting 2 agonist; LAMA, long-acting muscarinic antaganists; MintAQLQ, Mind Asthma Quality of Life Questionmaire; pph, parts per billion; SABA, short acting B2 agonists.

ROTE: Bald walues in Poolumn means are statistically different [p<005)
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Table 3
Heart Rate Variahility Indices in Studied Patients With Controlled and Uncontrolled Asthma
Variables Contralled asthma, n= 20 Uncontrolled asthma, n= 10 P
HEY parameters (FANS-nelated)
= SOMM, mean {30} 427 (297} .5(82) ix]
- RM35D, mean (5D 24 (200 14.1{65) -]
= pNIN50, mean (S0 G2(11.8} 0.6({1.5) K]
HEY frequency domain
= TP, mean (5D 00014 (000085 10,0005 | .O004E) 02
HEY respiratory component
= Pr, mean (5D] OLO007 | 000060 0.0003 {.00025) m
= FLFnr, mean (3D} 00001 [0.00014) 0.0001 {0.00022) 5

Abbreviations: HEY, heart rate variability; PLFor, non-respiratory-related HRY power; phNS0, percentage of congecative normal-to-normal intervals that differ by more than 50 ms;
Pr, respiratony-related HEY power; RMESD, root mean square of the successive differences; 50NN, 50 of the difference between normal-to-normal intervals; TP, total power [PLFor

and Pr summed].
MOTE: Bold values in Poalemn means are statistically different [p0.05)

important result was, for the uncontrolled asthma group compared
with the controlled asthma group, a reduction was detected in vagal
components; that 15, in RMSSD, pMNN5S0, Pr, and TP. This finding
contributes to pediatric findings by Lufti et al,**** wha reported that
poor asthma control in children and adolescents was associated with
depressed HEV modulations and that patients with better ventilatory
functions had better HREV than patients with uncontrolled severe
asthma.

The reduction in HRV vagal components observed in patients with
uncontrolled asthma would suggest that there is a complex relation-
ship between inflammation and newral airway control. Regarding
impaired autonomic control, it is known that changes in bronchomo-
tor tone in asthma occur rapidly. Decades ago, it was suggested that
people with asthma may have abnormal autonomic neural airway
control, with an imbalance between the exctatory and inhibitory
pathways, resulting in overly reactive airways.” However, other stud-
ies of severe asthma pointed to increased vagal dominance in
response to autonomic challenge (deep breathing, the Valsalva
maneuver, and standing up from the recumbent position) and during
sheep. "™ Hence, it is possible that the PANS in patients with

severe asthma may become depressed during inactivity or relaxation,
with bronchoconstriction ocourring when the vagal pathways are
activated or over-respond to stimuli®”

Our patients with controlled asthma obtained better results for all
PANS parameters, although statistically non-significant differences
were found for PLFnr, which reflects the sympathetic branch. Like-
wise, patients at risk for depression-anciety showed depressed PANS
for all parameters, whereas no differences were found for PLFnr.
Compared with patients with controlled asthma, patients with poor
asthma control and obstructive spirometry (FEV, < 70% predicted)
showed more depressed HREV, independently of inflammation as
measured by FeMO, induced sputum, penipheral blood eosinophilia,
or total 1gE (Table 1) Motably, although mood disorders such as
depression-anxiety are inherent to patients with  severe
asthma,'"®' =17 3 girength of our study is that the ANS results were
obpective, and %0 can complement information obtained from self-
administered questionnaires that are subjective and difficult to inter-
pl‘l.'t.!" 40
We found significant differences between the groups in terms of
mood disorders as measured by the HADS questionnaire: patients

Table 4
Chinical Characteristics of Patients With Asthma With and Without Risk of Qlinical Stress and Anxiety
Variables HADE =7, n=17 HADE =8, n=13 P
Demographic/clinical data
= Age, mean (D)L y S0010) 48(15) T
= Body mass index, mean (50, kgim2 259(24) 2006 [48) 02
= Female () 3 76 B |
= Atopy [X) a5 84 2
= Active smoker () L] 15 i
- SARA usefweek (T} 411 846 B |
= Combined LABA treatmsent (1) TES 100 Do
= Combined LAMA treatment (X) 528 TES B |
= Asthma Cantrol Test, mean (500 23[24) 18(3.8) EUT |
= MEniAQLQ, mean (5D} 6.3 (0.9) 48(1.3) 002
- HADS, mean [50) 204[13) 18.85(6.7) i
Pulmonary fanction
= FEV',, mean (5D, L 3.09(079) 22(0.39) m
= Reference FEW, (1) 91.8(6S) TTE(197) 0z
= FEV[FVC (X} TI(T) 60(13.3) m
= FeM0, mean (5D}, ppb 44 [53.1) 48.3 [45.3) B
Labaratory
= Blood ecsinophils, mean (S0) mm3 203 (184) 336 (155) A
= Tatal IgE, mean [ 3D, LfmL 206 (24E) 455 (566) B |
Induced sputm %)
= Ensinophils 57(8) 39(55) 4
= Meutrophils S56.7(17.6) 51.3(21) 4
= Macrophages 34.1[17.5) 35(219) a
= Lymphocytes 1.5(0.67) 1.3 (0.9} 5

Ahbreviations: FelQ, fraction of exhaled mitric oxide; FEV;, forced expiratory volume in the first second; FYC, foroed wital capacity; HADS, Hospital Anxiety and Depression Scale;
LABA, long-acting B2 agonist; LAMA, long-acting muscarinic antagonists; MingAGQLO, Mini Asthma Chaality of Life Questionnaire; pph, parts per billion; SABA, short acting (2 agonists.

MOTE: Bold walues in P oohemn means are statisticalbe different (0050
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Table 5
Heart Rate Variability Indices in Studied Patients With Asthma With and Without Risk
of Clinical Stress and Anxiety

Variables HADS < 7,0 =17 HADS > B n=13 P
HRV parameters [ PANS-related)
- SDIMM, mean [SD) 456(13) 265(79) -
- RMSSD, mean [5D) 6.4 (208) 13.4(65) 03
= pHINSD, meean (SO} TA2(126) 0.75(14) 05
HRV frequency domain
= TP, mean (S0} 0.0 2 (0.00087) CLOGES (000048 0z
HRV respiratory component
= [Pr, mean (S0 00008 (000062 CLOG0E (000027 K
- PLFar, mean (5D} 0.0002 (0.00014) QD00 (0.0079) 3

Abbreviations: HRV, heart rate variability; PLFnr, non-respiratory -related HEV power;
pHKSD, percentage of consecutive nommal-to-normal intervals that differ by more than
50 ms; Pr, respiratory-related HEY power; BMSSD. root mean square of the successive
differences; SONM, 5D of the difference beteeen narmal-to-normal intervals; TP, total
pawer [PLFr and Prsammesd |

HNOTE: Bold walues in Poolumn means are statistically different [p<0.05]

with severe asthma with depression-anxiety had poorer lung func-
tion, poorer asthma control, poorer Qol, and a depressed PANS com-
pared with patients not experiencing mood disorders. Although
patients with uncontrolled asthma are known to experience mood
disorders, ™ in our study, depression-anxiety was related to PANS
alteration, so the question remains as to whether depression-anxiety
5 a consequence or an independent comorbidity of severs uncon-
trolled asthma.

To date, several studies have been published on HRV and anxiety
or depression disorders.”*~*** The reasons given for altered HRV in
moad disorders, according to a model of neurovisceral integration,
nerve fibers that moderate parasympathetic activity and inhibition
of the vagus nerve, a dysregulation is related to pathologies such
as diabetes type I, cardiac and neurodegenerative diseases, and
depression.*"* This model of neurovisceral integration is also char-
acterized by specific neural structures that allow people to respond
adaptively to physiological, environmental, cognitive, and emotional
influences. Therefore, a healthy cardiorespiratory system is charac-
terized, in the cardiac period, by oscllations (high HRV), whereas an
unhealthy cardiorespiratory system shows a few oscllations (low
HRV),* which is related to our findings in this study.

All patients were on asthma medication, especially the patients
with uncontrolled asthma that was so severe as to require more than
1 inhaler. Patients with asthma were being treated with LABAS in
combination with inhaled corticosteroids and with LAMAs; those
with mild and moderate asthma were only on inhaled corticoste-
roids, without LABAs or LAMAs. However, SABAs were avoided in the
hours before recording. Although LABA or LAMA use suggests that
our results might have been influenced by those medications, the lit-
erature is not entirely clear as to LABA's or LAMA's influence on HRY,
as contradictory results are reported. An HRV study of patients on
LABA found that its use was associated with sympathetic nervous
system (5M5) dominance,” whereas another study demonstrated
that salbutamaol was associated with decreased PANS and increased
SNS activity.™ Although the underlying mechanism is not entirely
clear, it is possible that LABAs bind to B2 adrenoceptors at efferent
sites in the cardiac SMS, or that the penpheral vasculature may
directly stimulate SNS activity. Another more direct study of the
potential effect of LABAs on HRV reported that there was no change
in time-domain parameters (mean RR and standard deviation of all
the R-R intervals, SDRRE) when fenoterol was administered immedi-
ately before and immediately after HRV analysis, which would sug-
gest sympathetic activation.™ However, studies in patients with
asthma show that different LABAs have different effects on cardiac
autonomic control. Thus, Eryonucu et al®® reported that fenoterol
inhalation had no effect on sympathetic activation (mean RR and
SDRR) in regularly treated patients, whereas Zahorska-Markiewicz et

al*® showed that salbutamol and terbutaline tended to increase SNS
parameters. Yao-Kuang Wu et al,”” who studied the effects of LAMA
on HRV in patients with stable chronic ebstructive pulmonary dis-
ease, found no significant change in HRV parameters other than a sig-
nificant decrease in the HF component and an increase in the LF
component after 1 month of continued LAMA treatment, but not after
3 months. Overall, they found no change in HRV parameters that was
of sufficient magnitude to explain the increased HRV. However, since
we found significant differences between patients with severe con-
trolled asthma treated with LABAs or LAMAs and patients with
uncontrolled asthma, we do not believe that LABAs or LAMAS had a
direct effect on HRV results. Given the lack of clarity, nonetheless, fur-
ther studies are needed on the pharmacological effects of LABAs or
LAMAs and their influence on HRV outcomes in asthma.

The main limitations of our study are the small number of subjects
and the lack of a control group, both typical features of proof-of-
concept studies. Necessary to confirm our results is an extended
study that includes more subjects, other physiological factors, and a
control group. However, the study’s strength is that our asthma pop-
ulation is very well characterized, with objective evidence of asthma
status (such as bronchodilator reversibility, lung function, inflamma-
tion biomarkers, and allergy status).

This study points to the potential role that the PANS may play
in asthma control and its relationship with depression-anxiety.
Mo study, as far as we are aware, has focused on the role of the
PANS, despite the existence of studies addressing the ANS
response to pharmacological intervention and bronchial provoca-
tion. In this sense, and if confirmed with other studies, it could
underscore the pathophysiological role of the PANS in the control
of asthma associated with depression-anxiety, justifying the
development of future research to identify new pharmacological
therapeutic targets in the PANS, even for the development of a
potential complementary clinical tool, objective and non-invasive
in specialist consultations focused on severe asthma, which could
contribute to remote or continuous monitoring with wireless
devices or mobile applications, providing a comprehensive
approach to the current ones for the evaluation of asthma contral
and mood disorders.

In conclusion, varables derived from the PANS showed depressed
HRY in patients with uncontrolled asthma and depression-anxiety, as
compared with patients with controlled asthma and without mood
disorders. PANS evaluation by analyzing non-invasive cardiorespira-
tory parameters may be a useful means for, and contribute to, follow-
up of asthma control and associated depression-anxiety. Further
studies using HRV analysis are needed to be able to comprehensively
evaluate the PANS in patients with uncontrolled asthma and depres-
sinn-anxiety.
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Resumen global de los resultados

El conjunto de investigaciones realizadas demuestra la viabilidad de evaluar el control

del asma a través del SNA de manera no invasiva, especialmente en casos de asma grave.

En el estudio 1 publicado, en relacién con los resultados presentados en la Tabla 1, se

observo una desregulacion en la actividad vagal objetivada a través de la VRC en los

pardmetros mas comunmente utilizados como son el: SDSD, RMSSD, pNN50 y Pr.

Asimismo, se identifico un desequilibrio en la VRC total, evidenciado por la

desregulacion de los parametros SDNN y TP en el grupo de asma no controlada en

comparacion con el grupo de asma controlada.

Tabla 1. Parametros de la VRC mas utilizados para discriminar el control del asma

Median [25th, 75th percentiles] of the parameters that were significantly
different among groups (* indicates p < 0.05).

Controlled Uncontrolled
36.36 23.46%
SDNN (ms
(ms) [26.13, 50.56] [20.92, 27.41]
18.85 13.94*
SDSD (ms
(ms) [14.33, 31.51] [10.29, 15.64]
18.83 13.92%
RMSSD (ms
(ms) [14.32, 31.47] [10.28, 15.61]
0.84 0.00*
NN50 (%
P (%) [0.42, 10.30] [0.00, 0.55]
13.65 4.85*
TP (a.u. x 1073
(@.u.x 107 [5.27, 23.59] [2.61, 5.73]
P (a.u. x 1079) .01 2.02%
[2.58, 9.94] [1.55, 3.22]
P, (a.u. x 1073 2.66 0.85*
[1.11, 6.79] [0.27, 1.70]

Se analizaron el resto de parametros de la VRC recogidos a través del ECG en funcion a

las variables clinicas, funcionales y biologicas recogidas, demostrando que los

parametros: SDNN, PLF rl y Pr fueron las variables mas relevantes asociadas a



indicadores de inflamacion y obstruccion en el asma: FEV1, la IgE y la FeNO (ver Tabla

2).

Tabla 2. Seleccion de variables mas relevantes en la VRC asociadas a la funcion

pulmonar, la IgE y la FeNO.

Selected features

LR

kNN

SVM (linear kernel)

SVM (quadratic kernel)

SVM (cubic kernel)

SVM (RBF kernel)

Clinical
HRV
All

Clinical
HRV
All

Clinical
HRV
All

Clinical
HRV
All

Clinical
HRV
All

Clinical
HRV
All

{FEV,, FeNO, IgE}
{SDNN, P}
{FEV1, FeNO, IgE}
{FEV1, FEV] o}
{SDNN, PLF}
{SDSD, P,, FEV, }

{FEV1, FEVy o, IgE}
{SDNN, P'F, P;}
{FEVy, FEV 4, IgE}
{FEV1, FEV; o, IgE}
{SDNN, P';_F}
{FEVy, FEV 4, IgE}
{FEVq 9}

{SDNN, P';_F}
{SDNN, FEV; o, FeNO}
{FEV1, FEV1 &, IgE}
{SDNN, PH"}
{FEV, FEV; o, IgE}

En el estudio 2 publicado, se agruparon 30 pacientes con asma grave segun el control del

mismo discriminado por el cuestionario de autocumplimentacion ACT, y el riesgo de

ansiedad y depresion discriminado por el cuestionario de autocumplimentacion HADS;

10 de los pacientes con asma no controlada en comparacion con los pacientes con asma

controlada mostraron diferencias significativas (P < 0.05) en los pardmetros analizados

mas frecuentemente relacionados hallados en el Estudio 1, demostrando desregulaciones

en la VRC medidos a través del ECG: SDNN (26.5 [8.2] vs 42.7 [29.7]), RMSSD (14.1

[6.5] vs 24 [20]), pNN50 (0.6 [1.5] vs 6.2 [11.8]), TP (0.0005 [0.00046] vs 0.0014

[0.00085]) y Pr (0.0003 [0.00025] vs 0.0007 [0.00060]) respectivamente (véase Tabla 3).



Tabla 3. Resultados de la VRC en pacientes con asma controlada y no controlada.

Variables Controlled asthma, n = 20 Uncontrolled asthma, n = 10 P
HRV parameters (PANS-related)
- SDNN, mean (SD) 427 (29.7) 26.5(82) 03
- RMSSD, mean (SD) 24(20) 14.1(6.5) 05
- pNN50, mean (SD) 6.2(11.8) 0.6(1.5) 05
HRV frequency domain
- TP, mean (SD) 0.0014 (0.00085) 0.0005 (0.00046) 02
HRV respiratory component
- Pr, mean (SD) 0.0007 (0.00060) 0.0003 (0.00025) 01
- PLFnr, mean (SD) 0.0001 (0.00014) 0.0001 (0.00022) 5

Abbreviations: HRV, heart rate variability; PLFnr, non-respiratory-related HRV power; pNN50, percentage of consecutive normal-to-normal intervals that differ by more than 50 ms;
Pr, respiratory-related HRV power; RMSSD, root mean square of the successive differences; SDNN, SD of the difference between normal-to-normal intervals; TP, total power (PLFnr

and Pr summed).
NOTE: Bold values in P column means are statistically different (p<0.05).

Un total de 13 pacientes con riesgo de ansiedad y depresion en comparacion con los
pacientes sin riesgo, demostraron diferencias significativas (P < 0.05) en los parametros
de la VRC medidos a través del ECG para: SDNN (26.5 [7.9] vs 45.6 [31.3]), pNNS50
(0.75[1.4]a7.12[12.6]), TP (0.0005 [0.00048] a 0.0012 [0.0008]) y Pr (0.0003 [0.00027]

a 0.0008 [0.00062]) (véase Tabla 4).

Tabla 4. Resultados de la VRC en pacientes con asma y el riesgo de ansiedad y depresion

Variables HADS <7,n=17 HADS >8,n=13 P
HRV parameters (PANS-related)
- SDNN, mean (SD) 456 (31.3) 26.5(7.9) .04
- RMSSD, mean (SD) 26.4(20.8) 13.4(6.5) .03
- pNN50, mean (SD) 7.12(12.6) 0.75(1.4) 05
HRV frequency domain
- TP, mean (SD) 0.0012 (0.00087) 0.0005 (0.00048) .02
HRV respiratory component
- Pr, mean (SD) 0.0008 (0.00062) 0.0003 (0.00027) 01
- PLFnr, mean (SD) 0.0002 (0.00014) 0.0001 (0.0019) 3

Abbreviations: HRV, heart rate variability; PLFnr, non-respiratory-related HRV power;
PNN50, percentage of consecutive normal-to-normal intervals that differ by more than
50 ms; Pr, respiratory-related HRV power; RMSSD, root mean square of the successive
differences; SDNN, SD of the difference between normal-to-normal intervals; TP, total
power (PLFnr and Pr summed).

NOTE: Bold values in P column means are statistically different (p<0.05).
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6.1 Discusion general

Esta Tesis Doctoral, presenta como principal hallazgo que los pacientes con asma grave
no controlada, en comparacion a los pacientes con asma grave controlada, tenian un SNA

mas deprimido.

En el estudio 1, primero se describié la metodologia empleada para evaluar el SNA a
partir del analisis no invasivo de la VRC, tanto en el dominio del tiempo como en el de
la frecuencia. Durante la inspeccion preliminar de la frecuencia respiratoria, se observo
que en algunos sujetos asmaticos se encontraba por debajo o muy cerca de 0,15 Hz, que
es el limite inferior de la banda HF tradicionalmente utilizada para el analisis de la VRC
(46). Por ello, las sefiales de VRC se descompusieron en sus componentes respiratorios y
no respiratorios, lo que permitidé un analisis adecuado en el dominio de la frecuencia. Para
realizar esta descomposicion se utilizé el algoritmo OSP, dado su buen desempeiio en

estudios previos (76).

En cuanto a los resultados, se evidenci6 una reduccion en los componentes simpaticos
(PLF rl) y vagales (SDSD, RMSSD, pNN50 y Pr) de la VRC, asi como en la VRC total
(SDNN, TP), en sujetos con asma no controlada en comparacion con aquellos con asma
controlada, en concordancia con estudios previos (63,64). Sin embargo, a diferencia de
los resultados publicados, quienes reportaron un aumento del predominio vagal en
asmaticos controlados, en nuestro estudio no se encontrd una tendencia similar. Esta
discrepancia podria explicarse por diferencias metodologicas, ya que en dichos estudios
no se detalld la informacion sobre la frecuencia respiratoria y caracterizacion del asma
(63, 64). Por lo tanto, el aparente aumento del predominio vagal en asmaticos no

controlados respecto a los controlados podria deberse a diferencias en la frecuencia



respiratoria entre los grupos, asociado a que la caracterizacion del asma en nuestro estudio

fue mucho mas exhaustiva.

La interpretacion fisiologica de la disminucion de la VRC en el asma no controlada es
compleja. Un control autonémico alterado podria influir en la circulacion de
catecolaminas, consideradas protectoras en el asma, como lo demuestra la
broncoconstriccion observada tras el bloqueo B en asmaticos, pero no en individuos sin
asma (65,66). Adicionalmente, estudios previos han asociado un mayor predominio vagal
en respuesta a estimulos autonémicos o durante el suefio con la gravedad del asma (31-
32, 66-68). Esto sugiere que los pacientes asmaticos podrian tener un control autonémico
basal disminuido, mientras que sus vias vagales responden de forma exagerada a ciertos

estimulos, contribuyendo a la hiperreactividad caracteristica de la enfermedad (28).

Los datos obtenidos mostraron que el grupo de asma no controlada contenia
proporcionalmente menos varones que el grupo controlada. Aunque la literatura sugiere
que los hombres suelen tener un tono simpatico mas alto y un tono vagal mas bajo que
las mujeres (69), en nuestro estudio se detectd una Pr inferior en el grupo de asma no
controlada en ambos sexos. Esto apunta a que las diferencias en la actividad del SNA
entre pacientes con asma controlada y no controlada podrian originarse en factores
distintos del género. Igualmente, la edad comparable entre los grupos permiti6é considerar
irrelevantes las reducciones en las interacciones cardiorrespiratorias ligadas al
envejecimiento. Se analizaron, asimismo, diversas variables como la funcién pulmonar,
la FeNO y la IgE total, constatdindose un rendimiento discriminatorio semejante a través

de la VRC.

En el estudio 2, mediante datos objetivos obtenidos de la medicidon no invasiva de la VRC,

se logré diferenciar a pacientes con asma grave no controlada de aquellos con asma



controlada, independientemente de su gravedad. Asimismo, se demostrd que los
trastornos del &nimo mdas comunes asociados al asma, como la depresion y la ansiedad,
se relacionan con una disminucién de los parametros de la VRC en pacientes con peor
funcién pulmonar. Nuestros resultados sugieren que la via del SNP podria tener un rol en
la patogénesis del asma, dada la alteracion de la actividad del SNA, especialmente en
pacientes con asma grave no controlada y comorbilidades como la depresion y la
ansiedad. Una fortaleza de este estudio radica en el uso de un marcador neurobiologico
como la VRC para estratificar a los pacientes con asma segtn su nivel de control (como
se detalla en el estudio 1). El hallazgo mas relevante fue la deteccion de una reduccion en
los componentes vagales (RMSSD, pNN50, Pry TP) en el grupo de asma no controlada
en comparacion con el grupo de asma controlada. Este resultado respalda los hallazgos
por otros autores, quienes documentaron que el mal control del asma se asocidé con
modulaciones deprimidas de la VRC, y que los pacientes con mejor funcion pulmonar

presentaban una VRC superior a la de aquellos con asma grave (63,64).

La disminucion de los componentes vagales de la VRC observada en pacientes con asma
no controlada sugiere una compleja relacion entre la inflamacion y el control nervioso de
las vias respiratorias. Respecto al deterioro del control autonémico, se conoce la rapidez
con la que ocurren los cambios en el tono broncomotor en el asma. Hace décadas se
propuso que los individuos con asma podrian tener una regulacion anomala de las vias
respiratorias por el sistema nervioso auténomo, con un desequilibrio entre las vias
excitatorias e inhibitorias que resulta en hiperreactividad bronquial (74,75). No obstante,
otros estudios en asma grave sefialan un aumento del predominio vagal en respuesta a
pruebas autondmicas (respiracion profunda, maniobra de Valsalva y ortostatismo) y
durante el suefio (31,32,35). Por lo tanto, es posible que el SNA en pacientes con asma

grave se encuentre deprimido durante la inactividad o la relajacion, y que la



broncoconstriccion se produzca cuando las vias vagales se activan o responden de forma

exagerada a los estimulos (45).

De manera similar, los pacientes con riesgo de desarrollar trastornos del estado de &nimo,
frecuentemente observados en personas con asma como la depresion y la ansiedad,
exhibieron una actividad del SNA reducida en todos los parametros evaluados, sin
diferencias significativas en PLFn. En comparaciéon con los pacientes con asma
controlada, aquellos con control deficiente y una espirometria obstructiva (FEV1 <70%
del valor predicho) mostraron una VRC disminuida, sin importar los niveles de
inflamacién medidos por FeNO, esputo inducido, eosinofilia periférica o IgE total. Cabe
resaltar que, aunque los trastornos del estado de animo como la depresion y la ansiedad
son inherentes a los pacientes con asma grave (36,37,40,19,70,71), un aspecto relevante
de nuestro estudio es la naturaleza objetiva de los resultados del SNA, que pueden

enriquecer la informacion obtenida a través de cuestionarios autoevaluados (16,22,72,73).

Observamos diferencias significativas entre los grupos en relacion con los trastornos del
estado de 4nimo evaluados mediante el cuestionario HADS: los pacientes con asma grave
y riesgo de depresion y/o ansiedad presentaban una peor funcion pulmonar, un control
del asma menos Optimo, una calidad de vida deteriorada y una actividad del SNP
disminuida en comparacion con los pacientes sin riesgo de estos trastornos segun el
HADS. No obstante, a pesar de que se sabe que los pacientes con asma no controlada
sufren trastornos del estado de &nimo (48), en nuestro estudio, la depresion y la ansiedad
se vincularon con la alteracion del SNP, lo que suscita la interrogante de si estos trastornos
son una consecuencia o una comorbilidad separada del asma grave no controlada

originada por una desregulacion del SNA.



6.2 Aportaciones e implicaciones clinicas.

Este estudio destaca el papel potencial del SNA en el control del asma y su relacion con
la depresion y la ansiedad. Hasta donde sabemos, ningun estudio se ha centrado
especificamente en el rol del SNA concretamente en el SNP, a pesar de la existencia de
investigaciones que abordan la respuesta del SNA a intervenciones farmacologicas y

provocaciones bronquiales.

El analisis de la VRC debe realizarse de forma rigurosa y considerando la fisiologia, ya
que las amplias variaciones intra e interindividuales pueden complicar la interpretacion
de los resultados. Sin embargo, cuando se lleva a cabo en un marco adecuado, este analisis
se convierte en una herramienta no invasiva de gran utilidad para potenciar el diagnostico

y el tratamiento personalizado de diversas afecciones.

En este sentido, y si futuros estudios confirman nuestros hallazgos, se podria subrayar el
papel fisiopatologico del SNA —especialmente del SNP— en el control del asma
asociado a la depresion y la ansiedad. Esto justificaria el desarrollo de nuevas lineas de
investigacion dirigidas a identificar terapias innovadoras, tanto farmacologicas como no
farmacologicas, enfocadas en el SNA. Ademads, podria impulsarse la creacion de una
herramienta clinica complementaria, objetiva y no invasiva para consultas especializadas
en asma grave. Dicho dispositivo, basado en tecnologia inaldmbrica o aplicaciones
moviles, facilitaria la monitorizacion remota o continua, ofreciendo un enfoque integral

para la evaluacion del control del asma y los trastornos del estado de animo.



6.3 Limitaciones

Las principales limitaciones de esta Tesis Doctoral se derivan de su disefio, ya que es un
estudio unicéntrico con un numero limitado de participantes, lo que restringe la capacidad
de generalizar los resultados y extraer conclusiones definitivas. Por el tiempo limitado
disponible y el uso de un electrocardiograma cedido por el grupo de interpretacion de
biosenales y simulacion computacional de la Universidad de Zaragoza, no fue posible
ampliar el tamafio muestral. Asimismo, los costes y la complejidad de las muestras de
esputo inducido, junto con algunas determinaciones, como el cortisol en pelo y en saliva,
solo pudieron realizarse en un nimero reducido de pacientes y, en ultima instancia, no se
utilizaron debido a la limitacion en el volumen de muestra para obtener resultados
confiables en relacidon con los trastornos emocionales asociados al estrés. Por ello, se
recomienda replicar los analisis en un grupo externo para corroborar los resultados

obtenidos.

Ademas, dado que en ambos estudios se realizaron determinaciones poco habituales o no
validadas, seria aconsejable incluir controles sanos o aumentar el numero de
participantes. En los estudios realizados en pacientes asmaticos tratados con f2-agonistas
de corta y larga accidon y anticolinérgicos de larga accion, persiste la incertidumbre sobre
el posible efecto antiinflamatorio y colinérgico de estos fa&rmacos y su influencia en los

marcadores medidos en la VRC.

No obstante, una fortaleza del estudio es la exhaustiva caracterizacion de la poblacion
asmatica, que cuenta con evidencia objetiva de asma, basada en criterios como la
reversibilidad broncodilatadora, la funcién pulmonar, biomarcadores de inflamacion y el

estado alérgico.
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Conclusiones

1. La evaluacién no invasiva de la actividad del sistema nervioso autonomo
mediante la VRC permite distinguir entre pacientes con asma controlada y no
controlada.

2. Las personas con asma grave no controlada, presentan una actividad
desregularizada o deprimida del sistema nervioso autonomo.

3. Pacientes con asma no controlada, asi como aquellos con depresion y/o
ansiedad, presentan una actividad desregularizada del sistema nervioso
autonomo.

4. La evaluacion no invasiva de la actividad autonémica podria representar una
técnica no invasiva complementaria a las habitualmente empleadas para

establecer el nivel de control del asma.
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Lineas de futuro

La presente Tesis Doctoral explora el papel potencial del sistema nervioso auténomo
(SNA) en el control del asma y su relacion con la depresion y la ansiedad. Hasta donde
se tiene conocimiento, la investigacion previa ha centrado su atencion en la respuesta del
SNA a la intervencion farmacoldgica y a la provocacion bronquial. En este contexto, si
futuros estudios confirman estos hallazgos, se reforzaria la evidencia sobre el papel
fisiopatologico del SNA, en particular del sistema nervioso parasimpatico (SNP), en el
control del asma y su vinculo con los trastornos del estado de &nimo. Esto justificaria el
desarrollo de nuevas investigaciones dirigidas a la identificacion de dianas terapéuticas,
tanto farmacoldgicas como no farmacologicas, enfocadas en la regulacion del SNA.
Asimismo, abriria la posibilidad de desarrollar una herramienta clinica complementaria,
objetiva y no invasiva para su aplicacion en consultas especializadas en asma grave.
Dicha herramienta podria facilitar la monitorizacion remota o continua mediante
dispositivos inalambricos o aplicaciones moviles, proporcionando un enfoque mas
integral y preciso para la evaluacion del control del asma y los trastornos emocionales

asociados.
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cialmente en los de fenotipo neutrofilico. Se observa ademds un
aumento en el FEV1 y en el ndmero de puntos del ACT (media de 20
puntos post-AZT). Resefiar gue no hubo diferencias en cuanto a efec-
tos secundarios (perfil hepitico, EKG, audicién, sintomas Gl o hiper-
secrecsdn bronquial purulenta) ni en ecsinofilia periférica.

PAPEL DEL SISTEMA NERVIOSO AUTGONOMO EN EL ASMA GRAVE

L Soto Retes’, |. Giner Donaire', E. Mateus Medina’,
). Milagro Serrane?, E. Gil Herrando?, R. Bailén Luesma’, C. Varon®
y V. Plaza Moral'
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Introduccién: El 2sma es una enfermedad inflamatoria crénica, sin
embargo, la broncoconstriccién no siempre se explica por la inflama-
cién bronquial, en particular, en un subgrupo de pacientes con asma
grave. El sistema nervioso auténomo (SNA) juega un papel importan-

via colinérgica), favoreciendo la broncoconstriccién. La hipétesis del
presente estudio fue que la activacién del SNA parasimpdtico {SNP)
estaria involucrada en la patogenia del asma grave y podria medirse
a través de métodos no invasivos, como la vaniabilidad del ritmo car-
diaco (VRC). Objetivos: determinar la participacidn del SNA en la pa-
togenia del asma grave.

Material y métodos: Estudio prueba de concepto transversal de gru-
pos paralelos. Se recluté a 25 asmdticos de diferente gravedad clinica
(8 con asma leve, 9 con asma grave controlada y 8 con asma grave no
controlada) segdn criterios de la gula GEMA 4.2, junto con un grupo
control de 6 personas sanas. La monitorizacién de la respuesta del
SNA se realiz6 mediante un electrocardiograma (ECG), obteniendo la
VRC. Para la evaluacion de la VRC, se utilizd la técnica de procesado
de seflal Orthogonal Subspace Projection, que permite evaluar el aco-
plo cardiorespiratorio (relacién entre la actividad cardiaca [AC]y la
de la sefial de VRC que

[AR]} el
es explicada por la actividad respiratoria.
se

entre laACy
1a AR al comparar los diferentes grupos como se demuestra en la fi-
gura. Sin embargo, se constatd una tendencia hacia un incremento de
la potencia del componente respiratorio (y por lo tanto una reduccién
del componente cardiaco) en los asméticos. A nivel fisiolégico, el
aumento del acoplo cardiorespiratorio en asmaticos podria estar re-
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Co Si bien los del estudio no pa-

recen demostrar una participacién del SNA en el asma y en el asma
grave, se precisa un incremento de la muestra analizada para estable-
cer conclusiones definitivas.
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Papel del sistema nervioso auténomo en
el asma grave

Soto Retes L', Giner Donaire J', Milagro Serrano ¥, Gil
Herrando E°, Bailon Luesma R’, Plaza Moral V'

' Servicio de Neumologia y Alergis, Hospital de la Santa Creu i
Sant Pau y del Instituto de Investigaciones Biosani tarias (18-Sant
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“ Grupo BSICoS, Instituta de Investigacion en Ingenieria de
Aragdn (13A), NS Arag6n, Universidad de Zaragoza y Centro de
Investigacion Biomeédica en Red (CIBER), Zaragoza

Objetivos/Introduccidn

El asma es una enfermedad inflamatoria crénica, sin
embargo la broncoconstriceion no siempre se explica por la
mflamacidn, en particular en el asma grave. El sistema nervioso
autbnomo (SNA) juega un papel importante en el asma,
fundamentalmente a través del parasimpdtico favoreciendo
Ia broncoconstriccion. Hipotesis: la activacion del SNA
parasimpdtico (SNP) estaria involucrada en la patogenia del
asma grave y podria medirse 2 través de métodos no mvasivos,
como la vaniabilidad del ritmo cardiaco (VRC).

Objetivos: determinar la participacidn del SNA en la
patogena del asma grave.

Material y métodos

Estudio prueba de concepto transversal de grupos
paralelos. Se reclutd a 10 pacientes con asma leve, 10 con
asma grave controlada y 10 con asma grave no controlada,
seglin enterios de la guia GEMA 4.2 y un grupo conirol
de 10 sanos. La monitonzacion de la respuesta del SNA se
realizd medi un elec d (ECG), ob d
Ia VRC. Para la evaluacion de la VRC, se utilizd s téenica
de procesado de seal Orthogonal Subspace Projection, que
permite evaluar el acoplo cardicrespiratorio (relacion entre la

¢l porcentaje de la sefial de VRC que es explicada por la
sctividad resprratona

Resultados

No se observaron diferencias significativas entre la AC y
la AR al comparar los diferentes grupos como se demuestra
en la Figura. Sin embargo, se constatd una tendencaa hacia un
incremento de la potencia del componente respiratorso (y por lo
tanto una reduccion del componente cardiaco) en los asmiticos.
A nivel fisioldgico, el del acoplo cardioresp 10
en asmdticos podria estar reflejando una mayor sancronizacion
de la actividad resprratona y cardiaca.

Conclusién

St bien los resultados peelimanares del estudio no parecen
demostrar una participacion del SNA en el asma y en el asma
grave, se precisa un incremento de la muestra analizada para
establecer conclusicaes definitivas.

Sang Leve Grave C Grave nC

Fgura. Porcentaje de la potendia (P) de la VRC debido a ls actividad
cardiaca (rojo) y respirat (verde) cbservada en los diferentes grupos.

actividad cardiaca [AC] y la [ARY]), establ. i

10.1.3 Comunicacion 3.

L. Soto-Retes; J. Milagro; A. Crespo-Lessmann; E. Curto; E. F. Mateus Medina; R.
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in control and stress in patients with asthma (2024), Thematic poster session (TPS).

Allergy, 79: 358-904. https://doi.org/10.1111/all.16300
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ABSTRACT

Conclusion: These data suggest that Oynein adapior Hook2 be el-
eyated in plasma of patients with asthma, which rase the possibility
that Ciynein adaptor Hook?2 be mwodved in asthma pathopsnssis.

Corflicts of Interest: The suthors did not spescify any Iinks of inberest.

DO0DES | A case of chronic cough induced by esophagpeal
hyprsensitivity

1L Kaht L E. Yu® DWW Sim? L S Park?S

Icheweam Mational Uriversite Medicnl Schoel, Channam Natiosl
Liviivaraity Hospdta), Gaangi, Kerea, Repabic of; SCharvaart Matkemal
Liniversity Hospta), Gaangly, Korea, Repabic af; *honnam Matkomal
Liniversity Medical School, Gewanglu, Kores, Hepublc of

“Presenting author: ¥, 1. Koh

CASE REPORT

Badcground: [t as been well kreoeen that chronic cough is caused by
gastroesophageal reflux disease [GERDY, althcugh the mechanism is
niod cless, Recently, a new functions esophbagesl disorder pamed as
wsophapesl hypersensitivity [EH) has been described, thal & delined
s e pracence of refun symgtons evanin the absence of sl thee
GERD avidences, It may be cormidensd s ypersensitive reaction
ta normal refhis episades, EH symptams may b= dmilar to GERD,
indicating that EH may indusca chranic cough, althaugh rat formally
repodtad so far. Hera, we dascribe & case of chionic caugh induced
by EH inan asthmatic pathent.

Methods: 24-hour esophageal impsdance and pH monitoring was
performed ko canfirm the relationship between refius episodes and
caugh.

Results: A woman visited with chest discomfort and chronic cough.
Those symptoms had developesd Jyears belore, which was accom-
panied by globas and tickling sensation an theoat, S bad rhinilis
eymgions, AL first, methacholrs: branchial provocation test was
perfurmed, resufling in PCop ol 11,3 metml, Skin prick (es) was
negatian far all ihalant Alargens. Asthima madicaticrs waro sEartad
with & comhination of inhalad corticostencdd and lorg-acting betaZ
agonist tagether with leukotriens receptor antagonist. SERD med|-
catiorns were empirically taken. Two wesis later. wvisual analogues
scale (VA3 For cough was decreased bo 4, However, WaS was 8 after
additional dweeks and 7 after acditional 2weeks. althowgh further
step-ups of asthma medicstiors. Seweral antibussive drugs wens
trisd, Medications Tor norallergic thimilis were added. Howsever,
WAS masndained belwesn 4 and 4, Finally, 24-hour esaphagesl im-
pedarce and pH menitoring wis done to dagnose GERD-inckioed
chranic cough, Hermesar, ackl axposung fime was 0.2% [nomaal <4)
anid refin episodas were 56 dnarmal <800, Nonethalass, for the re-
laticership hetwesn rali and cousgh, symptom index was 53.3% and
symgrtom association probahlty was T4, A% this point, it might
b rescogrized that mast of cough may be induced by EH. Atter then,
asthma medications were stepped down and reflus medications
wers increased. Two weeks later, WAS was decreased to 4, without

Conclusions: The case suggests that chronlc cough many bee irduoed
by EH, based on 24-hour esophiageal impedance and pH test. EH
may he considerad as a cause of chronic cough ina patient with re-
Flux syrmpbams, even in the sbsence of objective GERD evidences,
The mecharimm should be investipated in the fubure.

Conflicts of Interest: The authors did not specify any links of interest,

000196 | The parasympathatic neraous system plave a key rols
imcontrel and siFess in patients with ssthima

L. 5ot H:Mns‘; I, Mlagm:;n.f_‘mﬂm Innm.mn’; E. l.'nrm";
E.F. Mateus Madina'; 8. Bailér®: E. GIF; B Laguna®; V. Plaza’
Hospital de la Santa Crew § Sant Pow, Barcelona, Spain; “Biomedical
Sigral interpretation and Computatonal Simulation (B5I008) Group,
Faragora. Spain

“Presenting authear: L. Sofo-Retes

Background: Background: Patients with severs asthma often have
urrorirodled disease and expevience substarial emational siress,
The autancmic persous syslem [ANS] plays an impartant role in
asthina, maEnly thraugh the parasympathetic system holrengic
pat v, wehich fvcnirs branchoconsiriclion,

Objective: To determine the impact of the parasympatietic ANS
[PAMS) in asthma comdrol and sEress.

Method: Proof-ol-corcept cross-sectional study that analysed da
mgraphsc and dinical variables reflecting asthma severity. asthma
contral, lung furction, inflammation (csdls from induced sputum],
and stress-anxiety and guality of life according to walidated gues-
tlonraires. Also conducted was a teme-domam PARS aralysis based
o heart rate variability (HEY) statistics the normal-to-rarmal (MR)
interyal freflecting the fime between onsecutive beats], SDRM
[standtard deviationof the differenos betveeen conssculive NN inber-
wakil, SO andd RMSS0 snandard desdation and rool mean square
ol sueessmme NA dfferences respectively], phNSD (percentage of
PIM intersals grostar then 50 sl TP Eotal power, rellacting awerall
autonomic activityl and P, [respiratory-ralstad powar].

Results: Induded were 30 patients with asthma, grouped accard-
ing fo asthma control. The 10 patkents with uncontrabed asthma
compared to the patients with controlied asthma showed significant
differences (p <0.05] in 30NN (26.5 [8.2] vs 42,7 [29.7]), 5050 (14
[6.5] ws 241 [20]], RMSSD [14.1 [4.5] wvs 24 [Z0]], pHM50 0.6 [1.5]
we 6.2 [11.80 TR ({00005 [000448] s 00014 [0O0M0B5]L. and P,
(D00 [OUOCDZ5] we LODOF (000G The 13 patients wilh siress
compared T e patients without stress showed mduced valies
[ <0051 for SOMN {265 [79] w 45.4 [31.3]) SO50 (134 [4.5] to
264 [200 pHMED 073 [1.4] to 712 [12,60L TP 100005 [.00048]
Pk D01 Z [DODGED. and F, (00003 KLOAD2T] b 00008 [0.00062)1,
Conclssion: Our resulis suggest that PANS activity, depressed in
patients with uncontrelled asthma ard shress, cowld play a role in
disease and stress condrol in patients with asthma.

Comflictsof Interest: The authorsdid not specify any links of ingerest,
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