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M2 OLGA ARROYO RIANO, JEFA DE SECCION DE REHABILITACION INFANTIL DEL
HOSPITAL GENERAL UNIVERSITARIO “GREGORIO MARANON” Y PROFESORA
ASOCIADA DEL DEPARTAMENTO DE MEDICINA FiSICA Y REHABILITACION.
HIDROLOGIA MEDICA DE LA UNIVERSIDAD COMPLUTENSE DE MADRID,

INFORMA que Dofia ANA UBEDA TIKKANEN, ha realizado bajo mi direccién el trabajo
titulado: “REHABILITACION CARDIACA EN PACIENTES CON CARDIOPATIAS
CONGENITAS”

Este trabajo presentado en formato de publicaciones, de las que ella es coautora, se ha
desarrollado con rigor metodolégico, tras la realizacion de tres publicaciones en
revistas de reconocido prestigio en el tema y de gran difusiéon, como demuestra su alto

factor de impacto (15,20; 0,948 y 4,125). En ellas revisa aspectos destacables como son:

La rehabilitacion infantil, supra especialidad en pleno auge, con importante demanda
socio-sanitaria, en la poblacion de cardiopatias congénitas infantiles. Tema novedoso,
que requiere previamente de una revision exhaustiva de todos los aspectos
relacionados con los programas, que es lo que se realiza en el primer articulo donde se
analizan las respuestas fisiopatologicas al ejercicio de los pacientes con cardiopatias
congénitas y la calidad de las distintas pruebas utilizadas para la cuantificacion del

mismo, estableciendo la que se considera el gold estandar.

El segundo paso es la revisién de los programas de rehabilitaciéon cardiaca (fase II)
aplicados a la poblacion pediatrica, el analisis de su calidad y la evidencia de su utilidad,
que en este momento se puede considerar sugestiva, pero no definitiva. Es lo que se

realiza en la segunda publicacidn.

En la tercera se aplica el hipotético mejor de los programas a una muestra de pacientes
con cardiopatia congénita, pero que ya han llegado a la edad adulta, comprobando,
como en el resto de las cardiopatias, que una actividad fisica frecuente y moderada,

mejora la capacidad de ejercicio de los pacientes.

Es por todo ello que esta linea de investigacién completa el abordaje de prevencion y
tratamiento de la discapacidad en la poblaciéon de cardiopatias congénitas infantiles,

abriendo un nuevo campo a la especialidad de Rehabilitacidn, que repercutira en la
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mejora de la calidad de vida percibida, que, a su vez, debe acompafar al aumento de

supervivencia.

Por ello, y porque se entiende que retine todos los requisitos formales exigibles a una
Tesis Doctoral para que pueda ser presentada y defendida publicamente para optar al
Grado de Doctor por esta Universidad, lo firmo en Madrid a cinco de junio de dos mil

catorce.

Fdo. Dra. Olga Arroyo Riafio
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ABREVIATURAS Y ACRONIMOS

TOF: Tetralogia de Fallot

VSD o CIV: Comunicacidn interventricular

ASD o CIA: Comunicacion interauricular

CoA: Coartacion de aorta

TGA: Transposicion de las grandes arterias
EPOC: Enfermedad pulmonar obstructiva crénica
NYHA: New York Heart Association

CIF: Clasificacion internacional de la funcién

IMC: Indice de masa corporal

CR o RER: Coeficiente respiratorio

UA o VAT: Umbral anaerdbico

pVO02-abs : Consumo de oxigeno en l/min
pVO2-perkg,: Consumo de oxigeno en ml/min/kg
pVO2-%pred: Porcentaje predicho del consumo de oxigeno
PO2: Pulso de oxigeno

FC: Frecuencia cardiaca
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RESUMEN

a) Introduccion

Los avances médicos y quirurgicos de los ultimos afios son responsables del aumento de
la supervivencia de los pacientes con cardiopatias congénitas. Sin embargo este
incremento de la longevidad de esta poblacidn, frecuentemente se acompaifia de
complicaciones e incluso secuelas, que repercutiran en su prondstico vital y su calidad

de vida.

Los programas de Rehabilitacién Cardiaca en cardiopatias adquiridas del adulto, estan
s6lidamente estructurados, validados y ampliamente difundidos, habiendo demostrado
su capacidad para aumentar la capacidad de ejercicio, disminuir la morbi-mortalidad y

el gasto sanitario, y mejorar la calidad de vida.

Una de las consecuencias mas frecuentes de las cardiopatias congénitas, es la
disminucién de la capacidad de ejercicio, hecho fundamental, ya que en estos pacientes
este valor es utilizado como marcador prondstico. Cuanto menor la capacidad de

ejercicio, mayor es el riesgo de hospitalizacion o de muerte.

En la bibliografia, se describen distintos métodos de medicion de la capacidad de
ejercicio en los pacientes con cardiopatias congénitas. El método 6ptimo, sera aquel que
nos aporte mas informacion, nos permita cuantificar el efecto de una intervencioén con

terapias fisicas o medicacion, y nos aporte un valor clinico medible y reproductible.

La intervencion rehabilitadora, como programa integral en pacientes con cardiopatia
congénita, considerando que en ocasiones la discapacidad es multiorganica, podria ser
de gran utilidad en esta poblacion. Y especificamente la rehabilitacién cardiaca,
encaminada a mejorar la tolerancia al ejercicio, tendria un incuestionable valor.
Paradéjicamente, son pocos los estudios realizados hasta el momento acerca de la
efectividad de dicha intervencion y consecuentemente realizados con programas muy
variados y heterogéneos. De ahi el interés en definir el programa de rehabilitacién

cardiaca indicado en estos pacientes.
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La capacidad de ejercicio en pacientes con cardiopatia congénita ya se ha mencionado
que suele estar disminuida comparada con la de sujetos sanos y que esta disminucion
tiene un valor prondstico negativo. Una pregunta importante a responder es si la
reversibilidad de esta disminucién de la capacidad de ejercicio es posible. Es decir, si
una intervencién terapéutica dirigida a aumentar la actividad fisica puede mejorar la
capacidad de ejercicio, o esta limitada debido a las alteraciones fisiolégicas y anatémicas

de base que presentan estos pacientes.

b) Objetivos e hipotesis

Un programa de rehabilitacion que incluya ejercicio fisico resultara beneficioso para los
pacientes con cardiopatias congénitas, tanto en el momento de su instauracién o

prescripcion, como a medio y largo plazo.
Los objetivos fueron:

Hacer una revision exhaustiva de las diferentes modalidades de pruebas de esfuerzo,
determinar cual es la que presenta mayores propiedades instrumentales y definir qué
variables de la prueba son las mas relevantes para valorar la capacidad de ejercicio de

las cardiopatias congénitas.

Estudiar la estructura y desarrollo de los programas de rehabilitacion cardiaca
aplicados a pacientes pediatricos con cardiopatias congénitas hasta el momento y los

resultados obtenidos

Determinar la relacién entre la actividad fisica y la capacidad de ejercicio en adultos con

cardiopatia congénita para objetivar la reversibilidad de la intolerancia al ejercicio
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¢) Resultados

De los sistemas de cuantificacion del ejercicio, la prueba de esfuerzo con analisis
metabolico, es la el método de valoracién que mayora riqueza de informacion aporta,

acerca de la interaccién de sistema cardiovascular y el musculoesquelético.

En la revision sistematica de la literatura, se incluyeron 16 estudios acerca de
programas de rehabilitacion cardiaca en pacientes con cardiopatia congénita. De ellos
se deduce que esta intervencidn, parecen tener un efecto beneficioso sobre la poblacion
y entrafa bajo riesgo, aunque se siguen necesitando estudios con un mayor nimero de
pacientes y con cuantificacién mas precisa de los efectos de la intervencién. La

estructura de los programas era muy variable.

Por ultimo, se realiz6 un estudio retrospectivo en 156 adultos con cardiopatias
congénitas donde se estudid la relacion entre la capacidad de ejercicio y la actividad
fisica que realizaban en el momento de inicio del estudio y el cambio de los mismos con
el paso del tiempo al termino del mismo. Se observo una relacion significativa entre la
capacidad de ejercicio y la actividad fisica y el indice de masa corporal, asi como entre

el cambio de actividad fisica y el cambio de consumo de oxigeno.

d) Conclusiones

La prueba de esfuerzo con analisis metabdlico es la forma mas objetiva y detallada de

medir la capacidad de ejercicio en las cardiopatias congénitas.

Las variables mas importantes a considerar son: el consumo pico de oxigeno, el pulso de

oxigeno, la frecuencia cardiaca, el umbral anaerodbico y el coeficiente respiratorio.

La disminucidn de capacidad de ejercicio en las cardiopatias congénitas, no se debe solo
a la patologia de base, sino a un estilo de vida sedentario. Se ha demostrado la

reversibilidad de esta intolerancia al esfuerzo.
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Los pacientes con cardiopatia congénita se podrian beneficiar de un programa de

rehabilitacion cardiaca

La evidencia cientifica de la eficacia de los programas de rehabilitacion cardiaca en

cardiopatias congénitas infantiles es limitada.

La composicién idénea de este tipo de programa en cardiopatias congénitas esta atin

por definir.

Se deben de realizar estudios clinicos para determinar especificamente el beneficio, la

estructura y desarrollo 6ptimo de dichos programas.
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SUMMARY

a) Introduction

Increased survival has been observed in the congenital heart disease population due to
advances both in the medical and in the surgical fields. However this increase in life
expectancy is frequently accompanied by complications and sequels that will impact

prognosis and quality of life of patients with congenital heart disease.

Cardiac rehabilitation programs in adults with acquired heart disease have a defined
structure, have been validated and are widely used. They have been shown to increase
exercise capacity and quality of life as well as decrease morbidity, mortality and

healthcare costs.

One of the most frequent consequences we find in congenital heart disease is decreased
exercise capacity, fact of vital importance due to the prognostic implication it has: the

lower the exercise capacity the higher the risk of hospitalization and/or death.

We describe different exercise capacity measurement techniques. The best one being
the one that most information provides, that allows us to quantify the effect of an

intervention and that gives us clinically relevant and reproducible data.

The rehabilitation intervention as an integral part of management of congenital heart
disease, understood as a multisystemic disability, could be very helpful in this patient
population. More specifically cardiac rehabilitation targeting improvement of exercise

capacity could have profound implications in this patient population.

Surprisingly few studies haves been performed to assess the effectiveness of these
interventions, and therefore their programs are variable and heterogeneous. Definition
of the structure and the composition of cardiac rehabilitation programs in these

patients are warranted.

As mentioned previously exercise capacity in congenital heart disease patients tends to
be decreased compared to healthy subjects, this decreased exercise capacity can have

negative prognostic implications. An important question to be answered is whether his
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decreased exercise capacity is reversible. More specifically, would an intervention that
increases physical activity improve exercise capacity, or is exercise capacity limited due

to anatomic and physiologic alterations found in this population.

b) Objectives and hypothesis

A rehabilitation program that includes exercise training would benefit patients with
congenital heart disease, both at the time of the program as well as in the mid and long

term.
Our objectives were:

To perform an extensive review of all exercise testing modalities, determine which
provides the most objective quantification of exercise capacity and define the most

important variables to analyze.

To study the structure and contents of cardiac rehabilitation programs applied to
pediatric patients with congenital heart disease performed up until 2011 as well as

analyzing the outcomes

To determine the relationship between physical activity and exercise capacity in adults
with congenital heart disease to prove the reversibility of exercise intolerance in this

patient population

c) Results

Of all exercise capacity measurement techniques, the metabolic stress testing is the one
that provides the richest source of information regarding the cardiopulmonary and

musculoskeletal systems.

The systematic review included 16 studies of cardiac rehabilitation in pediatric patients
with congenital heart disease. We can conclude that this intervention seems to have

beneficial effects in this population and is of low risk. However more studies, with a
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higher number of patients and more precise outcomes are needed. The structure of

these programs was variable.

Lastly, we performed a retrospective study on 156 adults with congenital heart disease
who had undergone two metabolic stress tests, where we determined the relationship
between exercise capacity and physical activity performed at the first test as well as

change in exercise capacity related to change in physical activity.

We observed a significant relationship between exercise capacity and physical activity,
exercise capacity was also related to BMI. A change in physical activity was also shown

to be related to a change in exercise capacity.

d) Conclusions

e Metabolic stress testing is the most objective and detailed method to measure

exercise capacity in congenital heart disease.

e The most important variables to analyze are: Peak oxygen consumption, oxygen

pulse, heart rate, anaerobic threshold and respiratory exchange rate

e Decreased exercise capacity in congenital heart disease is not entirely caused by
their underlying condition, but also to a sedentary lifestyle. We have proven the

reversibility of exercise intolerance.

e Patients with congenital heart disease might benefit from a cardiac rehabilitation

program.

e Scientific evidence on the efficacy of pediatric rehabilitation programs in congenital

heart disease children is promising but limited.
e The ideal composition of these types of programs is yet to be determined.

e C(linical studies to determine the benefit, structure and optimal development of

these programs should be performed.
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I. INTRODUCCION

1.1 Cardiopatia congénita

Se define como cardiopatia congénita, a cualquier defecto del corazdn o de los grandes
vasos, que estd presente desde el nacimiento y su incidencia es de 4-8 por cada 1000
recién nacidos vivos. Numerosos avances, tanto en el campo médico como el quirargico,
han contribuido a incrementar la supervivencia de los pacientes con cardiopatia
congénita siendo resenable, que desde hace tan solo un par de afios por primera vez en
la historia, el nimero de pacientes adultos con cardiopatias congénitas ha sobrepasado

al de los ninos.t 2

Sin embargo este aumento de la supervivencia, se acompafia también de un aumento en
las complicaciones y/o comorbilidades de esta poblacion, lo que hace que disminuya

su calidad de vida respecto a la poblacién general.3-7

Las cardiopatias congénitas, se pueden clasificar segun las alteraciones anatémicas o

fisiologicas que se producen en el sistema cardiovascular:

Anatémicas: cardiopatias simples (Ej. comunicacion interauricular) o complejas (E;j.
Tetralogia de Fallot compuesta por una combinacion de defectos simples: comunicacién
interventricular, acabalgamiento de la aorta, estenosis pulmonar e hipertrofia del

ventriculo derecho).

Fisiolégicas: cianosantes, con saturacion de oxigeno disminuida (Ej. Tetralogia de Fallot)
0 no cianosantes, si la saturacién de oxigeno es normal (Ej. comunicacién

interauricular).

Aunque a nivel de recomendacién de ejercicio, también se manejan los conceptos de

cardiopatia progresiva, reparables quirdrgicamente o en tratamiento anticoagulante.? ?
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1.2 Fisiologia del ejercicio en la poblacion sana

La funcidn principal del sistema cardiopulmonar es la de proporcionar un flujo

sanguineo (y de oxigeno) acorde a las demandas metabdlicas del cuerpo.

En los individuos sanos, durante el ejercicio fisico, se producen una serie de respuestas
fisiolégicas en cadena en diversos sistemas para poder hacer frente al incremento de las

necesidades metabdlicas del organismo. Dichas adaptaciones se observan en la Tabla 1.

Cardiovasculares

Aumento de la frecuencia cardiaca (cronotropismo), de la velocidad de conduccién del

estimulo (dronotropismo) y de la fuerza de contraccién (inotropismo).

Modificaciéon de las resistencias vasculares periféricas: redistribucion del flujo
sanguineo: vasodilatacién en zonas musculares activas y vasoconstriccion en zonas

inactivas

Incremento del retorno venoso por la contraccién muscular y el aumento de la presion

intratoracica negativa

Aumento de las catecolaminas circulantes, el péptido natriurético auricular, el sistema

renina-angiotensina-aldosterona y la hormona antidiurética

Respiratorias

Aumento de la ventilacion y la vasodilatacion pulmonar segun la intensidad del

ejercicio, con optimizacion de la relacion ventilacion/perfusion

Aumento de la capacidad de difusion del oxigeno

Musculoesqueléticas

Vasodilatacion local
Incremento de la temperatura

Aumento de la extraccion de oxigeno

Tabla 1. Respuestas fisioldgicas agudas al ejercicio®
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Para que el ejercicio sea 6ptimo se requiere por lo tanto la integridad del eje

cardiopulmonar y del sistema musculoesquelético (Fig.1).

La actividad fisica implica un aumento de la demanda metabdlica y por lo tanto del
consumo de O2. Cualquier alteracion en estos sistemas que repercuta, en ultima
instancia, en la capacidad de transporte de oxigeno en sangre, en la extraccion del
mismo y/o su utilizacién a nivel muscular, limitara la capacidad de ejercicio del

paciente.ll 12

Los cambios fisiolégicos fundamentales, incluyen una triplicacién de la frecuencia
cardiaca, un incremento del 50% del volumen sistélico y una caida entre un 50-60%, de
la resistencia vascular pulmonar y periférica, lo que en conjunto incrementa
aproximadamente cinco veces el gasto cardiaco.!3 14 E] incremento del gasto cardiaco se
acompafa de un aumento de la precarga y las presiones sistolicas y de la arteria

pulmonar. 13,14

Inspired

Circulation Ventilation

Expired

.
Mito- \Y)
chondia  ©O2 ﬂ\
Consum.
@ y Muscle
-y co,
. Prod.

* Obesity ® Heart disease * Obstruction
* Airflow - Coronary ® Restriction
obstruction - Myocardial ® Chestwall
- Valvular * Infiltrative
®* Anemia

*® Occlusion * Thromboemboli

® Hypertension ® Vasculitis

® Vasoregulatory ® 1° Pulmonary
asthenia hypertension

Fig.1. Alteraciones de los distintos sistemas que pueden afectar al intercambio gaseoso?!®
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1.3 Fisiologia del ejercicio en la cardiopatia congénita

En las cardiopatias congénitas estos mecanismos de respuesta al esfuerzo estan

alterados, aunque a diferentes niveles, segtn el tipo de patologia:

Ej. un paciente con corazon univentricular al que se realiza cirugia paliativa de Fontan,
consistente en la conexion de las dos venas cavas a la arteria pulmonar, carece de una
“bomba” pulmonar competente al usar el inico ventriculo funcional como bomba
sistémica, lo que implica que la circulaciéon pulmonar es “pasiva” y la distribucién
sanguinea pulmonar es diferente a la de un paciente sano. Esto va a limitar la cantidad
de sangre que puede atravesar el pulmén en un momento dado y por lo tanto el
volumen sistélicol®. Ej. Los pacientes con Tetralogia de Fallot, tienen alteraciones
congénitas o adquiridas del lecho vascular pulmonar, de manera que no se produce la
disminucidn de la resistencia vascular de forma normall’. Otros pacientes con
cardiopatia congénita compleja presentan disfunciéon del nodo sinusal y

consecuentemente una respuesta cardiaca anormal con el ejercicio.1”

Ademas diversos estudios han sugerido una alteracidn intrinseca del musculo periférico
en pacientes con cardiopatias congénitas, similar a las “miopatias” observadas en
adultos con insuficiencia cardiaca, a 1a que se hace en parte responsable de la alteracion

de la utilizacion/extraccion de oxigeno.18 19

De todas las circunstancias resefiadas, se deduce globalmente una menor capacidad de
ejercicio, de origen multifactorial, en cualquier tipo de cardiopatia congénita, y con

mayor limitacién cuanto mas compleja es la misma. 20-24 (Fig. 2)
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Mean+SD Mean age

Arterial switch TGA n=150 36.7+9.1 15.2

Valvular n=439  26.3+9.8 356
CoA n=219 27.6+8.7 30.6
ASD n=350 22.148.1 433
VSD n=117  23.549.3 376
ToF n=1055 24.7+7.8 31.1

s26  9%*  goa

Atrial switch TGA n=489 24.4+7.5 26.5

627

473 ! 78.1
ccTGA n=129 21.0£7.6 339
Ebstein n=332 21.3+£7:1 276
Fontan n=911 22.8+6.4 20.0
Complex n=105 15.7+5.6 32.0

Eisenmenger n=119 12.5+3.9 40.3

20 40 60 80 100 120
PVO, as % predicted

Fig. 2. Capacidad de ejercicio en pacientes con cardiopatias congénitas (Kempney et al)?2: TGA: Transposicion de las grandes
arterias, CoA: Coartacién de aorta, ASD: Comunicacién interauricular, VSD: Comunicacién interventricular, TOF: Tetralogia de Fallot,

ccTGA: Transposicion de las grandes arterias congénitamente corregidas. pVO2: Consumo de oxigeno pico

Habiendo encontrado en distintos estudios una relacion directa entre la capacidad de

ejercicio y el riesgo de hospitalizacion o de mortalidad.20 25-27

No sélo tienen una alteracion objetiva de la capacidad de ejercicio, también la tienen
perceptiva. En un estudio de Diller et al.26 se objetivé que la clasificacién funcional de la
New York Heart Association (NYHA) no era fiable en pacientes con cardiopatias

congénitas?® donde pacientes con cardiopatia congénita asintomaticos (NYHA I) tenian
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una capacidad de ejercicio objetiva parecida a la de pacientes con cardiopatia adquirida

moderadamente sintomaticos con NYHA III.

1.4 Cuantificacion del ejercicio

La evaluacién de la capacidad de ejercicio del paciente con cardiopatia congénita, puede
proporcionar una valiosa informacién del sistema cardiopulmonar y explicar qué
factores pueden estar contribuyendo a limitar la capacidad de su participacién en
actividades fisicas habituales!2. Ya se ha resefiado con anterioridad que la

cuantificacion subjetiva no suele ser objetiva en esta poblacién.26

La mayoria de las pruebas clinicas utilizadas por el cardiélogo pediatrico valoran al
paciente en reposo, y aunque sean utiles, no predicen necesariamente la respuesta del
sistema cardiovascular a las necesidades del ejercicio, ni le proporcionan informacién al

meédico acerca de la capacidad real del paciente de llevar a cabo actividades fisicas.

La evaluacion de la capacidad de ejercicio del nifio o adolescente implica unos desafios
unicos debidos al tamafio y madurez del paciente. Ademas, los cambios que acontecen
en los sistemas cardiopulmonares y musculoesqueléticos durante la infancia complican

la interpretacién de los datos. 2?

Para obtener dicha informacion se debe hacer una valoracién de la capacidad de

ejercicio, para la cual existe una gran variedad de pruebas.

1.5 Discapacidad en el nifio con cardiopatia congénita

El paciente con cardiopatia congénita, presenta en conjunto una serie de caracteristica
clinicas que le hacen susceptible de presentar no solo la limitaciéon de su propio proceso
cardiolégico, sino una discapacidad multiple, por la serie de posibles alteraciones
fisiolégicas, comorbilidades y complicaciones acompafiantes a la evolucién natural de

la enfermedad y a las sucesivas cirugias.
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Dicha situacidn en el entorno rehabilitador es abordada siguiendo el modelo socio
biopsicosocial de la CIF: Clasificacion Internacional del Funcionamiento3? aprobada en
el 2001 que incluye el Funcionamiento y la Discapacidad asociado a las condiciones de
salud. Esta clasificacion presenta un lenguaje unificado y estandarizado para la
descripcion de la salud y los aspectos relacionados con ella como son la educaciéon y el

bienestar.

El concepto de funcionamiento y discapacidad en la CIF (Fig.3) hace referencia a:
e Funciones corporales: funciones fisiologicas y estructuras corporales.
e Actividades: realizacion individual de una tarea o accidn.
e Participacién: acto de involucrarse en una situacion vital.

E incluye Factores Contextuales de dos tipos:

e Factores Ambientales: Lo constituyen el ambiente fisico y social en el que las

personas viven y desarrollan sus vidas.

e Factores Personales: Constituyen el trasfondo particular de la vida de una

persona, familia y su estilo de vida.

La CIF tiene una aplicacién practica no solo a nivel clinico para valoracién de
necesidades, homogeneizacion de tratamientos y evaluacion de resultados en
rehabilitacion, sino a nivel educativo, para la valoracién de necesidades y adaptaciones
escolares. A nivel de politicas sociales para la planificacién de sistemas de seguridad
social y de compensacién. A nivel de investigacion para medir resultados, calidad de
vida y factores ambientales relacionados con la salud, y a nivel de estadistica para

recogida y registro de datos.

Especificamente en cardiopatias congénitas la estructura corporal alterada es el sistema
cardiovascular y las funciones corporales implicadas, las cardiopulmonares,
neuroldgicas, musculo esqueléticas, de aparato digestivo y psicologicas, como a

continuacion se desarrollan.
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1.6 Comorbilidad en cardiopatias congénitas

En la poblacién con cardiopatias congénitas se encuentran frecuentemente
complicaciones que no sélo afectan a la capacidad de ejercicio, sino también a su nivel

de funcionamiento o discapacidad. Se describen agrupadas por sistemas:

Neuroldgicas: relacionadas con factores innatos si la cardiopatia forma parte de un
sindrome genético Ej. La trisomia 21 o la delecién 22q11. También se ha observado que
el cerebro del neonato con cardiopatia tiene caracteristicas comunes al de un
prematuro en el momento del nacimiento, asi como alteraciones de la circulaciéon
cerebral fetal intradtero, de ahi que haya empezado a coger fuerza la teoria de que el
neurodesarrollo puede ya estar alterado a nivel fetal.# 3132 Qtros factores adquiridos
también pueden afectar al neurodesarrollo, por la hipoxia cerebral mantenida, que
ademas aumentara la viscosidad sanguinea favoreciendo infecciones a nivel cerebral, la
parada circulatoria hipotérmica, los tromboembolismos secundarios a arritmias o la

disfuncién ventricular, entre otros.33 >

La expresividad clinica varia desde alteraciones sutiles neurocognitivas como

alteraciones de las funciones ejecutivas o de procesamiento de informacidn, déficits de
atencion o problemas de aprendizaje, a manifestaciones neuromotoras como epilepsia,
infartos cerebrales o trastornos del movimiento. De hecho la cirugia cardiaca es una de

las principales-etiologias de infarto cerebral en nifios.> 34 35

Pulmonares: Las cirugias repetidas pueden dar lugar a alteraciones restrictivas de la via
aérea o a paralisis diafragmaticas secundarias a una lesién del nervio frénico.3
Recientemente se ha demostrado la relacion entre la disminucion de la capacidad vital
forzada y la capacidad de ejercicio.3® 37 En pacientes con insuficiencia cardiaca y
congestion pulmonar también se ha comprobado afectacién de la pequefia via aérea. El
desarrollo de hipertensién pulmonar, frecuente en algunos de los defectos cardiacos,
afecta directamente a la cantidad de sangre circulante por los pulmones y a su

contenido de oxigeno.38

Digestivas: Las alteraciones de la deglucion son relativamente frecuentes en esta

poblacién lo que puede desembocar en aspiraciones e ingesta calorica insuficiente.
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Estos problemas se han relacionado con los sindromes genéticos y la ventilacion
invasiva.3? 40 También es conocida la malabsorcion y la falta de apetito como sintoma de

desarrollo de insuficiencia cardiaca.

Musculo-esqueléticas: Dentro de las alteraciones extracardiacas mas comunes de los
pacientes con cardiopatias congénitas, se incluyen las alteraciones del tejido conectivo,
hipotonias, desviaciones del raquis y deformidades de la caja toracica.*! También esta
descrito un tipo de miopatia, similar al hallado en pacientes con insuficiencia cardiaca
cronica, asf como un desacondicionamiento muscular global. También se pueden

encontrar alteraciones del tono muscular secundarias a alteraciones neurologicas.#2 43

Psicoldgicas: se han evidenciado un gran niimero de problemas psicoldgicos en estos
pacientes entre los que cabe destacar la ansiedad y la depresién hasta en un tercio de
los pacientes. Otros desajustes psicoldgicos-que se han visto son problemas de

internalizacion y una afectacion de las relaciones sociales.*4 45

Globalmente y de manera sumatoria, cualquiera de estas alteraciones puede afectar la
capacidad de ejercicio del nifio y van a contribuir negativamente aumentando la

discapacidad del paciente.

Cardiopatia congénita + comorbilidades

\\\
N
f — e — A
estructura < > Actividad
corporal ] i
s A

Factores Factores
ambientales personales

Fig. 3 La discapacidad en la cardiopatia congénita
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1.7 Programas de rehabilitacion cardiaca

Los beneficios de la actividad fisica en la poblacion general ya han sido ampliamente
demostrados. Se ha relacionado con una disminucion de la mortalidad y de incidentes
cardiovasculares46-49, asi como con beneficios a nivel respiratorio, musculoesquelético y
metabolico>%-52, como se observa en la Tabla 2. Beneficios parecidos se deberian obtener
en los pacientes con cardiopatia congénita aunque todavia no han sido suficientemente

demostrados.

Cardiovasculares

Hipertrofia cardiaca concéntrica
Reducciéon de la demanda de oxigeno miocardico
Aumento del volumen minuto

Aumento del tono vagal y disminucién de los niveles de catecolaminas (aumento de la
vasodilatacion y control de la presidn arterial, disminucién de la frecuencia cardiaca

basal)
Aumento del flujo coronario
Estabilizacion del endotelio

Incremento de la fibrindlisis

Respiratorios

Aumento de fuerza muscular inspiratoria

Aumento de la capacidad pulmonar total y de la capacidad vital

Musculoesqueléticos

Aumento del tamafio y el numero de la fibras musculares Ila
Aumento de la vascularizacion

Aumento de la capacidad oxidativa y el nimero mitocondrial
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Metabdlicos

Mejora del perfil lipidico

Mejora del metabolismo de los hidratos de carbono: mejora de la utilizacién de la

insulina
Disminucién de los factores inflamatorios

Favorecimiento de la reduccion de peso: evita la obesidad

Psicolégicos

Reduccion de la ansiedad y el estrés
Favorecimiento del control de la depresion

Ayuda al control del suefio y el manejo del estrés

En la calidad de vida

Mejora de la fuerza y la resistencia muscular
Mejora de la funcionalidad
Disminucién del riesgo de muerte, mejor control de las enfermedades cronicas

Mejora de la imagen personal y las relaciones sociales

Tabla 2. Beneficios del ejercicio en la poblacién general 1°

Los niveles de actividad fisica en los pacientes con cardiopatia congénita es menor que

la recomendada por las distintas guias clinicas>? y comparada con la poblacién sana.2? 54

El objetivo de la rehabilitacion es precisamente la prevencion, diagndstico y tratamiento
de la discapacidad. ;Se puede ofrecer a estos pacientes alguna intervencion mas

especifica que disminuya el impacto que tenga la enfermedad en su vida?

Los programas de rehabilitacion cardiaca en adultos con cardiopatias adquiridas se

empezaron a desarrollar a partir de los afios 70, y han demostrado ampliamente que no
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s6lo mejoran la capacidad de ejercicio, los sintomas de ansiedad y depresion y calidad
de vida, sino que también disminuyen la morbimortalidad y el gasto sanitario de esta
poblacion.s5 56 De hecho en todos los paises del primer mundo esta protocolizada la
intervencion rehabilitadora al menos en pacientes que han sufrido un infarto cardiaco o
en los que se ha realizado una cirugia cardiaca.5¢ 57 A pesar de ello menos de un 10% de

todos los pacientes que se beneficiarian de esta intervencidn la reciben.>8

En pacientes con insuficiencia cardiaca, a pesar de haber demostrado su efectividad,

estdn mucho menos implantados.>?

Los programas de rehabilitacion de la cardiopatia adquirida constan de tres fases bien

diferenciadas:

e 12 Fase o periodo agudo, que incluye el post-operatorio agudo: El objetivo de esta
fase es que el paciente consiga la mayor independencia posible antes del alta, asi

como evitar complicaciones del encamamiento prolongado.

e 22 Fase o periodo post-agudo: es lo que comun y especificamente se conoce como
el programa de “rehabilitacién cardiaca”. Se inicia a los dos meses de la
intervencién o evento agudo y dura aproximadamente 3 meses. Incluye
reentrenamiento al esfuerzo con monitorizacién telemétrica, educaciéon, manejo
de factores de riesgo cardiovascular y terapia de relajaciéon en un ambiente

hospitalario.

e 32 Fase o fase de mantenimiento: se trata de realizar un programa de ejercicio de

mantenimiento, con supervision de forma crénica.

Estos programas de rehabilitacion, rara vez se ofertan a los nifios con cardiopatias

congénitas y tampoco estan disefiados para cubrir sus necesidades especificas.t?

1.8 Hipdtesis de trabajo y justificacion de la unidad tematica

La mayor supervivencia de los pacientes con cardiopatias congénitas, genera la

necesidad de que su calidad de vida sea similar a la de la poblacién general.
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Los programas de rehabilitacion en general y especificamente aquellos que incluyan
alguna modalidad de ejercicio fisico resultarian beneficiosos para estos pacientes, tanto

en el momento de su instauracion o prescripcién, como a medio y largo plazo.
Por ello los objetivos de la unidad tematica, han sido:

Conocer las respuestas fisiopatoldgicas de los pacientes con cardiopatias congénitas
ante el ejercicio, asi como hacer una revision exhaustiva de las diferentes modalidades
de pruebas de esfuerzo, determinar cudl es la que presenta mayores propiedades
instrumentales y definir qué variables de dicha prueba de esfuerzo son las mas
relevantes para valorar la capacidad de ejercicio en esta poblacién de pacientes. Se
realiza la revision, analisis y critica de los diferentes métodos y medidas de

cuantificacion.

Los beneficios aportados por los programas de rehabilitacion cardiaca en cuanto a la
adaptacidn al ejercicio y la estructura ideal de este tipo de intervencion sigue sin estar
definido en estos pacientes, en contraste con los programas bien estructurados y
consensuados para la poblacion de adultos con cardiopatia adquirida. Se estudia la
estructura y desarrollo de los programas de rehabilitacion cardiaca aplicados a

pacientes con cardiopatias congénitas hasta el momento, y los resultados obtenidos.

Estudiar la respuesta de adultos con cardiopatia congénita con determinada capacidad
de ejercicio a la actividad fisica diaria y valorar la capacidad de la misma para
modificar la situacién a lo largo del tiempo, partiendo de la base de que el conocimiento
de la respuesta a esta actividad en adultos, puede ser de utilidad para el disefio y

aplicacion en nifios con similar patologia de base.

Se considera prioritario conocer la respuesta a estas preguntas para poder optimizar la

intervencién a estos pacientes.

1.9 Presentacion de los articulos

Los tres articulos derivados de la hipoétesis de la tesis, siguiendo la linea argumental y la

cimentacion para las conclusiones son:
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Articulo 1. Rhodes ], Ubeda A, Jenkins K. Exercise testing and training in children with

congenital heart disease. Circulation 2010;122:1957-1967. ANEXO I

Articulo 2. Ubeda Tikkanen A, Rodriguez Oyaga A, Arroyo Riafio O, Maroto Alvaro E,
Rhodes |. Paediatric cardiac rehabilitation in congenital heart disease: a systematic

review. Cardiol Young 2012;22:241-250. ANEXO II

Articulo 3. Ubeda Tikkanen A, Opotowsky A, Landzberg M, Bhatt A, Rhodes J. Physical
Activity Improves Exercise Capacity in Adults with Congenital. Int ] Cardiol. 2013
12;168(5):4685-91. ANEXO III

Articulo 1. Exercise testing and training in children with congenital heart disease

Es una revision por invitacion de la revista Circulation. Se realiza un exhaustivo analisis
de las respuestas fisiopatoldgicas de los pacientes con cardiopatias congénitas ante el
ejercicio. Se revisan los distintos tipos de pruebas utilizados para medir la capacidad de
ejercicio, se describen los métodos y se establece el que se considera con mayores
propiedades para la cuantificacion de la capacidad de ejercicio en cardiopatias
congénitas. Por ultimo, se realiza la descripcion de los programas de rehabilitacion

cardiaca aplicables a pacientes infantiles con cardiopatias congénitas.

Articulo 2: Paediatric cardiac rehabilitation in congenital heart disease: a systematic

review

Se trata de una revision sistematica y clasificacion de la evidencia cientifica existente en
el momento actual acerca de los estudios de programas de rehabilitacion cardiaca
infantil publicados entre Enero de 1981 y Noviembre de 2010. Es una profundizacién y
ampliacién de la revisiéon de programas de rehabilitacién cardiaca infantil del articulo

numero 1.

Articulo 3: Physical Activity is Associated with Improving Aerobic Exercise Capacity over

Time in Adults with Congenital Heart Disease

Se trata de un estudio retrospectivo cuya finalidad es objetivar la relacion entre la
capacidad de ejercicio en las cardiopatias congénitas del adulto con el ejercicio fisico
realizado, para intentar demostrar la reversibilidad de la disminuci6on de dicha

situacion observada en esta poblacion.
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IL. OBJETIVOS

Por lo anteriormente expuesto, creemos importante plantear:

e Larevision de las respuestas fisioldgicas al ejercicio en las cardiopatias

congénitas.

e El estudio de las medidas de cuantificacién de la capacidad de ejercicio y

descripcion del que retina mayores propiedades.

e Ladeterminacion de qué variables de la prueba de esfuerzo, son las mas

relevantes para el estudio.

e Larevision de la evidencia de la calidad metodoldgica, eficacia y riesgo/beneficio
de los programas de rehabilitacion cardiaca en pacientes con cardiopatia

congénita asi como propuesta de la estructura de dichos programas.

e La objetivacion de la reversibilidad de la disminucion de la capacidad de ejercicio

en pacientes con cardiopatia congénita.

Rehabilitacion cardiaca en pacientes con cardiopatias congénitas 29



1118

MATERIAL Y METODOS

3.1 Articulo1: Exercise testing and training in patients with congenital heart

disease
Circulation 2010; 122:1957-1967
Factor de impacto de la revista en 2013: 15.20

Revisién por invitacién de la revista Circulation, se trata de una revision por expertos de
la literatura existente sobre la capacidad de ejercicio en la cardiopatia congénita, la
cuantificacion de dicha capacidad, las variables relevantes determinadas por estas

pruebas y los programas de rehabilitacién cardiaca hechos hasta el momento.

3.2 Articulo 2: Paediatric cardiac rehabilitation in congenital heart disease: a

systematic review
Cardiol Young 2012;22:241-250
Factor de impacto: 0.948

Palabras claves de la estrategia de busqueda fueron: heart, cardiac, rehabilitation,
exercise, lung, human, infant, child, adolescent. Las bases de datos consultadas para la
busqueda de los estudios fueron: MEDLINE /PubMed, EMBASE, Cardiosource Clinical
Trials Database, and Cochrane Library. Adicionalmente se obtuvieron estudios a partir

de la bibliografia de los estudios obtenidos.

Criterios de inclusién: estudios que incorporaban un programa de rehabilitacion
cardiaca estructurado con un componente de reentrenamiento al esfuerzo en pacientes
con cardiopatias congénitas menores de 18 afios o revisiones de dichos tipos de estudio.

Sélo se incluyeron estudios realizados entre Enero de 1981 y Noviembre del 2010.

Criterios de exclusion: estudios que no fueran escritos en inglés, francés, castellano o
italiano. También se excluyeron estudios de programas de rehabilitacion sin un

componente de reentrenamiento al esfuerzo.
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Clasificacion de la evidencia: Dos revisores independientes (AUT y ARO) clasificaron los
estudios de acuerdo al Centro de Medicina Basado en la Evidencia de Oxford.6! Cuando
la asignacion de ambos autores no coincidia, se discutia el estudio y se acordaba el nivel

de evidencia cientifica.

3.3 Articulo 3: Physical Activity is Associated with Improving Aerobic Exercise

Capacity over Time in Adults with Congenital Heart Disease
Int ] Cardiol. 2013 12;168 (5):4685-91
Factor de impacto: 4.125

Criterios de inclusién: adultos con cardiopatias congénitas mayores de 21 afios de edad,
que completaron al menos dos pruebas de esfuerzo con andlisis de gases entre Enero
del 2006 y Julio del 2011 en el Boston Children’s Hospital. Las pruebas tenian que ser de
esfuerzo maximo (CR > 1,09), con un intervalo de tiempo entre ellas de 6-24 meses. Se
excluyeron pacientes embarazadas durante o entre las pruebas, pacientes que se
sometieron a intervenciones cardiacas percutaneas o procedimientos quirurgicos que
pudieran afectar la capacidad de ejercicio entre las pruebas, asi como aquellos que
sufrian un proceso agudo en el momento de la prueba. Para el estudio, se utilizaron las

dos primeras pruebas que cumplieran con estos criterios.

Prueba de esfuerzo cardiopulmonar: se realizd ciclo-ergometria con un protocolo de
rampa, con monitorizacién electrocardiografica y analisis de los gases espirados
(CardiO2 exercise testing system, Medical Graphics, Minneapolis, Minnesota). Los
calculos y valores predictivos se hallaron utilizando las ecuaciones de Wasserman et

al.l1

Valoracién de la actividad fisica: La actividad fisica de los pacientes se cuantificé a partir

de la historia clinica del paciente y se clasificé en:

1) Sedentario: Actividad fisica minima, Ej. “Tiene una bicicleta estatica en casa pero no

la utiliza”.
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2) Ocasional: Actividad fisica de intensidad ligera, o moderada (actividad que obliga al
paciente a sudar o respirar fuerte) <2 veces a la semana y/o <40 minutos por sesion.
Ej. “Ha hecho ejercicio de forma regular en la cinta rodante durante unos 10-20

minutos alrededor de 3 veces por semana.”

3) Frecuente: ejercicio de intensidad al menos moderada = 2 veces durante = 40

minutes, Ej. “Ahora va al gimnasio dos horas al dia lunes, miércoles y viernes.”
4) Indeterminado: no habia informacién suficiente para poder clasificar al paciente.

Los cambios en los niveles de actividad fisica descritos anteriormente (sedentario,
ocasional, frecuente) entre la primera y la segunda prueba de esfuerzo también se

clasificaron como: sin cambios, aumento, o disminucion de la actividad fisica.

Dos investigadores (AUT, JR) clasificaron, de forma independiente, la frecuencia y la
existencia o no de cambios en la actividad en 50 sujetos para cuantificar la variabilidad
inter-observador, siendo el valor de Kappa para la clasificacién de la actividad fisica
0.79; y para los cambios en la actividad fisica entre pruebas fue 0.66, algo mas baja pero

seguia siendo aceptable.

El valor porcentual del consumo de oxigeno esperado (pVO2-opred) se calculé mediante
la mediana, siendo para pacientes con fisiologia univentricular 56.5% y biventricular

66.7%.

A los pacientes con pVOz.%pred por encima de este valor, se consideré que tenian una
capacidad de ejercicio “por encima de la media” para su fisiologia subyacente, y
aquellos con pVOz.ypred por debajo de este valor se clasificaron como capacidad de
ejercicio “por debajo de la media”. Se investigé la proporcién de pacientes con
capacidades de ejercicio por encima y por debajo de la media en la segunda prueba de

esfuerzo.

Andlisis estadistico: La variable principal de interés fue el cambio del pV0; a lo largo del
tiempo, se incluy6 el cambio del pVO2 absoluto (pVOz-abs en 1/min), el pvVO2 ajustado por
peso (pVOz-perkg, en ml/min/kg) asi como el porcentaje predicho de pVO2 (pVOz-spred)-
Otras variables secundarias analizadas fueron el cambio en la frecuencia cardiaca

maxima, el pulso de oxigeno y la pendiente VE /VCOx.
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Las variables continuas se presentaron como media * SD y las variables categdricas
como porcentajes. Debido a que las caracteristicas de los grupos de actividad fisica
sedentario y ocasional eran similares, se combinaron para formar un tnico grupo en la
mayoria de los analisis. La relacion entre las variables categoéricas de actividad fisica y
las variables individuales de las pruebas de esfuerzo, se analizaron con el ANOVA o el
test de Kruskal-Wallis. Se utilizaron pruebas de t pareada para comparar los valores
iniciales y finales para las variables de la prueba de esfuerzo con distribucién normal

(Wilcoxon rank sum test para las distribuciones no-normales).

Dada la variabilidad de tiempo entre las pruebas de esfuerzo de cada paciente también
se analizo6 la relacién entre los predictores de interés y el cambio de las variables de la
prueba de esfuerzo ajustado por afno (Ej. ApVO2zperkg/aiio). Se realizé una regresion lineal
donde el cambio del parametro de ejercicio de interés (Ej. ApVOz-perkg 0 ApVO2-perkg/ afio)
era la variable dependiente, para ver la asociacidn entre el nivel de actividad fisica
durante el periodo de tiempo entre las pruebas de esfuerzo o el cambio de actividad
fisica entre dos visitas, y las variables dependientes estudiadas. Se realizé un analisis
multivariante, para comprobar si las asociaciones observadas eran independientes de
potenciales factores de confusion como: edad, género, tipo de cardiopatia congénita,
tiempo entre pruebas, pVO2-perkg (U Otras variables de la prueba de esfuerzo) basal, talla
o peso basales (o IMC), cambio de peso entre estudios, uso de tabaco, uso de
marcapasos, presencia de disfuncién ventricular sistémica diagnosticada por
ecocardiografia (ninguna, ligera, moderada/severa), frecuencia cardiaca de base y uso
de medicamentos cardiacos especificos (digoxina, beta-bloqueantes, IECA/EIA,

diuréticos).

También se valoré la proporcién de pacientes de cada grupo de actividad fisica que
cambiaron de debajo a encima de la mediana basal (o al revés) durante el tiempo entre
pruebas y aquellos que demostraron un incremento o descenso del pVOz-opreda >1SD

con respecto a la diferencia de medias.
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IV. RESULTADOS

4.1 Articulo 1. Exercise testing and training in patients with congenital heart

disease

Aportacion del doctorando: busqueda y revision bibliografica, redaccion y edicion del

texto.

Existen diversas pruebas para determinar la capacidad de ejercicio en esta poblacién,
pero la precisién del método es fundamental, ya que como ya se ha mencionado

previamente esta directamente relacionada con su morbimortalidad.

1) Prueba de la marcha de 6 minutos. Consiste en medir la cantidad de metros que
recorre un individuo en 6 minutos. Es una prueba muy utilizada y popular, sobre
todo en pacientes con hipertensidon pulmonar. Es facil de realizar y muy bien
tolerada. Se puede registrar la frecuencia cardiaca (FC), la saturacion de oxigeno y la
presion arterial. Entre las limitaciones de esta prueba cabe destacar la influencia de
factores no cardiopulmonares en los resultados como la amplitud de la zancada y el

esfuerzo del paciente.

2) Pruebas de esfuerzo. Permiten determinar de forma mas objetiva la tolerancia al
ejercicio. En nifios menores de 6 afos, en general, no suelen realizarse por falta de
colaboracion.

Existen dos tipos de pruebas de esfuerzo:

a. Sin analisis de gases: se realizan en una cinta rodante con el paciente
monitorizado. El protocolo de Bruce®2 63 es el mas utilizado, con un
incremento de la velocidad y la inclinacién de la cinta cada 3 minutos. La
capacidad de ejercicio se deduce a partir de la duracion de la prueba y se
compara con unas tablas de normalidad.®2 Pueden registrarse alteraciones de
la respuesta de la presion arterial, la saturacién de oxigeno y el ritmo

cardiaco, o cambios del segmento ST en el ECG. En esta prueba también
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encontramos la limitacion de poder determinar si es una prueba de esfuerzo

maximo o no, lo que afectara a la interpretacion de los datos que obtengamos.

b. Con andlisis de gases o metabdlica: la prueba de esfuerzo se completa con
analisis del gas espirado. Se puede realizar en cinta rodante con un protocolo
similar al que se ha explicado previamente, o en cicloergémetro con aumento
progresivo de la carga. El paciente respira aire ambiente pero lleva una
mascara que analiza las concentraciones de oxigeno que consume y diéxido
de carbono que genera, ademas de los volimenes de aire movilizados. La
informaciéon que aporta este tipo de prueba es particularmente detallada y
objetiva e ilustra la interaccion entre los sistemas cardiovascular, pulmonar y
musculoesquelético. Con estos datos se pueden calcular diversos parametros
clinicos imprescindibles en el estudio de las respuestas fisiopatologicas del
paciente con cardiopatia congénita.

Los parametros obtenidos en las pruebas de esfuerzo y su significado, se

describen a continuacion:

i. El consumo maximo de oxigeno o consumo de oxigeno pico (pVOz ), se
trata de un indicador de la capacidad de ejercicio. El pVO2 representa
la capacidad del organismo de proporcionar oxigeno, como sustrato
energético, a la musculatura. En la gran mayoria de los individuos este
consumo esta limitado por el aparato cardiopulmonar, mas
concretamente de la capacidad del sistema circulatorio de aumentar el
gasto cardiaco durante el ejercicio. Con lo cual es un indicador

excelente de la capacidad del sistema cardiovascular del paciente.

Sin embargo el calculo de los valores normales de pVO2 no es tan facil,
depende de ciertas caracteristicas del individuo tales como el peso, la
talla, la composicién corporal, género y edad, existiendo distintas
ecuaciones para su calculo. Las mas utilizadas son las de Wasserman
64 en adultos y en la poblacion infantil son las de Cooper?2° salvo para

pacientes con una talla inferior a 130 cm en cuyo caso se presupone
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42 ml/kg en chicos y 38 ml/kg también descrito por Cooper et al.2?

Se ha demostrado la importancia clinica de esta variable a través del
poder predictivo de muerte y/o hospitalizacion que se ha visto en
pacientes con Tetralogia de Fallot®>, en aquellos intervenidos de
switch atrial en transposicion de las grandes arterias®®, en pacientes

con hipertension pulmonar®?. 68 y pacientes intervenidos de Fontan.2?

ii. La frecuencia cardiaca maxima (FCmax), o nimero de latidos por
minuto. Durante el ejercicio la relacién entre la FC y el pVO; es lineal
hasta intensidades muy altas. Se puede calcular con la féormula
FC=220-edad en afios. No es infrecuente, en pacientes con
cardiopatias complejas o con multiples cirugias, la presencia de una
alteracion cronotropica, que rompe esta relacion lineal.®? Aquellos
pacientes que no son capaces de incrementar su volumen sistolico
intentan compensarlo con incremento excesivo de la frecuencia
cardiaca con el esfuerzo. La incompetencia cronotrépica es
relativamente frecuente tras la cirugia de cardiopatias congénital?. 6%

70 y se ha relacionado con un peor prondstico.6?

iii. El pulso de oxigeno (PO2) se ha relacionado con el volumen sistélico
efectivo, y por lo tanto es una de las variables mas utiles para el
clinico. La relacion entre el POz y el volumen sistolico se entiende al
dividir los dos lados de la ecuacion de Fick por la frecuencia cardiaca

(FC):

V02/FC=PO;= (gasto cardiaco)/(FC)x(extraccién de 02)

La extraccion de O; es equivalente al contenido arterial de O; menos el
contenido venoso. Estas variables a su vez dependen de la
concentracion de hemoglobina y la saturacion de oxigeno. En

pacientes con cardiopatia congénita reparada las saturaciones y las
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concentraciones de hemoglobina son normales. Ademas con el
ejercicio pico se maximiza la extraccion de Oz, por lo tanto en la
mayoria de cardiopatia congénita la concentracion venosa es parecida,
por lo que la extraccion de Oz en la mayoria de los casos es homogénea
y por lo tanto el PO es equivalente al volumen sistélico efectivo. Los
valores normales van a depender por supuesto del tamaiio, sexo y
edad del paciente. Los valores normales se pueden calcular dividiendo

el pVO2 predicho entre la FC predicha.

Sin embargo hay que tener en cuenta las limitaciones del concepto del
PO: al interpretar las pruebas, aquellos pacientes con un contenido
arterial de oxigeno por debajo de lo normal (Ej. pacientes con una
anemia severa) tendran una extraccion de oxigeno por debajo de lo
normal y el POz subestimaria el volumen sistdlico efectivo. Por lo
contrario, en aquellas situaciones que aumentan el contenido arterial
de oxigeno como la policitemia lo sobrestimarian. Por la ley de
Starling una bradicardia relativa con el ejercicio maximo se deberia de
compensar con un aumento del volumen sistolico efectivo, en
consecuencia la falta de aumento del POz en pacientes con una

alteracién cronotrépica con el ejercicio es anormal.

Los pacientes que son incapaces de aumentar el volumen sistélico
efectivo tales como aquellos con disfuncién ventricular??, lesiones
valvulares severas tanto insuficientes como estenéticas®? 72y
pacientes con enfermedades vasculares sistémicas o pulmonares24 67,

68 tendran un PO; bajo.

En patologias con circulacion univentricular (como el Fontan)
frecuentemente encontramos un PO; bajo a pesar de una integridad
de la funcidén ventricular y valvular, esto se puede deber a la falta de

una “bomba” pulmonar y la capacidad limitada de aumentar el flujo
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pulmonar al ser pasiva la circulacion. En estos pacientes existe una
correlaciéon muy alta entre el POz y el pV027?, lo mismo se aplica a

otras alteraciones cardiacas con disfuncion ventricular.70 71

iv. El coeficiente respiratorio (CR) es la relaciéon de VCO2/VO2, su valor
depende del tipo de sustrato que utiliza el organismo para generar
energia, a nivel de actividad basal oscila entre 0.7-0.8. Durante una
prueba de esfuerzo al sobrepasar el umbral anaerébico el CO>
generado excede al Oz consumido. Un CR 21.09 se considera con un

esfuerzo maximo y aceptable.64 73

Si un paciente no realiza una prueba maxima los datos obtenidos
probablemente no reflejen la capacidad cardiopulmonar verdadera
del paciente. Una interpretacion 6ptima de la prueba requiere
informacion valida acerca del esfuerzo del paciente. La medicion del

coeficiente respiratorio nos aportara este dato.

v. Elumbral anaerébico (UA) es el momento durante el ejercicio, en el
que el metabolismo aerdbico no es suficiente para mantener los
niveles energéticos requeridos para dicho esfuerzo y empieza a
complementarlo el metabolismo anaerébico. En este momento
aumenta desproporcionadamente la producciéon de COz respecto al

consumo de Oa.

Existen ecuaciones de predicciéon basados en la edad, el tamafio y el
sexo del paciente.2? Se suele expresar como porcentaje del consumo
pico de Oz predicho. En ausencia de una enfermedad cardiovascular el
UA no suele caer por debajo del 40% del pVO: predicho. En pacientes
con condiciones que limitan el aumento del gasto cardiaco o el

transporte de Oz con el ejercicio, el UA estara disminuido.64 70,73

vi. La pendiente VE/VCO: representa la relacion lineal existente entre la

ventilacion y la eliminacion de CO; durante el ejercicio. Corresponde
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al numero de litros de aire que hay que movilizar para eliminar 1 litro

de CO2 y se considera un indice de eficiencia del intercambio gaseoso.

En patologias como la transposicion de grandes arterias corregida con

switch atrial, la insuficiencia cardiaca, o la Tetralogia de Fallot se ha

relacionado un incremento en la pendiente, con un aumento del riesgo

de muerte.65 66,74-76

vii. Alteraciones caracteristicas por cardiopatia congénita

Cada tipo de cardiopatia congénita va a dar lugar a alteraciones

especificas de las variables descritas en la prueba de esfuerzo

metabolica como se especifican a continuacién en la Tabla 3.
Defecto WVO0; pico | JFCmax | JPO: | TVE/vCO: | JUA
TOF reparado/Truncus +++ ++ +++ +++ ++
Fontan ++++ +++ ++++ ++++ +++
EVPO ++++ + ++++ ++++ ++++
Ebstein +++ ++ +++ ++ ++
Post switch arterial +++ ++ +++ ++ ++
Valvulopatia adrtica ++ + ++ + ++
Coartacion ++ + ++ + +++
Miocardiopatia dilatada ++++ + ++++ ++ ++++
Miocardiopatia hipertrofica ++ + ++ + ++
[P aislada + + + + +

TOF: Tetralogia de Fallot, EVPO: Enfermedad vascular pulmonar obstructiva, IP: Insuficiencia pulmonar, VO pico: consumo de

oxigeno pico, FCmax: Frecuencia cardiaca maxima, PO2: Pulso de oxigeno, VE/VCO:: porcién lineal de la pendiente de ventilacién y

CO2zproducido, UA: Umbral anaerdbico, + raramente presente, ++ presente a veces, +++ frecuentemente presente, ++++

generalmente presente. Esta tabla asume que el paciente recibe tratamiento de antiarritmicos ni betabloqueantes que puedan

afectar la respuesta cronotrépica al ejercicio.

Tabla 3. Alteraciones de la prueba de esfuerzo especificas por cardiopatia.!2
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4.2 Articulo 2: Paediatric cardiac rehabilitation in congenital heart disease: a

systematic review

Aportacion del doctorando: planteamiento del trabajo cientifico y la hipoétesis, busqueda

bibliografica, clasificacidn de la evidencia, redaccién y edicién del articulo.

Se encontraron un total de 193 articulos con las palabras clave, de los cuales solamente
24 cumplian con los criterios de inclusién. De estos, 21 tenian un programa

estructurado y iinicamente 18 tenfan un componente de reentrenamiento al esfuerzo.

La revision se realiza en estos ultimos 18 articulos, si bien 2 por ser casos clinicos no se
incluyeron en el andlisis final. No se registraron efectos adversos. En la Tabla 1anexo S
recoge la descripcion de la poblacién y el programa rehabilitador, el paciente mas joven
incluido tenia 4 afios. El nimero de pacientes incluidos en los estudios variabade 1 a
103 y la duracidn de los programas de 2 semanas a 10 meses. En las Tabla 2Zanexo S€
recogen las caracteristicas principales de cada estudio, lo mas frecuente fueron series
de casos, el tipo de entrenamiento y las medidas de ejercicio eran heterogéneas, y el

seguimiento se hacia a corto plazo.

El nivel de evidencia de estos estudios se clasifico segun el sistema de Oxford y se
presenta en la Tabla 4. No se realizaron estudios randomizados con grupo control y los

estudios mas rigurosos recibieron una puntuacion de 3.

El nivel de evidencia que apoya la eficacia de la rehabilitacion cardiaca en nifios con
cardiopatia se puede definir como sugestiva pero no definitiva: Clasificaciéon de nivel B

del Oxford Center for Evidence-Based Medicine.
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Autor Nivel de evidencia
Mc Bride 200777 4
Rhodes 200678 2B
Moalla 20067° 2B
Brassard 200680 2B
Opocher 200581 4
Rhodes 200582 3B
Minamisawa 200183 4
Fredriksen 200084 2B
Sklansky 199485 4
Balfour 199186 4
Calzolari 199087 2B
Longmuir 199088 2B
Longmuir 19858° 2B
Bradley 198590 4
Ruttenberg 1983°1 2B
Goldberg 198192 4

Tabla 4. Clasificacién por autores segun los niveles de evidencia de Oxford.”?
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4.3 Articulo 3: Physical Activity is Associated with Improving Aerobic Exercise

Capacity over Time in Adults with Congenital Heart Disease.

Aportacion del doctorando: planteamiento de la hipotesis, recogida de datos, analisis de

datos, redaccion y edicidn del texto.

Caracteristicas de los pacientes

La actividad fisica se clasific6 a partir de la historia clinica de los pacientes en n=147
(72.4%) de los 203 pacientes que cumplian los criterios de inclusion. Tras analizar la
distribucién por porcentaje de cambio en el pVO2-abs, Se excluyé a un outlier cuyo pVO..
abs habia aumentado un 70.4% entre pruebas (en el resto de los sujetos el ApVOz.aps era
de -24.2% + 35.5%). De los 146 sujetos que se incluyeron en el andlisis, en 145 se pudo
clasificar la actividad fisica en la primera prueba. Se recogieron datos demograficos,
clinicos y de las pruebas de esfuerzo de todos los pacientes (Tabla 5). No se hallaron
diferencias significativas entre aquellos excluidos (n=57) y aquellos incluidos en el
analisis (Ej. edad 32.8 vs. 33.5 afios, p=0.65; el tiempo entre estudios era de 13.3 vs. 13.6
meses, p=0.63; ApVOz-aps inicial 1.48 vs. 1.61 1/min, p=0.15; ApVO2-9pred +2.4 vs. +3.0%,
p=0.76).
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Physical activity frequency

Overall Low Oacasional Frequent P

N 145 61 47 i7
Agely) 335+ 102 341 +£ 114 352499 303 +78 0.08
Male (%) 49.6 508 55.3 405 039
Height {cm) 1678 + 95 166.9 + .99 1676 +77 1695 + 12.2 053
Weight (kg) 739+ 178 77.1 £ 201 724 £135 707 + 181 021
BMI, baseline ( kg/m?) 261 =45 275 £ 58 26 + 40 24+ 40 001
Peak V0, peng, baseline (ml/min/kg) 2189+ 67 190 + 5.0 214 + 61 274 + 67 <0.01
0, pulse, baseline (mL/beat) 106+ 36 97 £3.0 104 £ 36 120 + 40 <0.01
Diabetes mellitus (&) 1.5 33 ] ] 027
Tobacco (%) 9.9 158 67 i3 015
Systolic BP (mmHg) 122 + 15 125 + 16 119 + 14 119+ 13 0.04
Diagnosis (&) 049

Tetralogy of Fallot 35.8 344 258 460

Fontan 10.3 148 6.4 8.1

Systemic right ventricle 228 164 208 243

Other 310 344 34.0 216
Ventricular dysfunction (%) 042

Moderate severe 13.1 180 128 54

Mild 235 180 25.5 \7

Normal 61.4 60.6 61.7 621

Unknown 21 32 ] 27
Arrhythmia with exercise (&) 062

None 92.4 902 93.6 946

Atrial fibrillation flutter/SVT 21 33 21 0

Ventricular tachycardia 0.7 ] 21 ]

Frequent APBs or VPBs 48 66 21 54
Pacemaker (%) 19.3 197 234 135 051
Medication (%)

ACEI 338 377 34.0 270 058

Beta blocker 338 360 46.8 135 <0.01

Digoxin 10.3 82 85 162 044

Diuretic 17.2 230 17.0 811 017

Tabla 5. Descripcion basal de la poblacion estudiada.*

Datos iniciales

De los 145 pacientes clasificables en la primera prueba de esfuerzo 61 (42%) eran
sedentarios, 47 (32.4%) realizaban actividad fisica de forma ocasional y 37 (25.5%)
frecuentemente. EI IMC y la presidn sistdlica tendian a ser mas altos en el grupo
sedentario mientras que el pVO2-perkg asi como el PO eran significativamente mas altos
(p<0.01) en el grupo de pacientes que hacia ejercicio frecuentemente. Los datos

obtenidos en la segunda prueba de esfuerzo eran parecidos.

Se hall6 una diferencia significativa a nivel del pVO2.opreda basal entre los distintos tipos
de cardiopatias congénitas (Fig.4.). La mediana del pVOz.9pred estaba muy por debajo de
lo normal en todos los grupos diagnosticos y mas de un 75% de los pacientes de todos

los grupos estan por debajo del valor predicho.
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Fig 4. Capacidad de ejercicio en cada tipo de cardiopatia de la poblacién de estudio. Systemic RV: ventriculo derecho sistémico,
AVCD: defecto de canal, ASD: comunicacién interauricular, VSD: comunicacién interventricular, TOF: Tetralogia de Fallot, LV

obstructive: lesién obstructiva de ventriculo izquierdo, RV lesions: lesiones de ventriculo derecho. 94

Por otra parte, no hubo diferencias en cuanto a ApVOz.9pred entre los distintos grupos

diagnosticos a lo largo del estudio (Fig.4u).

Predictores de cambio en el VO: pico

El predictor mas significativo de % de cambio de pVOz-abs era el IMC (Tabla 6). Los
pacientes con un IMC mas alto inicialmente tendian a tener un pVOz.abs mas bajo en la
segunda prueba (por cada 5 Kg/m?2 de mas en la primera prueba, el pVO2z.aps en la
segunda prueba era un 3% mas bajo, p=0.001, r?=0.07). La altura no se asociaba al
ApVOz-aps (p=0.26) mientras que si lo hacia el peso inicial (por cada 10 kg de mas el
pVO2-abs disminuia un 1.6% entre pruebas, p=0.002, r2 = 0.06). Aquellos que tenian un
pVO02-abs mas alto solian tener un pV0z-abs mas bajo en la segunda prueba. Por cada pVO..
absinicial un 10% mas bajo, aumentaba un 1.4% (p=0.01, r2 = 0.04) El ApVO2-abs no se
relacioné con otras variables clinicas o demograficas basales. No se hallé una relacién
entre el uso créonico de medicacion cardiaca o la introduccién de una nueva medicacion
durante el periodo de estudio con un ApVOz-as (beta bloqueantes n=10 p=0.27,
IECAs/ARB n=5 p=0.21, digoxina n=2 p=0.82, diuréticos n=7 p=0.22). Los pacientes que

empezaban a tomar un beta bloqueante tendian a tener una frecuencia cardiaca mas
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baja (A =-13.51pm, p< 0.001) en el segundo estudio pero un pulso de O; mayor (A =
+14 ml/latido, p<0.001). No se hallaron asociaciones entre el resto de los medicamentos

y cambios de frecuencia cardiaca maxima ni pulso de oxigeno.

r2 B P

Edad (afios) 0.012 -0.12 0.19
Sexo (hombres) <0.001 0.51 0.79
IMC (kg/m?2) 0.07 -0.62 0.001
Altura (cm) 0.009 -0.11 0.26
Peso (kg) 0.063 -0.16 0.002
Tabaco <0.001 -0.35 0.92
Diabetes mellitus <0.001 -0.76 0.93
Marcapasos <0.001 -0.21 0.93
Disfuncién 0.017 4.46 0.12
ventricular severa

pVOz2 basal 0.045 -4.41 0.01
PAM (mmHg) 0.002 0.05 0.6

Tabla 6. Regresion lineal univariable de predictores del cambio del porcentaje de cambio de pVO2. IMC: indice de masa corporal,

PAM: presion arterial media, pVO2: consumo de oxigeno pico.%

Otras medidas de ApVOz2 (Ej. ApVO2epred, ApVO2-por kg) tenian una asociacion con las

variables predictivas parecida a las observadas con el ApVO2aps.

Efecto de la época del aiio en los resultados de la prueba de esfuerzo

No se observaron diferencias significativas en el ApVOzgpred €n la prueba de esfuerzo en

relacién al mes (p=0.34) o a la época del afio (Octubre-Marzo vs. Abril-Septiembre,
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p=0.74). La época del afio de la prueba de esfuerzo inicial no afectaba al cambio del
pVOZ2ypred. Aquellos que hicieron la segunda prueba de esfuerzo en la misma época que
la prueba inicial (n = 82, ApVOz-%pred = +1.8 + 1.1), aquellos que realizaron la primera
prueba en invierno y la segunda en verano (n = 35, ApVOz-9preda = +2.0 = 1.8) y los que lo
realizaron en sentido opuesto (n = 29, ApVO2-9pred = +2.2 * 1.6) tuvieron el mismo

cambio en pVO2-9pred (p = 0.98).

El impacto de la actividad fisica en los parametros de ejercicio

No se hallaron diferencias demograficas ni clinicas significativas entre los grupos de
pacientes clasificados por su nivel de actividad fisica en la segunda prueba de esfuerzo
(representa el nivel de actividad fisica entre pruebas). Se encontraron diferencias
estadisticamente significativas en el IMC (p = 0.02) que era mas bajo y el VO pico (p =
0.01) que era mas alto en los pacientes mas activos, y el nimero de fumadores que era
mas alto en aquellos pacientes que realizaban ejercicio de forma moderada (p<0.01).
Hubo menos paciente clasificados como sedentarios en la segunda visita comparada con

la primera (n = 42 vs. 61).
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Physical activity frequency

Ovwerall Low Occasional Frequent P

N 146 42 49 55
Time between tests (mos.) 136 + 47 143 =45 137+ 5.2 130+45 0.58
BM, baseline ( kg/m?) 261 + 45 277 £ 56 26.1 = 4.8 24940 0.03
Weight (kg)

Baseline 740 + 177 780 £ 185 741+ 163 70.8 = 165 0.14

A —02+ 37 05 + 3.0 02 +39 —12+37 0.008
Rest MAP {mmHg)

Baseline 910 + 54 5925 + 113 90.3 + 5.0 90.2+75 043

A 00+ 80 —06 97 21 +89 —13+85 0.19
Rest HR (bpm)

Baseline 773+ 138 816 £ 125 76.8 £ 13.5 746 = 144 0.05

A —06+ 120 03 + 132 —20+53 0.1 +£131 0.81
Peak HR ( bpm)

Baseline 1532 + 247 1536 + 29.8 1522 + 240 153.8 + 213 055

A 07+ 124 —0.8 =135 —05+ 119 30118 034
Peak Work (W)

Baseline 1486 + 566 1349 + 469 148.6 + 60.3 159.0 + 586 0.14

A 33+ 165 —0.7 + 180 30 £ 165 6.7+ 143 021
PV perig (ml kg/min

Baseline 220 + 67 193 £ 57 220 + 6.1 24073 0.005

A 06+ 27 007 21 0.0 +3.0 16+27 0.004

A (ml/min/kg/vear) 07+ 29 006 + 20 —0.07 £277 1.8 +32 0.002
pV0, Spred (%)

Baseline 673 = 167 612 +13.1 67.3 + 128 719 + 206 0.02

A 15+ 485 05 + 86 02 +£87 46 =105 0.04

A (Fpred)year) 159+ 95 03 + 80 —05+50 2+112 0.01
PV st (L/min)

Baseline 16+ 06 149 =053 164 + 0.62 1.68 + 0.60 029

A 003 + 018 001 £ 017 0.00 = 0,15 0.08 = 0.15 007

A (#fvear) 23+ 144 16 + 101 02 +12.2 6.6+133 0.04
02 pulse [ml/beat)

Baseline 106 + 36 97 + 259 109 + 4.0 109+36 0.19

A 0113 01 +14 00 +14 0.2+12 062

A (#fvear) 23+ 144 20 £ 136 08 + 128 3B+ 163 0.56
VE/NCO, Slope

Baseline 282 + 46 285 + 44 27942 275150 0.02

A — 001 + 416 —01 =54 —04 + 30 0.3 +40 037

CPX data at baseline and change in CPX data between both tests, based on PA classification at follow-up.

Tabla 7. Datos de la prueba de esfuerzo clasificado por nivel de actividad fisica en la 22 prueba N: niimero de pacientes, mos:
meses, BMI: indice de masa corporal, MAP: presion arterial media, HR: frecuencia cardiaca, peak W: capacidad de trabajo maximo,

pVOz2: consumo de oxigeno pico, VE/VCO2slope: pendiente VE/VCO, Oz pulse: pulso de oxigeno.**

Los datos de la prueba de esfuerzo inicial y el cambio entre pruebas seguin la
clasificacion por nivel de actividad fisica estan representados en la Tabla 7. Una
actividad fisica frecuente se asociaba a una mejoria tanto de pVOz-perkg y pVO29%-pred (€S
decir, el ApVO2-perkg y €l ApVO29-pred €ran positivos con p =0.003 y 0.04
respectivamente). Se observaba una tendencia positiva en el pVOz.abs (p = 0.07) y una
mejora significativa del pVOz-aps si se ajustaban por afio (p=0.04). Estas relaciones se
ilustran graficamente en la Fig.5, en la que se comparan los clasificados en los dos
grupos de menor actividad fisica con los que realizaban ejercicio fisico de forma

frecuente.
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by Activity Frequency by Activity Frequency
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Fig.5. Cambio en pVO2tanto de forma absoluta como en porcentaje predicho, comparando pacientes que realizaban ejercicio fisico

menos de 2 veces por semana comparado con los que realizaban 2 o mas.%*

La asociacion entre la frecuencia de ejercicio y el ApVO2.9pred Se mantenia a pesar del
ajuste multivariable que incluia edad, sexo, pVO2z-s%pred (p = 0.02) y otros factores tales
como el IMC, tiempo entre pruebas, cambios de peso, diabetes, uso de tabaco y
necesidad de marcapasos (p = 0.03). Esta misma asociacion existia entre frecuencia de
ejercicio y el ApVO2-per/kg tras ajustar por caracteristicas clinicas y demograficas (p =

0.002 y 0.02 respectivamente).

Para entender mejor si las diferencias entre grupos de ApVOz.aps eran clinicamente
significativas, analizamos la proporcion de pacientes que habian incrementado o
disminuido su pVOz-abs al menos una desviacion estandar (cambio medio de +3 + 11%,
con +1SD definido como un incremento de 14% y -1SD como -8%; Fig.6). Los pacientes
con poca o nula actividad fisica durante el tiempo de intervalo entre pruebas eran mas
susceptibles de sufrir una caida de su pVO; de al menos 1 SD (19.8%) en vez de un
aumento (11.0%). Contrariamente, aquellos que realizaban ejercicio fisico
frecuentemente tendian a aumentar su pVOz.aps al menos 1SD (27.3%), mientras
solamente un 12.7% de aquellos que hacian ejercicio de forma frecuente disminuian su
pVO02-abs mas de 1 SD (p=0.03). Este hallazgo era independiente de la edad, IMC y pVO..
abs basal del paciente (regresion logistica multivariable OR = 7.4, 95%CI, 1.5-35.7, para

+1SD en pVO2-abs para los que realizaban frecuentemente actividades fisicas).
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Fig.6. Proporcién de pacientes que varfan su capacidad de ejercicio al menos 1DS (11%) segun su nivel de actividad fisica, lo cual se

consideraria clinicamente relevante.®*

Cambio en la frecuencia de la actividad fisica y pv02

La mayoria de los pacientes (61.4%) mantenian el mismo nivel de actividad fisica
durante el tiempo de estudio; un 29.7% lo aumento y un 9% disminuy0 su frecuencia.
Se demostro una relacion estadisticamente significativa entre el cambio de actividad
fisica entre pruebas y el ApVO2-aps (1/min), y ApVO2-opred (Fig. 7). La disminucidn de la
actividad fisica se asociaba con una disminucién de pVO2z-perkg (1.9 * 3.3 ml/min/kg),
mientras que el mantenimiento de la actividad fisica se asociaba con una estabilidad del

pVO2-perkg (+0.5 * 2.7 ml/min/kg) y el aumento de la actividad fisica se asoci6é con una

mejoria de pVOzperkg (+1.6 * 2.1 ml/min/kg).

A ApVO, aps B A pVO3.ypred
by Change in Physical Activity by Change in Physical Activity
40- bm e e I 40+
pr0.03;20jp=002 —¢— | P001;adip=0005 %

- 204 20+ —_1
5 T i —
g, + + i,
N — f— O et
S -+ 2 +
Q
< <

-20 | -20; e

o R T wl ~ T

Fig.7. Cambio en pVO: debido al cambio de la actividad fisica (disminucion="!", mantenida="~", aumento="1") entre las 2 pruebas.?*
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V.

DISCUSION

El nimero de pacientes supervivientes con cardiopatia congénita aumenta
progresivamente, sin embargo su vida no va a estar exenta de complicaciones. Las
intervenciones destinadas a disminuir el impacto de la posible discapacidad de los
pacientes con cardiopatia congénita pueden ser desarrolladas y estudiadas con mayor

profundidad.

5.1 Articulo 1: Exercise testing and training in patients with congenital heart

disease

La capacidad del ejercicio en el paciente con cardiopatia congénita es de maxima
relevancia como ya hemos expuesto con anterioridad, por la relacion demostrada con el
riesgo de hospitalizacién y mortalidad, porque puede ser una de las primeras variables
que se alteran con el deterioro de la funcion cardiaca y porque algunas de las
alteraciones fisioldgicas vistas en estos pacientes solo se detecta al someter al aparato
cardiopulmonar y musculoesquelético a estrés. El propdsito de esta revision era discutir
las ventajas e inconvenientes de cada prueba de esfuerzo, resaltar las variables
fisiologicas, las alteraciones asociadas a las distintas cardiopatias y explicar su

significado.

En la poblacién infantil es fundamental ser minimamente invasivo y esta prueba aporta
mucha informacién sin necesidad de sedacion ni agresiones mayores, lo inico que

requiere es la colaboracion por parte del paciente.

Existen una variedad de pruebas de esfuerzo que ya se habian aplicado previamente a
distintas patologias en adultos?> tales como la insuficiencia cardiaca® 97, 1a hipertensién
pulmonar, la enfermedad pulmonar obstructiva crénica (EPOC)?8 o enfermedades
pulmonares intersticiales.?? 100 Las variables halladas con estas pruebas han
demostrado, tanto en enfermedades cardiacas como pulmonares, tener un valor

pronostico mayor que aquellas variables pronosticas halladas en reposo.
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En algunas de estas patologias como la insuficiencia cardiaca o EPOC se recurre a
pruebas mas simples tales como la prueba de los 6 minutos marcha, ya que han
demostrado su validez para representar la intolerancia al ejercicio relacionada con las

actividades de la vida diaria.101-103

Sin embargo la prueba de esfuerzo con andlisis metabdlico con gases sigue
proporcionando mas informacién y mas detallada en todas esas patologias,

especialmente en las cardiacas.

El consumo de oxigeno se considera el gold estandar en cuanto a la cuantificacién de la
capacidad de ejercicio y su valor pronéstico es fundamental, sobre todo en la
insuficiencia cardiaca. Permite una clasificaciéon pronostical®* y ayuda a la decisiéon del

transplante cardiaco.’1.97

Previo a este articulo poca discusion habia habido acerca de la importancia de la
medicion de capacidad de ejercicio, las variables importantes a analizar y las razones de
su alteracion asi como los efectos del programa de rehabilitacion cardiaca. Sin embargo
en la poblacién adulta con cardiopatia adquirida y patologia pulmonar si que habia sido
discutida la utilidad e indicacion de este tipo de pruebas0> 106 no siendo tan utilizada la

prueba metabdlica con analisis de gases.

Harkel y Takken107 publicaron el mismo afio una revisién de las pruebas de esfuerzo, la
capacidad de ejercicio y el reentrenamiento al esfuerzo en los pacientes con
cardiopatias congénitas. Al igual que nosotros resaltaron la relevancia de este tipo de

prueba y la capacidad de ejercicio en esta poblacién.

La parte técnica de la prueba de esfuerzo viene muy bien detallada por parte de Paridon

en el 2006.63

Las intervenciones como la rehabilitacién cardiaca que se lleva a cabo en adultos con
cardiopatia adquirida, que han demostrado disminuir la morbimortalidad y los gastos
sanitarios asi como aumentar la calidad de vida y la capacidad de ejercicio no son
habituales en pacientes con cardiopatias congénitas.57- 108 Segtin nuestra revision
preliminar parecen mejorar la capacidad de ejercicio y ser intervenciones de bajo

riesgo.
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5.2 Articulo 2: Paediatric cardiac rehabilitation in congenital heart disease: a

systematic review

El objetivo de esta revision era la de cuantificar y describir los datos existentes con
relacion a los programas de rehabilitacion en nifios con cardiopatias congénitas.
Algunos estudios han aportado datos que demuestran el beneficio a corto plazo de la
rehabilitacion cardiaca en este tipo de poblacion.”8 79.81-86,109 No se observaron efectos
adversos en ninguno de los estudios. Un pequeiio nimero de revisiones previas!10,111
han evaluado esta intervencion y en general las conclusiones son similares a las

nuestras.

Sin embargo nuestra revision pone en evidencia algunos puntos que no se habian
tratado previamente. Los efectos beneficiosos no se observaron y no se us6 una
randomizacion adecuada en todos los casos. Los diferentes tipos de cardiopatias dan
lugar a distintas alteraciones fisiologicas y secuelas residuales muy distintas y que
pueden responder de forma diferente a los programas de rehabilitacién. Lo ideal seria
estudiar cada tipo de cardiopatia por separado y esto se llevé acabo solo en siete de los

estudios clinicos.80 81, 83,85,87,112, 113

La estructura de los programas de rehabilitacion cardiaca variaba en cuanto a
intensidad, frecuencia y duracion del ejercicio. Los estudios mas antiguos se limitaban al
ejercicio aer6bico81-83,85-87,91,92 gbhservandose un aumento de la combinacion de
aerdbico y resistencia en estudios mas recientes.””. 79, 80,84,88-90,112,113 Dada la fuerte
correlacién entre la fuerza muscular y la tolerancia de ejercicio®? 112 Jos resultados

subo6ptimos de algunos de los programas se pueden deber a esto.

Los programas estudiados no tienen en cuenta la posible asociacion de la cardiopatia
congénita con otras anomalias congénitas o adquiridas que ya se comentaron en la
introduccién® 6. 33,38,41,43,114-116 y que se podrian trabajar en un programa de

rehabilitacion.

Otros elementos tipicos de los programas de adultos con cardiopatia adquirida>? que no
se incluyeron en los de cardiopatia congénita fueron la educacidn, consejo nutricional,

manejo de los factores de riesgo cardiovascular, atencion psicologica 'y
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recomendaciones acerca del ejercicio fisico. La parte educativa tan importante en los
adultos sdlo se incluy6 en cuatro de los estudios.8¢ 90,112,117 Dado que no son
infrecuentes los problemas psicologicos y de comportamiento en estos nifios y sus
cuidadores, no incluir este tipo de servicios puede afectarles negativamente e influir en

las probabilidades de éxito del programa.

Solo se proporcionaron datos de medio y largo plazo en dos de los estudios?8 88 , donde
se observaron mejorias significativas que duraban mas alla del periodo post-programa
inmediato. Aunque es dificil de llegar a una conclusién sélida con estos dos pequefios
estudios. Para obtener cambios en el estilo de vida a largo plazo, una necesidad en
pacientes con enfermedades crénicas y uno de los objetivos de la rehabilitacion, se debe
llevar a cabo una intervenciéon multinivel que se centre en los pacientes, sus estilos de
vida y sus cuidadores. Para mantener los beneficios inmediatos de la rehabilitacién se
deberia tratar de crear programas de continuacidn, este tipo de planteamiento se ha
llevado a cabo con éxito en programas de nifios con obesidad.118 119 Los resultados de
estos programas de obesidad con intervencion multinivel demuestran mejores

resultados que ofros con menos recursos.

Los medios para valorar el impacto de la rehabilitacion cardiaca también variaba mucho
entre estudios, la prueba de esfuerzo con analisis metabdlico- una de las herramientas
mas valiosas para cuantificar la capacidad de ejercicio y valorar el impacto del
programa de rehabilitacion- se utilizé en escasos estudios. El coeficiente respiratorio no

se proporcion6 complicando la interpretacion de los resultados en algunos casos.

Aparte del consumo de oxigeno, no hay un consenso con respecto a qué tipo de medidas
a emplear para valorar los efectos de un programa de rehabilitacién cardiaca. Algunas
posibilidades serian la fuerza muscular, composicién corporal, calidad de vida, etc. Para
poder valorar eficazmente los efectos y beneficios de un programa de rehabilitacién
cardiaca hay que identificar variables que midan las distintas areas que se puedan ver

afectadas por dicha intervencidn.

A partir de los articulos revisados para este estudio y la bibliografia existente acerca de
programas para pacientes obesos y con enfermedades cronicas tales como la fibrosis

quistical20.121 y e] transplante renall21. 122 parece haber cierto consenso acerca de una
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duracion minima de los programas de 12 semanas y una frecuencia de 2-3 veces por
semana con sesiones que duren por lo menos 40 minutos. Creemos que los programas
deberian de incluir ejercicios aerodbicos, de resistencia, de flexibilidad asi como
educacion e intervencion psicologica. La intensidad del entrenamiento deberia de
establecerse alrededor del umbral anaerébico. Este punto es importante en pacientes

con cardiopatia congénita ya que suelen presentar alteraciones cronotroépicas.

Una observacion, producto final de este andlisis, es que los programas de rehabilitacion
para pacientes con cardiopatia congénita estan infrautilizados y su valor no es
apreciado. Hay una serie de factores que pueden explicar esta situacion tales como
limitacién de personal y recintos especializados, falta de recursos econémicos, de
cobertura por parte del seguro médico, falta de conocimiento por parte del médico o
problemas relacionados con los padres: logisticos, coste econémico o ansiedad de los
padres. Para poder solucionar estos inconvenientes habria que hacer cambios a nivel de

la politica, protocolos y educar a los médicos y cuidadores.

5.3 Articulo 3. Physical Activity is Associated with Improving Aerobic Exercise

Capacity over Time in Adults with Congenital Heart Disease

Se ha encontrado que la actividad fisica frecuente de intensidad al menos moderada se
asocia con un mayor mantenimiento de la capacidad de ejercicio en adultos con

cardiopatias congénitas.

Los pacientes que eran mas activos tenian tendencia a mantener o mejorar su pVOz y
perder peso entre pruebas, por el contrario pacientes que realizaban ejercicio de forma
menos frecuente solian incrementar de peso y disminuir su pVOz Es mas, no solo la
mayor actividad fisica a nivel basal sino que también aquellos pacientes que
incrementaban su actividad fisica mejoraban significativamente el pVO2 comparados
con los que lo disminuian. El cambio de pVOz no se podia atribuir a la pérdida de peso, ya
que al ajustar por cambio de peso en los distintos modelos de regresion multivariable

no se veia afectada la relacion entre la actividad fisica y el cambio de pVOo.
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Nuestros datos apoyan el concepto de que la capacidad aerdbica de los adultos con
cardiopatias congénitas no esta limitada tiinicamente por el defecto cardiaco, sino que el
declive que se observa con el tiempo en estos pacientes que se habia observado en
estudios previos es modificable. Para muchos adultos con cardiopatias congénitas el

ejercicio fisico habitual tiene el potencial de atenuar o revertir esa caida.

El ejercicio realizado de forma regular tiene una variedad de efectos que pueden
explicar estos resultados. Incluyen factores periféricos (Ej. Un aumento en el nimero de
mitocondrias, aumento de las enzimas aerobicas, el tamano muscular y la densidad
capilarl23, una mejora de la capacidad de bombeo muscular8? y una serie de cambios
beneficiosos en los lechos vasculares) que pueden mejorar la extracciéon de oxigeno y/o
el gasto cardiaco!?4 con el ejercicio; asi como factores centrales( Ej. Incremento de la
masa miocardica y mejora de la funcién sistélica y diastélica)2> que también pueden

mejorar la reserva miocardica y mejorar el gasto cardiaco con el ejercicio.

El sedentarismo es comun en adultos con cardiopatias congénitasy >70% de estos
pacientes refieren ansiedad moderada-extrema con el ejercicio.126 Esta aprehension
parece originarse en consejos inapropiados o sobreproteccion durante la nifiez y el
periodo adulto. Histéricamente se restringia la actividad fisica en pacientes con
cardiopatias congénitas!2’ o no se podia dar consejos especificos al no haber guias. Un
estudio reciente de pacientes con estenosis aortica sugirié que la restriccién de ejercicio
no prevenia eventos adversos y que los efectos negativos de la restriccion de ejercicio
en factores de riesgo cardiovascular, capacidad de ejercicio y bienestar mental se

subestimaban.128

Nuestras observaciones son consistentes con la experiencia en otras poblaciones. En la
poblacién general la actividad fisica se relaciona con una disminucién de la mortalidad y
de eventos cardiovasculares primarios*’-129 y secundarios!3? asi como una mejora de la
calidad de vida. Intervenciones para aumentar la actividad fisica parecen ser

beneficiosos en pacientes con insuficiencia cardiaca?, obesidad>2 y diabetes.51

El impacto observado de la actividad fisica sobre la capacidad de ejercicio de pacientes
con cardiopatias congénitas es mayor que otros procedimientos quirurgicos y/o

cateterismos.131.132 En los pocos estudios que se han hecho sobre la rehabilitacion
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cardiaca en adultos con cardiopatias congénitas se han obtenido resultados
prometedores en cuanto a capacidad de ejercicio y calidad de vida.133-135 La
rehabilitacion cardiaca se ha estudiado en profundidad en adultos con cardiopatia
adquirida y se ha demostrado que aumenta la capacidad de ejercicio, reduce la
morbimortalidad y los costes médicos>’. El nimero de adultos con cardiopatia
congénita estd aumentando y los gastos sanitarios que generan incluso mas.136.137 E]
impacto de intervenciones de bajo coste econémico como prescripciones de ejercicio o
rehabilitacion cardiaca podria mejorar su “historia natural” y calidad de vida a la par

que disminuye los gastos sanitarios.

El hallazgo de que el IMC y el peso eran predictores significativos de cambio de pVO:
sugiere que anadir un componente educacional, nutricional y/o de modificacién del

comportamiento podria tener un efecto beneficioso independiente del ejercicio.

Nuestros datos apoyan la necesidad de ensayos clinicos prospectivos para evaluar el
impacto de distintas estrategias para aumentar la actividad fisica y mejorar la capacidad
aerdbica en esta poblacion. Sigue sin estar claro si la mejora de pVOz2opred tendria un

beneficio a nivel de calidad de vida, eventos cardiovasculares y mortalidad.
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CONCLUSIONES

La prueba de esfuerzo con analisis metabdlico es la forma mas objetiva y detallada

de medir la capacidad de ejercicio en la cardiopatia congénita.

Las variables mas importantes a valorar son el consumo pico de oxigeno, el pulso de

oxigeno, la frecuencia cardiaca, el umbral anaerodbico y el coeficiente respiratorio.

Los pacientes con cardiopatia congénita se podrian beneficiar de un programa de

rehabilitacién cardiaca.

La evidencia cientifica de la eficacia de los programas de rehabilitacién cardiaca en

cardiopatias congénitas infantiles es limitada.

La composicién idénea de este tipo de programa en cardiopatia congénita esta atin

por definir.

Se deben de realizar estudios clinicos para determinar el beneficio y la composicion

idénea de dichos programas.

La disminucién de capacidad de ejercicio en las cardiopatias congénitas, no se debe
s6lo a la patologia de base, sino a un estilo de vida sedentario. Hemos objetivado

reversibilidad de esta intolerancia al esfuerzo.

Rehabilitacion cardiaca en pacientes con cardiopatias congénitas 57



VIL

10.

11.

12.

13.

BIBLIOGRAFIA

Hoffman JI, Kaplan S. The incidence of congenital heart disease. Journal of the
American College of Cardiology. 2002;39:1890-1900

Marelli A], Mackie AS, lonescu-Ittu R, Rahme E, Pilote L. Congenital heart disease
in the general population: Changing prevalence and age distribution. Circulation.
2007;115:163-172

Healy F, Hanna BD, Zinman R. Pulmonary complications of congenital heart
disease. Paediatric respiratory reviews. 2012;13:10-15

Marino BS, Lipkin PH, Newburger JW, Peacock G, Gerdes M, Gaynor JW, Mussatto
KA, Uzark K, Goldberg CS, Johnson WH, Jr., Li ], Smith SE, Bellinger DC, Mahle WT.
Neurodevelopmental outcomes in children with congenital heart disease:
Evaluation and management: A scientific statement from the american heart
association. Circulation. 2012;126:1143-1172

Bird GL, Jeffries HE, Licht D], Wernovsky G, Weinberg PM, Pizarro C, Stellin G.
Neurological complications associated with the treatment of patients with
congenital cardiac disease: Consensus definitions from the multi-societal
database committee for pediatric and congenital heart disease. Cardiology in the
young. 2008;18 Suppl 2:234-239

Imms C. Occupational performance challenges for children with congenital heart
disease: A literature review. Can | Occup Ther. 2004;71:161-172

Casey FA, Sykes DH, Craig BG, Power R, Mulholland HC. Behavioral adjustment of
children with surgically palliated complex congenital heart disease. | Pediatr
Psychol. 1996;21:335-352

Takken T, Giardini A, Reybrouck T, Gewillig M, Hovels-Gurich HH, Longmuir PE,
McCrindle BW, Paridon SM, Hager A. Recommendations for physical activity,
recreation sport, and exercise training in paediatric patients with congenital
heart disease: A report from the exercise, basic & translational research section
of the european association of cardiovascular prevention and rehabilitation, the
european congenital heart and lung exercise group, and the association for
european paediatric cardiology. European journal of preventive cardiology.
2012;19:1034-1065

Albert Bretons DC, Ubeda Tikkanen A. Ejercicio fisico y deporte en nifios con
cardiopatias. In: CTO, ed. Manual de cardiologia pediatrica y cardiopatias
congénitas del nifio y adolescente. CTO; 2014.

Albert Bretons DC, Ubeda Tikkanen A. Actividad deportiva y corazon del nifio. In:
Panamericana, ed. Tratado de pediatria cruz. 2014.

Wasserman K, Hansen ], Sue D. Principles of exercise testing and interpretation.
Lippincott Williams and Wilkins; 2005.

Rhodes ], Ubeda Tikkanen A, Jenkins K]. Exercise testing and training in children
with congenital heart disease. Circulation. 2010;122:1957-1967

Stickland MK, Welsh RC, Petersen SR, Tyberg JV, Anderson WD, Jones RL, Taylor
DA, Bouffard M, Haykowsky M]. Does fitness level modulate the cardiovascular
hemodynamic response to exercise? ] Appl Physiol. 2006;100:1895-1901

Rehabilitacion cardiaca en pacientes con cardiopatias congénitas 58



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Tolle J]J, Waxman AB, Van Horn TL, Pappagianopoulos PP, Systrom DM. Exercise-
induced pulmonary arterial hypertension. Circulation. 2008;118:2183-2189
Milani RV, Lavie CJ, Mehra MR. Cardiopulmonary exercise testing: How do we
differentiate the cause of dyspnea? Circulation. 2004;110:e27-31

Shachar GB, Fuhrman BP, Wang Y, Lucas RV, Jr., Lock JE. Rest and exercise
hemodynamics after the fontan procedure. Circulation. 1982;65:1043-1048
Reybrouck T, Weymans M, Stijns H, Van der Hauwaert LG. Exercise testing after
correction of tetralogy of fallot: The fallacy of a reduced heart rate response.
American heart journal. 1986;112:998-1003

Drexler H, Riede U, Munzel T, Konig H, Funke E, Just H. Alterations of skeletal
muscle in chronic heart failure. Circulation. 1992;85:1751-1759

Cordina R, O'Meagher S, Gould H, Rae C, Kemp G, Pasco JA, Celermajer DS, Singh
N. Skeletal muscle abnormalities and exercise capacity in adults with a fontan
circulation. Heart (British Cardiac Society). 2013;99:1530-1534

Kipps AK, Graham DA, Harrild DM, Lewis E, Powell A, Rhodes J. Longitudinal
exercise capacity of patients with repaired tetralogy of fallot. The American
journal of cardiology. 2011;108:99-105

Kipps AK, Graham DA, Lewis E, Marx GR, Banka P, Rhodes ]. Natural history of
exercise function in patients with ebstein anomaly: A serial study. American
heart journal. 2012;163:486-491

Kempny A, Dimopoulos K, Uebing A, Moceri P, Swan L, Gatzoulis MA, Diller GP.
Reference values for exercise limitations among adults with congenital heart
disease. Relation to activities of daily life--single centre experience and review of
published data. European heart journal. 2012;33:1386-1396

Fernandes SM, McElhinney DB, Khairy P, Graham DA, Landzberg M], Rhodes J.
Serial cardiopulmonary exercise testing in patients with previous fontan surgery.
Pediatr Cardiol. 2010;31:175-180

Rhodes |, Geggel RL, Marx GR, Bevilacqua L, Dambach YB, Hijazi ZM. Excessive
anaerobic metabolism during exercise after repair of aortic coarctation. The
Journal of pediatrics. 1997;131:210-214

Diller GP, Giardini A, Dimopoulos K, Gargiulo G, Muller ], Derrick G, Giannakoulas
G, Khambadkone S, Lammers AE, Picchio FM, Gatzoulis MA, Hager A. Predictors
of morbidity and mortality in contemporary fontan patients: Results from a
multicenter study including cardiopulmonary exercise testing in 321 patients.
European heart journal. 2010;31:3073-3083

Diller GP, Dimopoulos K, Okonko D, Li W, Babu-Narayan SV, Broberg CS,
Johansson B, Bouzas B, Mullen M], Poole-Wilson PA, Francis DP, Gatzoulis MA.
Exercise intolerance in adult congenital heart disease: Comparative severity,
correlates, and prognostic implication. Circulation. 2005;112:828-835
Fernandes SM, Alexander ME, Graham DA, Khairy P, Clair M, Rodriguez E,
Pearson DD, Landzberg MJ, Rhodes J. Exercise testing identifies patients at
increased risk for morbidity and mortality following fontan surgery. Congenital
heart disease. 2011;6:294-303

Dimopoulos K, Diller GP, Piepoli MF, Gatzoulis MA. Exercise intolerance in adults
with congenital heart disease. Cardiol Clin. 2006;24:641-660, vii

Rehabilitacion cardiaca en pacientes con cardiopatias congénitas 59



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Cooper DM, Weiler-Ravell D. Gas exchange response to exercise in children. The
American review of respiratory disease. 1984;129:547-48

World Organization of Health. International classification of functioning,
disability and health (icf). 2001;2011

von Rhein M, Buchmann A, Hagmann C, Huber R, Klaver P, Knirsch W, Latal B.
Brain volumes predict neurodevelopment in adolescents after surgery for
congenital heart disease. Brain : a journal of neurology. 2014;137:268-276
Miller SP, McQuillen PS, Hamrick S, Xu D, Glidden DV, Charlton N, Karl T, Azakie
A, Ferriero DM, Barkovich AJ, Vigneron DB. Abnormal brain development in
newborns with congenital heart disease. The New England journal of medicine.
2007;357:1928-1938

Limperopoulos C, Majnemer A, Shevell MI, Rosenblatt B, Rohlicek C, Tchervenkov
C, Darwish HZ. Functional limitations in young children with congenital heart
defects after cardiac surgery. Pediatrics. 2001;108:1325-1331

Rodan L, McCrindle BW, Manlhiot C, MacGregor DL, Askalan R, Moharir M,
deVeber G. Stroke recurrence in children with congenital heart disease. Annals of
neurology. 2012;72:103-111

Simma B, Holiner I, Luetschg J. Therapy in pediatric stroke. European journal of
pediatrics. 2012

Alonso-Gonzalez R, Borgia F, Diller GP, Inuzuka R, Kempny A, Martinez-Naharro
A, Tutarel O, Marino P, Wustmann K, Charalambides M, Silva M, Swan L,
Dimopoulos K, Gatzoulis MA. Abnormal lung function in adults with congenital
heart disease: Prevalence, relation to cardiac anatomy, and association with
survival. Circulation. 2013;127:882-890

Hawkins SM, Taylor AL, Sillau SH, Mitchell MB, Rausch CM. Restrictive lung
function in pediatric patients with structural congenital heart disease. The
Journal of thoracic and cardiovascular surgery. 2013

Cooper DS, Jacobs JP, Chai PJ, Jaggers |, Barach P, Beekman RH, Krogmann O,
Manning P. Pulmonary complications associated with the treatment of patients
with congenital cardiac disease: Consensus definitions from the multi-societal
database committee for pediatric and congenital heart disease. Cardiology in the
young. 2008;18 Suppl 2:215-221

Davies RR, Carver SW, Schmidt R, Keskeny H, Hoch ], Pizarro C.
Laryngopharyngeal dysfunction independent of vocal fold palsy in infants after
aortic arch interventions. The Journal of thoracic and cardiovascular surgery.
2013

Sables-Baus S, Kaufman ], Cook P, da Cruz EM. Oral feeding outcomes in neonates
with congenital cardiac disease undergoing cardiac surgery. Cardiology in the
young. 2012;22:42-48

Greenwood RD, Rosenthal A, Parisi L, Fyler DC, Nadas AS. Extracardiac
abnormalities in infants with congenital heart disease. Pediatrics. 1975;55:485-
492

Kroonstrom LA, Johansson L, Zetterstrom AK, Dellborg M, Eriksson P, Cider A.
Muscle function in adults with congenital heart disease. International journal of
cardiology. 2014;170:358-363

Rehabilitacion cardiaca en pacientes con cardiopatias congénitas 60



43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

Fitzgerald DA, Sherwood M. Long-term cardio-respiratory consequences of heart
disease in childhood. Paediatric respiratory reviews. 2007;8:313-321; quiz 321-
312

Page MG, Kovacs AH, Irvine ]. How do psychosocial challenges associated with
living with congenital heart disease translate into treatment interests and
preferences? A qualitative approach. Psychology & health. 2012;27:1260-1270
Kovacs AH, Bendell KL, Colman ], Harrison JL, Oechslin E, Silversides C. Adults
with congenital heart disease: Psychological needs and treatment preferences.
Congenital heart disease. 2009;4:139-146

Myers ], Prakash M, Froelicher V, Do D, Partington S, Atwood JE. Exercise
capacity and mortality among men referred for exercise testing. The New
England journal of medicine. 2002;346:793-801

Paffenbarger RS, Jr., Hyde RT, Wing AL, Hsieh CC. Physical activity, all-cause
mortality, and longevity of college alumni. The New England journal of medicine.
1986;314:605-613

Sesso HD, Paffenbarger RS, Jr., Lee IM. Physical activity and coronary heart
disease in men: The harvard alumni health study. Circulation. 2000;102:975-980
Jolliffe JA, Rees K, Taylor RS, Thompson D, Oldridge N, Ebrahim S. Exercise-based
rehabilitation for coronary heart disease. Cochrane Database Syst Rev.
2001:€CD001800

McKelvie RS, Teo KK, Roberts R, McCartney N, Humen D, Montague T, Hendrican
K, Yusuf S. Effects of exercise training in patients with heart failure: The exercise
rehabilitation trial (exert). American heart journal. 2002;144:23-30

Chimen M, Kennedy A, Nirantharakumar K, Pang TT, Andrews R, Narendran P.
What are the health benefits of physical activity in type 1 diabetes mellitus? A
literature review. Diabetologia. 2012;55:542-551

Heitmann BL, Hills AP, Frederiksen P, Ward LC. Obesity, leanness, and mortality:
Effect modification by physical activity in men and women. Obesity (Silver
Spring). 2009;17:136-142

United States Department of Health and Human Services. Physical activity
guidelines for americans. 2009

Dua JS, Cooper AR, Fox KR, Graham Stuart A. Physical activity levels in adults
with congenital heart disease. European journal of cardiovascular prevention and
rehabilitation : official journal of the European Society of Cardiology, Working
Groups on Epidemiology & Prevention and Cardiac Rehabilitation and Exercise
Physiology. 2007;14:287-293

Hammill BG, Curtis LH, Schulman KA, Whellan D]. Relationship between cardiac
rehabilitation and long-term risks of death and myocardial infarction among
elderly medicare beneficiaries. Circulation. 2010;121:63-70

Heran BS, Chen JM, Ebrahim S, Moxham T, Oldridge N, Rees K, Thompson DR,
Taylor RS. Exercise-based cardiac rehabilitation for coronary heart disease.
Cochrane Database Syst Rev. 2011:CD001800

Leon AS, Franklin BA, Costa F, Balady GJ, Berra KA, Stewart K], Thompson PD,
Williams MA, Lauer MS. Cardiac rehabilitation and secondary prevention of
coronary heart disease: An american heart association scientific statement from
the council on clinical cardiology (subcommittee on exercise, cardiac

Rehabilitacion cardiaca en pacientes con cardiopatias congénitas 61



58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

rehabilitation, and prevention) and the council on nutrition, physical activity,
and metabolism (subcommittee on physical activity), in collaboration with the
american association of cardiovascular and pulmonary rehabilitation.
Circulation. 2005;111:369-376

Ades PA. Cardiac rehabilitation and secondary prevention of coronary heart
disease. The New England journal of medicine. 2001;345:892-902

Piepoli MF, Davos C, Francis DP, Coats AJ. Exercise training meta-analysis of
trials in patients with chronic heart failure (extramatch). BMJ. 2004;328:189
Tikkanen AU, Oyaga AR, Riano OA, Alvaro EM, Rhodes ]. Paediatric cardiac
rehabilitation in congenital heart disease: A systematic review. Cardiology in the
young. 2012:1-10

Group OLoEW. Levels of evidence 2011

Meadows ], Powell AJ, Geva T, Dorfman A, Gauvreau K, Rhodes ]. Cardiac
magnetic resonance imaging correlates of exercise capacity in patients with
surgically repaired tetralogy of fallot. The American journal of cardiology.
2007;100:1446-1450

Paridon SM, Alpert BS, Boas SR, Cabrera ME, Caldarera LL, Daniels SR, Kimball
TR, Knilans TK, Nixon PA, Rhodes ], Yetman AT. Clinical stress testing in the
pediatric age group: A statement from the american heart association council on
cardiovascular disease in the young, committee on atherosclerosis, hypertension,
and obesity in youth. Circulation. 2006;113:1905-1920

Wasserman K. The dickinson w. Richards lecture. New concepts in assessing
cardiovascular function. Circulation. 1988;78:1060-1071

Giardini A, Specchia S, Tacy TA, Coutsoumbas G, Gargiulo G, Donti A, Formigari R,
Bonvicini M, Picchio FM. Usefulness of cardiopulmonary exercise to predict long-
term prognosis in adults with repaired tetralogy of fallot. The American journal of
cardiology. 2007;99:1462-1467

Giardini A, Hager A, Lammers AE, Derrick G, Muller |, Diller GP, Dimopoulos K,
Odendaal D, Gargiulo G, Picchio FM, Gatzoulis MA. Ventilatory efficiency and
aerobic capacity predict event-free survival in adults with atrial repair for
complete transposition of the great arteries. Journal of the American College of
Cardiology. 2009;53:1548-1555

Wensel R, Opitz CF, Anker SD, Winkler ], Hoffken G, Kleber FX, Sharma R,
Hummel M, Hetzer R, Ewert R. Assessment of survival in patients with primary
pulmonary hypertension: Importance of cardiopulmonary exercise testing.
Circulation. 2002;106:319-324

Arena R, Lavie CJ, Milani RV, Myers ], Guazzi M. Cardiopulmonary exercise testing
in patients with pulmonary arterial hypertension: An evidence-based review.
The Journal of heart and lung transplantation : the official publication of the
International Society for Heart Transplantation. 2010;29:159-173

Diller GP, Dimopoulos K, Okonko D, Uebing A, Broberg CS, Babu-Narayan S,
Bayne S, Poole-Wilson PA, Sutton R, Francis DP, Gatzoulis MA. Heart rate
response during exercise predicts survival in adults with congenital heart
disease. Journal of the American College of Cardiology. 2006;48:1250-1256
Paridon SM, Mitchell PD, Colan SD, Williams RV, Blaufox A, Li ]S, Margossian R,
Mital S, Russell ], Rhodes J. A cross-sectional study of exercise performance

Rehabilitacion cardiaca en pacientes con cardiopatias congénitas 62



71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

during the first 2 decades of life after the fontan operation. Journal of the
American College of Cardiology. 2008;52:99-107

Mancini DM, Eisen H, Kussmaul W, Mull R, Edmunds LH, Jr., Wilson JR. Value of
peak exercise oxygen consumption for optimal timing of cardiac transplantation
in ambulatory patients with heart failure. Circulation. 1991;83:778-786

Rhodes ], Fischbach PS, Patel H, Hijazi ZM. Factors affecting the exercise capacity
of pediatric patients with aortic regurgitation. Pediatr Cardiol. 2000;21:328-333
Wasserman K. Determinants and detection of anaerobic threshold and
consequences of exercise above it. Circulation. 1987;76:V129-39

Ponikowski P, Francis DP, Piepoli MF, Davies LC, Chua TP, Davos CH, Florea V,
Banasiak W, Poole-Wilson PA, Coats AJ, Anker SD. Enhanced ventilatory response
to exercise in patients with chronic heart failure and preserved exercise
tolerance: Marker of abnormal cardiorespiratory reflex control and predictor of
poor prognosis. Circulation. 2001;103:967-972

Chua TP, Ponikowski P, Harrington D, Anker SD, Webb-Peploe K, Clark AL, Poole-
Wilson PA, Coats AJ. Clinical correlates and prognostic significance of the
ventilatory response to exercise in chronic heart failure. Journal of the American
College of Cardiology. 1997;29:1585-1590

Francis DP, Shamim W, Davies LC, Piepoli MF, Ponikowski P, Anker SD, Coats AJ.
Cardiopulmonary exercise testing for prognosis in chronic heart failure:
Continuous and independent prognostic value from ve/vco(2)slope and peak
vo(2). European heart journal. 2000;21:154-161

McBride MG, Binder TJ, Paridon SM. Safety and feasibility of inpatient exercise
training in pediatric heart failure: A preliminary report. /] Cardiopulm Rehabil
Prev. 2007;27:219-222

Rhodes ], Curran TJ, Camil L, Rabideau N, Fulton DR, Gauthier NS, Gauvreau K,
Jenkins K]. Sustained effects of cardiac rehabilitation in children with serious
congenital heart disease. Pediatrics. 2006;118:e586-593

Moalla W, Maingourd Y, Gauthier R, Cahalin LP, Tabka Z, Ahmaidi S. Effect of
exercise training on respiratory muscle oxygenation in children with congenital
heart disease. European journal of cardiovascular prevention and rehabilitation :
official journal of the European Society of Cardiology, Working Groups on
Epidemiology & Prevention and Cardiac Rehabilitation and Exercise Physiology.
2006;13:604-611

Brassard P, Poirier P, Martin ], Noel M, Nadreau E, Houde C, Cloutier A, Perron J,
Jobin J. Impact of exercise training on muscle function and ergoreflex in fontan
patients: A pilot study. International journal of cardiology. 2006;107:85-94
Opocher F, Varnier M, Sanders SP, Tosoni A, Zaccaria M, Stellin G, Milanesi O.
Effects of aerobic exercise training in children after the fontan operation. The
American journal of cardiology. 2005;95:150-152

Rhodes ], Curran TJ, Camil L, Rabideau N, Fulton DR, Gauthier NS, Gauvreau K,
Jenkins K]J. Impact of cardiac rehabilitation on the exercise function of children
with serious congenital heart disease. Pediatrics. 2005;116:1339-1345
Minamisawa S, Nakazawa M, Momma K, Imai Y, Satomi G. Effect of aerobic
training on exercise performance in patients after the fontan operation. The
American journal of cardiology. 2001;88:695-698

Rehabilitacion cardiaca en pacientes con cardiopatias congénitas 63



84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

Fredriksen PM, Kahrs N, Blaasvaer S, Sigurdsen E, Gundersen O, Roeksund O,
Norgaand G, Vik JT, Soerbye O, Ingjer E, Thaulow E. Effect of physical training in
children and adolescents with congenital heart disease. Cardiology in the young.
2000;10:107-114

Sklansky M, Pivarnik ], O'Brian E, Morris ], Bricker ]. Exercise training
hemodynamics and the prevalence of arrhythmias in children following tetralogy
of fallot repair. Pediatric Exercise Science. 1994;6:188-200

Balfour IC, Drimmer AM, Nouri S, Pennington DG, Hemkens CL, Harvey LL.
Pediatric cardiac rehabilitation. Am J Dis Child. 1991;145:627-630

Calzolari A, Turchetta A, Biondi G, Drago F, De Ranieri C, Gagliardi G, Giambini I,
Giannico S, Kofler AM, Perrotta F, et al. Rehabilitation of children after total
correction of tetralogy of fallot. International journal of cardiology. 1990;28:151-
158

Longmuir PE, Tremblay MS, Goode RC. Postoperative exercise training develops
normal levels of physical activity in a group of children following cardiac
surgery. Pediatric Cardiology. 1990;11:126-130

Longmuir PE, Turner JA, Rowe RD, Olley PM. Postoperative exercise
rehabilitation benefits children with congenital heart disease. Clinical and
Investigative Medicine. Medecine Clinique et Experimentale. 1985;8:232-238
Bradley LM, Galioto FM, Jr., Vaccaro P, Hansen DA, Vaccaro . Effect of intense
aerobic training on exercise performance in children after surgical repair of
tetralogy of fallot or complete transposition of the great arteries. The American
journal of cardiology. 1985;56:816-818

Ruttenberg HD, Adams TD, Orsmond GS, Conlee RK, Fisher AG. Effects of exercise
training on aerobic fitness in children after open heart surgery. Pediatric
Cardiology. 1983;4:19-24

Goldberg B, Fripp RR, Lister G, Loke ], Nicholas JA, Talner NS. Effect of physical
training on exercise performance of children following surgical repair of
congenital heart disease. Pediatrics. 1981;68:691-699

Tikkanen AU, Oyaga AR, Riano OA, Alvaro EM, Rhodes ]. Paediatric cardiac
rehabilitation in congenital heart disease: A systematic review. Cardiology in the
young. 2012;22:241-250

Ubeda Tikkanen A, Opotowsky AR, Bhatt AB, Landzberg MJ, Rhodes ]. Physical
activity is associated with improved aerobic exercise capacity over time in adults
with congenital heart disease. International journal of cardiology.
2013;168:4685-4691

Palange P, Ward SA, Carlsen KH, Casaburi R, Gallagher CG, Gosselink R, O'Donnell
DE, Puente-Maestu L, Schols AM, Singh S, Whipp B]. Recommendations on the
use of exercise testing in clinical practice. The European respiratory journal.
2007;29:185-209

Matheny M, McPheeters ML, Glasser A, Mercaldo N, Weaver RB, Jerome RN,
Walden R, McKoy ]N, Pritchett ], Tsai C. Systematic review of cardiovascular
disease risk assessment tools. Rockville MD; 2011.

Kato TS, Collado E, Khawaja T, Kawano Y, Kim M, Farr M, Mancini DM, Schulze
PC. Value of peak exercise oxygen consumption combined with b-type natriuretic

Rehabilitacion cardiaca en pacientes con cardiopatias congénitas 64



98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

peptide levels for optimal timing of cardiac transplantation. Circulation. Heart
failure. 2013;6:6-14

Oga T, Nishimura K, Tsukino M, Sato S, Hajiro T. Analysis of the factors related to
mortality in chronic obstructive pulmonary disease: Role of exercise capacity
and health status. American journal of respiratory and critical care medicine.
2003;167:544-549

Marciniuk DD, Watts RE, Gallagher CG. Reproducibility of incremental maximal
cycle ergometer testing in patients with restrictive lung disease. Thorax.
1993;48:894-898

Brown SE, Fischer CE, Stansbury DW, Light RW. Reproducibility of vo2max in
patients with chronic air-flow obstruction. The American review of respiratory
disease. 1985;131:435-438

Shah MR, Hasselblad V, Gheorghiade M, Adams KF, Jr., Swedberg K, Califf RM,
O'Connor CM. Prognostic usefulness of the six-minute walk in patients with
advanced congestive heart failure secondary to ischemic or nonischemic
cardiomyopathy. The American journal of cardiology. 2001;88:987-993

Solway S, Brooks D, Lacasse Y, Thomas S. A qualitative systematic overview of
the measurement properties of functional walk tests used in the
cardiorespiratory domain. Chest. 2001;119:256-270

Casas A, Vilaro ], Rabinovich R, Mayer A, Barbera JA, Rodriguez-Roisin R, Roca J.
Encouraged 6-min walking test indicates maximum sustainable exercise in copd
patients. Chest. 2005;128:55-61

Costanzo MR. Selection and treatment of candidates for heart transplantation.
Seminars in thoracic and cardiovascular surgery. 1996;8:113-125

Sharma R, Anker SD. The 6-minute walk test and prognosis in chronic heart
failure--the available evidence. European heart journal. 2001;22:445-448
Rasekaba T, Lee AL, Naughton MT, Williams TJ, Holland AE. The six-minute walk
test: A useful metric for the cardiopulmonary patient. Internal medicine journal.
2009;39:495-501

Ten Harkel AD, Takken T. Exercise testing and prescription in patients with
congenital heart disease. International journal of pediatrics. 2010;2010

Ades PA, Green NM, Coello CE. Effects of exercise and cardiac rehabilitation on
cardiovascular outcomes. Cardiol Clin. 2003;21:435-448, viii

Miller TL, Horgan S, Lipschultz S. Exercise rehabilitation of pediatric patients
with cardiovascular disease. Prog Pediatr Cardiol. 2005;20:27-37

Brassard P, Bedard E, Jobin ], Rodes-Cabau ], Poirier P. Exercise capacity and
impact of exercise training in patients after a fontan procedure: A review. Can |
Cardiol. 2006;22:489-495

Takken T, Hulzebos HJ, Blank AC, Tacken MH, Helders PJ, Strengers JL. Exercise
prescription for patients with a fontan circulation: Current evidence and future
directions. Neth Heart J. 2007;15:142-147

Somarriba G, Extein ], Miller TL. Exercise rehabilitation in pediatric
cardiomyopathy. Prog Pediatr Cardiol. 2008;25:91-102

McCall R, Humphrey R. Exercise training in a young adult late after a fontan
procedure to repair single ventricle physiology. ] Cardiopulm Rehabil.
2001;21:227-230

Rehabilitacion cardiaca en pacientes con cardiopatias congénitas 65



114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Nanas S, Nanas J, Kassiotis C, Alexopoulos G, Samakovli A, Kanakakis ], Tsolakis E,
Roussos C. Respiratory muscles performance is related to oxygen kinetics during
maximal exercise and early recovery in patients with congestive heart failure.
Circulation. 1999;100:503-508

Nikolic D, Petronic I, Cirovic D, Milincic Z, Pavicevic P, Brdar R. Rehabilitation
protocols in children with corrected congenital heart defects due to the presence
of pulmonary complications. Bratislavske Lekarske Listy. 2008;109:483-485
Jaiyesimi F, Antia AU. Extracardiac defects in children with congenital heart
disease. Br Heart J. 1979;42:475-479

Fredriksen PM, Veldtman G, Hechter S, Therrien ], Chen A, Warsi MA, Freeman M,
Liu P, Siu S, Thaulow E, Webb G. Aerobic capacity in adults with various
congenital heart diseases. The American journal of cardiology. 2001;87:310-314
Collins CE, Okely AD, Morgan PJ, Jones RA, Burrows TL, Cliff DP, Colyvas K,
Warren JM, Steele JR, Baur LA. Parent diet modification, child activity, or both in
obese children: An rct. Pediatrics. 2011;127:619-627

Woolford SJ, Sallinen B]J, Clark SJ, Freed GL. Results from a clinical
multidisciplinary weight management program. Clinical Pediatrics. 2011;50:187-
191

Williams CA, Benden C, Stevens D, Radtke T. Exercise training in children and
adolescents with cystic fibrosis: Theory into practice. International journal of
pediatrics. 2010;2010

Clapp EL, Bevington A, Smith AC. Exercise for children with chronic kidney
disease and end-stage renal disease. Pediatr Nephrol. 2011

Tangeraas T, Midtvedt K, Cvancarova M, Hirth A, Fredriksen PM, Tonstad S,
Isaksen GA, Bjerre A. Cardiorespiratory fitness in young adults with a history of
renal transplantation in childhood. Pediatr Nephrol. 2011;26:2041-2049
McCardle WD KF, Katch VL. Exercise physiology: Energy, nutrition and human
performance. Baltimore Williams & Wilkins; 2007.

Green DJ. Exercise training as vascular medicine: Direct impacts on the
vasculature in humans. Exercise and sport sciences reviews. 2009;37:196-202
Pelliccia A, Maron MS, Maron BJ. Assessment of left ventricular hypertrophy in a
trained athlete: Differential diagnosis of physiologic athlete's heart from
pathologic hypertrophy. Progress in cardiovascular diseases. 2012;54:387-396
Harrison JL, Silversides CK, Oechslin EN, Kovacs AH. Healthcare needs of adults
with congenital heart disease: Study of the patient perspective. | Cardiovasc Nurs.
2011;26:497-503

Longmuir PE, McCrindle BW. Physical activity restrictions for children after the
fontan operation: Disagreement between parent, cardiologist, and medical
record reports. American heart journal. 2009;157:853-859

Brown DW, Dipilato AE, Chong EC, Gauvreau K, McElhinney DB, Colan SD, Lock
JE. Sudden unexpected death after balloon valvuloplasty for congenital aortic
stenosis. Journal of the American College of Cardiology. 2010;56:1939-1946

Blair SN, Kohl HW, 3rd, Barlow CE, Paffenbarger RS, Jr., Gibbons LW, Macera CA.
Changes in physical fitness and all-cause mortality. A prospective study of
healthy and unhealthy men. JAMA : the journal of the American Medical
Association. 1995;273:1093-1098

Rehabilitacion cardiaca en pacientes con cardiopatias congénitas 66



130.

131.

132.

133.

134.

135.

136.

137.

Oldridge NB, Guyatt GH, Fischer ME, Rimm AA. Cardiac rehabilitation after
myocardial infarction. Combined experience of randomized clinical trials. JAMA :
the journal of the American Medical Association. 1988;260:945-950

Giardini A, Donti A, Specchia S, Formigari R, Oppido G, Picchio FM. Long-term
impact of transcatheter atrial septal defect closure in adults on cardiac function
and exercise capacity. International journal of cardiology. 2008;124:179-182
Batra AS, McElhinney DB, Wang W, Zakheim R, Garofano RP, Daniels C, Yung D,
Cooper DM, Rhodes |. Cardiopulmonary exercise function among patients
undergoing transcatheter pulmonary valve implantation in the us melody valve
investigational trial. American heart journal. 2012;163:280-287

Winter MM, van der Bom T, de Vries LC, Balducci A, Bouma B]J, Pieper PG, van
Dijk AP, van der Plas MN, Picchio FM, Mulder BJ. Exercise training improves
exercise capacity in adult patients with a systemic right ventricle: A randomized
clinical trial. European heart journal. 2012;33:1378-1385

Therrien |, Fredriksen P, Walker M, Granton |, Reid GJ, Webb G. A pilot study of
exercise training in adult patients with repaired tetralogy of fallot. Can J Cardiol.
2003;19:685-689

Dua JS, Cooper AR, Fox KR, Graham Stuart A. Exercise training in adults with
congenital heart disease: Feasibility and benefits. International journal of
cardiology. 2010;138:196-205

Opotowsky AR, Siddiqi OK, Webb GD. Trends in hospitalizations for adults with
congenital heart disease in the u.S. Journal of the American College of Cardiology.
2009;54:460-467

O'Leary JM, Siddiqi OK, de Ferranti S, Landzberg M], Opotowsky AR. The
changing demographics of congenital heart disease hospitalizations in the united
states, 1998 through 2010. JAMA : the journal of the American Medical
Association. 2013;309:984-986

Rehabilitacion cardiaca en pacientes con cardiopatias congénitas 67



VIIL

ANEXOS

Rehabilitacion cardiaca en pacientes con cardiopatias congénitas

68



Table 1. Description of patient population and rehabilitation programme.

Patient Patients Type of
References Location population Ages n treated  excercise Duration Frequency Intensity Sessions
McBride ™ Hospiral Heterogensous 10-16 20 20 Aerobic, resistance 2-10 months 3week HR at AT, 60% of 30—-60 min
maximal voluntary
COME Rt
Rhodes™ Hospiral Heterogeneous 5-18 33 13 Aerobic, resistance 3 months 2lweek HR at AT, light &) min
FESISTANCe
Moall™® Home Heterogensous 12-15 15 10 Aerobic 12 weeks 3iweek HR at AT 45 min
Brassard™® Home (2}, Fontan 11-26 5 5 Aerobic, resistance 2 months 3l week 30-80% peak VO, 20-30 min
lmﬁpil:a] {3)
f}pm‘.ht'rsl Hospiral + home  Fonran 7-12 10 10 Aerobic 8 months 2week 30-T0% peak VO, 30—43 min
Rhodes” Hospital Heterogensous 8-17 16 16 Aerobic, resstance 3 months 2/week HR at AT, lighe &) min
resIStance
f'\-'lim:l.mi.im.l.rsul29 Home Fontan 11-2% 11 11 Aerobic 2-3 months 23 hweek BO-80% pt'ak HR 40 min
Fredriksen®” Hospiral or Heterogensous 10-16 93 33 Aerobic, resistance, 2 weeks or Daily or 63-80% peak HR Not specified
supervised gym flexibility, education 3 months 2/week
Sklmskfs Hospital TOF 6-16 11 11 Aerobic 2 months 3/week G0-T0% peak HR 30 min
Balfour 4 H-.rﬁpil:a] Heterogeneous 13.5-19.8 & A Aerobic, education 3 months 3lwesk =T0% pt'uk HRE 3040 min
Cakolari®® Hospital TOF 0-16.5 15 9 Aerobic, respiratory 3 months 3iweek o0-T0% peak HR &) min
I..uugmuiris Home Heterogeneous 47-143 40 17 Aerobic, resistance, 6 weeks 2lweek Capability of talking  Not specified
fMexibiliey, during exercise
coordination
I..unngml.lir'u Home Heterogensous 47-143 o0 30 Aerobic, ressance, b weeks 2/week Capability of talking  Not specified
flexibiliry, during exercise
coordination
Bradley® Hospital TOFTGA 4-13 9 ] Aerobic, resistance, 12 weeks 2iweek 60-80% peak HR &0 min
flexibility,
coordination
Ruttenberg'” Hospital Heterogeneous 7-18 21 21 Aerobic 0 weeks 3week 63-73% peak HR ) mun
Goldberg : Home TOFNVSD 7-18 26 26 Aerobic 6 weeks I—dweek 30-T0% peak VO, 43 min

AT =anaerobic threshold; HR = heart rate; TGA = transposition of the grear arteries; TOF = tetralogy of Fallor; VSD = venericular sepral defect; VO, = oxygen consumption
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Table 2. Study description.

References Type of study Follow-up period Outcome variables Results Comments
h'l.l‘.Bl‘idt‘iz Case series Immediately pose Safery No major complications. MNo CPX data
programme
Rhodes™ NRCT' 5 years post Significant increase (p <2 0.01) in:
:,r:‘ ra.l:l:[:rlt' ®  Serial cardiopulmonary & P ®*  Wellcontrolled study
prog EXEECISE BESEInE ®  peak work rare (7.8%) ® RER reporeed
®  Acrivity, {;rlfﬂtwm ®  peak VO (21.8%) ®  Examined mideerm effects of the
and t'f"'-"':“f':wj srare intervention and qualicy of life
QUESTIOAIEITES Non-significant decline in these
parameters in control group
Moalla®® NRCT" Immediacely post ®  Serial cardiopulmonary Significant increase in: ®  Home exercised regime
programme . :‘f“‘-f-"‘f testng . . VO, (21%; p <0.05) ®  Compliance not assessad
ESPIFALONY Muse [ ] |
ux}rgtnal:i:il (near- ®  peak respimtory muscle oxygenation RER not reported
. i {225, p=20.01) ®  Sugpests that respiratory physiotherpy
infrared spectroscopy) in the programme mighe be helpful
Siguiﬁm.ut correlation between tissue
oxygenation and peak VO, ae AT
(p =<0.01)
Non-significant improvement in
pulmonary funceion was observed in the
training group
Brassard™® Case series Immediately post ®  Serial cardiopulmonary Non-significant increase in: ®  Short duration and variable
(0 CAMTITYE i : . - .
Prog . EXErCISE DESTINgE . VO, (p = 0.47) prugnf.mmr_ structure might account
Muscle .‘il:l.'l:'l:]gl:l:] - 1 " —0.57 for lack of IMpProvernent
{IJ',.r[n[m:mt'l:t'r} muscle serength (p =10.57)
®  Blood pressure Significative ergoreflex contnbution to
®  Ergoreflex systolic blood pressure (p = 0.02)
(-}fna.‘.ht'rsl Case series Immediately pose o Senal cardiopulmonary Significant increase in: ® RER not reporeed

r}l’ugrﬂ.[]’l[]’ﬂ:‘

EXEMCISE testing

®  sorimared workload (11.3%; p = 0L03)
® O, pulse (19%; p = 0.004)

Non-significant increase:

® peal VO, (11%; p =0.07)
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Table 2. Comtasaed

References Type of study Follow-up period Outcome variables Results Comments
Rhodes®’ Case series Immedately post ®  Seral cardiopulmonary Significant increase (p << 0,01} 1 No control group
progrmme EXEICISE TESTING |
o ®  peak work rate (14%; p < 0.001) RER reporeed
®  peak VO (16.3%: p 0.005)
prediceed?
®  predicred O pulse (27.6%; p=0.01)
® FEV1 (7%, p==0.001)
Minamisawa™> Case series Immedately post ®  Serial cardiopulmonary Significant increase in: Home progmmmes might be a more
programme EXEFCISe TESHing o oo _ economical option but compliance
e Wlil‘kll:ﬂfj (p=0.04) is more difficule o assess
® 7% peak VO, (p=0.03) RER not reporeed
Significant decrease in:
®  HE with sub-maximal effore
(p < 0.05)
Fredriksen™ NRCT” Immediately post ®  Serial cardiopulmonary Significant increase in: Large study population
progamme exercise testing ) _ _ Varied activities might have enhanced
®  Actvity monitor ¢ peak VO (1.67 X 0.57 versus rient compliance
el 1.82 £ 0661 % min~ ' == 0.001}) pa - - .
(accelerometer) . i N One of the few to incorporate
° Ly - i ®  cxercise time (G014 * 138 versus .
Psychosocial function 655 + 1 . =0.00 education
{youth self-repore and 133 = 15335 p=0.003) RER reported
child behaviour ®  activity (p 0.028) and psychosocial
checklist) {p << 0.001) levels
Sklu:ﬁk}'ﬁ Case seres Immedately post ®  Serial cardiopulmonary Significant increase in: Retmospective study

programme

EXEFCISE TESTINg

®  Ventricular function
{echocardiogrmphy)

®  endurance time (1.7 min; p << 0.0004)

Significant decrease in:

®  cub-maximal heart rate (p=< 0.001)

No increase in:

®  ecropy with exercise
®  arrhythmias

®  deterioration of ventricular function

RER not reported

Rehabilitacion cardiaca en pacientes con cardiopatias congénitas

71



Table 2. Continsed

References Type of study Follow-up period Outcome variables Results Comments
34 . . _— - -
Balfour Case seres Immedutely post ®  Serial cardiopulmonary Significant increase in: ®  Includes stress management and
progrmme EXETCISE Testing i nutrition counselling
®  peak VO, (20%; p < 0.003) ® RER not reporeed
®  endurance time (21%; p<< 0.03) ®*  High drop-our race
Significant decrease in:
®  gyseolic blood pressure (7% ; p << 0.03)
Calzolari®™® NRCT" Immeduaely post ®  Serial cardiopulmonary Non-significant increase in: ® NoCPX dama
progrmme EXNECIse LESTng ®  avimal ® Respimtory therapy included
®  sub-maximal exercise capacity
h:t:g:rluir45'44 NRCT™ 3 yedrs post ®  Exercise rest (Camada Significant increase (p << 0.01) in: ®  Large patient population
programme and firness awards rese: . v
. ediarel _— . ®  Jdifferent scores at G months and Control group
immediately e cardiovascular endurance, 5 —— ® No CPY testing
programme strengeh, lexibiliey, and YEAEs post programme . )
coordination) Long-term follow-up
Brﬂ.dlt‘}'4ﬁ Case seres Immedutely post ®  Anthropometric Significant increase n: ®  Youngest study population
progamme MEASUTEMENTS *  peak syscolic pressure (17%; p < 0.001) ®  One of the most complete
®  Senal cardiopulmonary ®  peak VO, (209 p<20.01) PrOgrammes
EXEICISE CESTng ®  endurance time (18%; p=<<0.01) ® RER not reported
Rutbt‘[:ll.)t'l’gm NRCT® Immediately post ®  Bacic exercise rest Significant increase: ® RER not reported
programme . .
®  endurance time (p < .01) ®  Sub-optimal control group
®  non-significane increase in peak VO,
p=0.1)
Guldht‘rg'“ Case series 1[TI[1'lt'diiiDt‘|}' pust ®  Fyercise capacity Siguif‘l‘.a.ul: INCrease: ®  Shore programme durarion

programme

{cyclergometer)

®  Body composition

®  masimal work capacity {(p <2 0.001})
MNon-significant increase:

®  peak VO,

®  peak HR

Improvement of body composition

AT =anacrobic threshold; CPX = cardiopulmonary testing; FEV1 = forced expiratory wolume in the firse second; HR = heart rate; NRCT = non-randomized controlled tria; RER = respiratory
exchange rato; VO, = oxygen consumption
*NROT — equivalent to a cohort study in the modified CONSORT definition”®
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ercise in Cardi

Exercise Testing and Training in Children With Congenital
Heart Disease

Jonathan Rhodes, MD; Ana Ubeda Tikkanen, MD; and Kathy J. Jenkins, MD, MPH

he primary function of the cardiopulmonary system is to

provide blood flow (and oxygen) in quantities sufficient
to support the metabolic needs of the body. The capacity of
the cardiopulmonary system to fulfill this function is maximally
stressed when an individual’s metabolic rate is increased, a
condition that occurs most commonly during physical activity/
exercise. A number of physiological changes accompany and
facilitate the accommodation of the circulatory system to the
hemodynamic demands of exercise (Figure 1). In normal
individuals, these changes (which during upright exercise in-
clude a tripling of the resting heart rate, a >60% reduction in
systemic and pulmonary vascular resistance, and a >50%
increase in stroke volume) can ultimately produce a >5-fold
increase in cardiac output. The increase in cardiac output is
accompanied by enhanced ventricular preload (as the ventri-
cles move up their Starling curves to accommodate the
increased workload), a doubling of systolic and mean pulmo-
nary artery pressures (most of the increase in pulmonary
artery pressures is due to the concomitant rise in left-sided
filling pressures; the increase in transpulmonary pressure
gradient is relatively small), and a more modest increase in
systemic arterial pressures.'~*

Congenital heart disease (CHD) may, in a variety of ways
and to a variable extent, adversely affect these hemodynamic
adaptations. For instance, patients with a Fontan procedure
lack a pulmonary ventricle. They therefore cannot increase
their pulmonary blood flow and pressures normally (and
consequently cannot maintain their ventricular preload and
systemic blood flow) during exercise. Patients with tetralogy
of Fallot and other CHDs often have congenital and/or
acquired abnormalities of their pulmonary vasculature and
therefore may be unable to reduce their pulmonary vascular
resistance normally. Patients with complex CHD often have
sinus node dysfunction and may be incapable of developing a
normal heart rate (HR) response to exercise.® Ventricular
dysfunction, residual shunts, valvular disorders, and associ-
ated pulmonary and skeletal muscle disorders may also
impair the cardiopulmonary response to exercise.

An evaluation of a CHD patient’s ability to exercise can
therefore impart important information on the health of a
child’s cardiopulmonary system and provide valuable in-
sights into the factors that might be limiting a child’s ability
to perform physical activities. The assessment of a child’s or

adolescent’s exercise function, however, poses unique chal-
lenges related to the patient’s size and maturity. In addition,
the dramatic changes that occur in the cardiopulmonary and
musculoskeletal systems during the pediatric years compli-
cate the interpretation of data acquired during these assess-
ments. These considerations must be taken into account when
children with CHD are evaluated.

Most of the clinical tests employed by the pediatric
cardiologist assess the cardiopulmonary system when the
patient is at rest. Although valuable, these tests do not
necessarily predict the manner in which the cardiopulmonary
system will respond to the demands of exercise, nor do they
reliably inform the clinician about a patient’s true capacity to
perform physical activities. To acquire this information,
assessments of exercise function must be undertaken. A
number of tools are available to the clinician seeking to
address this issue. The strengths and limitations of these tools
will now be reviewed.

History

Assessments of a CHD patient’s cardiopulmonary status
should certainly include questions about the patient’s exercise
tolerance. It is important to recognize, however, that data
derived from the responses to these questions must be
interpreted cautiously.” In a study of adolescents and young
adults with CHD, Diller et al® found that that self-reporting of
exercise capacity is unreliable and that New York Heart
Association class (a classification system based on the pa-
tients’ self-reported symptoms) underestimated the true de-
gree of exercise limitation. Indeed, “asymptomatic” CHD
patients (New York Heart Association class I) had exercise
capacities comparable to those of older adult subjects with
congestive heart failure secondary to acquired heart disease.
This discrepancy is probably to a large extent due to the fact
that patients with CHD have never known what it feels like to
have a normal cardiopulmonary system and therefore have an
unrealistic concept of the normal “asymptomatic” state.

More complex instruments (such as the Child Health
Questionnaire—Parental Form 50 and the Short Form-36 and
other quality of life questionnaires) have encountered similar
difficulties. For instance, in a study of 564 patients aged >14
years, with a variety of CHDs, Gratz et al® found that
self-reported physical functioning was a poor predictor of
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exercise capacity and that most patients with CHD severely
overestimated their level of physical functioning.

The difficulties associated with deriving reliable data from
patient self-reports are further compounded when the patient
is a child or when the reports must be obtained from the
parents of the patient.” For instance, in the multicenter
Pediatric Heart Network Fontan Study, the Child Health
Questionnaire Physical Functioning Summary Score corre-
lated poorly with results from formal exercise testing.'® In
addition, there was a significant discrepancy between the
patient’s perception of his/her level of physical functioning
compared with the parents’ perception (parents perceived that
their children were more impaired).

THeart Rate

The 6-Minute Walk Test

The 6-Minute Walk Test (6MWT) requires a patient to walk
as far as he/she can in 6 minutes. The course is a straight path
30 m (or 100 ft) in length; the patient must turn each time
he/she reaches the end of the course. The patient is encour-
aged to cover as much ground as possible during the 6
minutes, but his/her pace should not be directly influenced by
the examiner.'! Portable pulse oximetry may be incorporated
into the test, but the patient’s heart rhythm and ECG are not
monitored.

The advantages of the 6GMWT are that it is easy to perform,
does not require sophisticated equipment, and mimics activ-
ities of daily living.'! It has therefore commonly been used in
drug trials for adults with congestive heart failure or pulmo-
nary hypertension. However, in all but the most limited
patients, it is a submaximal test. Consequently, although it
correlates fairly well with peak oxygen consumption in
highly symptomatic patients, its utility and validity in patients
with “only” mild or moderate impairments is dubious.!?
Indeed, the reliability and meaning of the 6MWT for patients
who can walk >400 m has been questioned.!? In addition, the
test is strongly influenced by patient motivation and other
factors (such as leg length, body weight, orthopedic issues,
and the ability to turn quickly at the ends of the course)
unrelated to the cardiopulmonary system. It is difficult to
control for or to quantify the influence of these variables on
the outcome (distance walked) of the 6SMWT. Hence, for any
individual patient the test has a rather small “signal to noise
ratio.” Although these issues are mitigated somewhat in drug
trials that include large numbers of patients, they make the
interpretation of an individual’s test (or serial studies in 1
individual) ambiguous and difficult. On account of these

Figure 1. Some of the physiological
changes that accompany and facilitate
the accommodation of the circulatory
system to the hemodynamic demands of
exercise. RAp indicates right atrial pres-
sure; LAp, left atrial pressure; PVR, pul-
monary vascular resistance; SVR, sys-
temic vascular resistance; PAp,
pulmonary artery pressure; and AOp,
aortic pressure.

1Cardiac Output
(1PAp, 1AOp)

considerations, the utility of the 6 MWT in children with CHD
is limited.

Finally, although the incidence of serious adverse events
during a 6MWT is extremely low, having highly symptomatic
patients exercise to (near) the limit of their capabilities, with
limited monitoring, in a public corridor, appears imprudent.

Exercise Testing With ECG Monitoring
Exercise testing may be undertaken in conjunction with
12-lead ECG monitoring. The Bruce treadmill protocol is
commonly employed for this purpose '+'%; endurance time is
used as an index of exercise capacity. Nomograms are
available for calculating the predicted, normal endurance
time.'* For pediatric subjects, the normal range may be quite
broad, however, and the clinical utility of this index is
therefore somewhat limited. Endurance time is also heavily
influenced by factors unrelated to the cardiopulmonary sys-
tem (eg, obesity, orthopedic issues) and therefore often does
not provide reliable information on a patient’s cardiopulmo-
nary status. This issue is further complicated by factors
particularly relevant to pediatric exercise testing. Specifi-
cally, with this testing modality, it is often difficult to
confidently ascertain whether a child has expended an opti-
mal effort. A child’s self-reported symptoms are subjective
and potentially unreliable indicators of effort expenditure.
Depending on the peak HR as an index of patient effort is also
unreliable because many patients with postoperative CHD
have sinus node dysfunction and/or are on medications that
may impair the chronotropic response to exercise. Hence, the
ability of exercise testing with ECG monitoring to provide
objective quantitative information on a patient’s exercise
capacity is suboptimal. This testing modality also provides
little information on the factors that may be responsible for a
CHD patient’s exercise intolerance.

Exercise testing with ECG monitoring is useful for detect-
ing abnormal blood pressure responses, exercise-induced
rhythm disturbances, ST changes, and arterial oxygen desatu-
ration (when pulse oximetry is employed). In conjunction
with myocardial perfusion imaging or stress echocardiogra-
phy, it can also detect evidence of myocardial ischemia
during exercise.'> For pediatric subjects with CHD, the
presence or absence of exercise-induced ST-T abnormalities
is not helpful with regard to the question of myocardial
ischemia because of the presence of intraventricular con-
duction delays, baseline abnormalities, and ventricular
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hypertrophy (especially in single ventricles) and the ab-
sence of normative data.

The treadmill speeds used for the higher levels of the Bruce
protocol may be too fast for small children. Under these
circumstances, alternative protocols or modifications of the
Bruce protocol may be employed (although interpretation of
endurance time then becomes even more problematic). Bicy-
cle protocols may also be used.'> For these protocols, the
peak work rate, rather than the endurance time, is used as an
index of exercise capacity. Equations are available for calcu-
lating the predicted, normal peak work rate on the basis of a
patient’s age, gender, and size. The limitations associated
with peak work rate as an index of cardiopulmonary function
are similar to those described for the endurance time.

Cardiopulmonary Exercise Testing

In cardiopulmonary exercise testing, ECG monitoring is
supplemented with expiratory gas analysis. For this analysis,
a patient breathes room air through a mouthpiece (or face
mask). The air passing through the mouthpiece is continually
sampled, and the instantaneous concentrations of O, and CO,
are ascertained. The volume of air passing through the
mouthpiece is also measured. From these measurements,
breath-by-breath estimates of oxygen consumption (V0,),
carbon dioxide production (Vco,), minute ventilation (VE),
end-tidal Po,, and end-tidal Pco, can be generated. These
estimates can then be used to calculate clinically useful
parameters that are particularly relevant to the assessment of
patients with CHD. A number of these parameters will now
be enumerated and discussed.

Peak Vo,

For most normal individuals (and especially for individuals
with cardiovascular disease), peak Vo, is limited by the amount
of O, that the cardiopulmonary system can deliver to the
exercising muscles. This in turn is limited by the ability of the
circulatory system to increase cardiac output during exercise.
Hence, peak Vo, (ie, the highest rate of Vo, detected during a
progressive exercise test) is an excellent indicator of the capa-
bilities of a patient’s cardiovascular system.

Unfortunately, determining normal values for peak Vo, (in
mL O, per minute) is not straightforward. Peak Vo, varies
with age; it tends to increase and reach a maximum during
adolescence/early adulthood and to decline progressively
thereafter. It also differs significantly between males and
females, especially after puberty. Normal values for peak Vo,
are also dependent on body size; larger individuals can
consume more oxygen than smaller individuals. The relation-
ship between body mass and peak Vo, is, however, quite
complicated. During exercise, adipose tissue consumes virtu-
ally no O, compared with skeletal muscle. Hence, merely
normalizing peak Vo, for body mass ignores this important
biological fact and can be misleading. The relationship
between peak Vo, and body surface area or other anthropo-
morphic measurements is also complex. Normalizing peak
Vo, for lean body mass or skeletal muscle mass is theoreti-
cally appealing, but accurate estimation of these parameters is
difficult and impractical outside of the research setting.

Rhodes et al Exercise Testing in Children 1959

Hence, normal values for peak Vo, are usually calculated
from prediction equations, based on age, gender, height,
and/or weight, that have been generated from a group of
normal subjects. Ideally, the equation selected for an individ-
ual patient should have been generated with the use of a
similar exercise protocol and from a population whose age
and demographic background are similar to the patient’s. For
pediatric subjects, few studies have generated these kinds of
data. The most widely used prediction equations are drawn
from the study of Cooper and Weiler-Ravell.'® These inves-
tigators studied a group of 107 healthy children and adoles-
cents aged 6 to 17 years and generated prediction equations
based on gender and height (by relying on height rather than
weight, the potential confounding effects of adiposity/obesity
on the predictions are theoretically mitigated). The limitations
of these prediction equations must, however, be recognized.
They tend to generate unrealistically low values for small
children. Hence, for subjects <130 cm tall, we calculate the
predicted peak Vo,, using the patient’s ideal weight for
height, on the basis of data from the study of Cooper and
Weiler-Ravell that found that the peak Vo, of an average
prepubescent boy was 42 mL/kg per minute and for an
average prepubescent girl was 38 mL/kg per minute. For
subjects aged =18 years, the equation of Jones et al,'” which
generates predictions on the basis of age, height, body mass,
and gender (height is weighted much more heavily than body
mass), is theoretically appealing and has gained wide accep-
tance.'® The Wasserman equation, based on ideal body
weight, is also widely used!8 (albeit somewhat more cumber-
some) and may have superior predictive power.! Whichever
equations are chosen by a laboratory, the validity of the
predictions for the population served by the laboratory should
be established by testing a number of normal subjects and
confirming that the predicted values agree well with the
results of these tests.!s

Measurements of peak Vo, have been found to possess
important clinical implications for patients with CHD. Peak
Vo, has been found to be an independent predictor of death
and/or hospitalization for patients with repaired tetralogy of
Fallot,?° patients who have undergone atrial switch procedures
for transposition of the great arteries,?! patients with pulmonary
hypertension,?>?* and patients with Fontan surgery.*

HR During Exercise

During a progressive exercise test, HR increases linearly in
proportion with Vo,, from baseline levels to peak HR. The
normal peak HR, for treadmill exercise, may be estimated
from the following equation: peak HR=220—age (years).?
Peak HR during bicycle exercise tends to be 5% to 10%
lower,?¢ and therefore it is reasonable to multiply the pre-
dicted peak HR derived from this equation by 0.925 if a
bicycle exercise protocol is used.

Patients with sinus node dysfunction cannot increase their
HRs to normal levels at peak exercise. In addition, the HR
versus Vo, relationship tends to be depressed below the
expected normal curve. In contrast, patients who cannot
increase forward stroke volume normally during exercise
tend to compensate by increasing their HRs more rapidly than
normal during exercise, and the HR versus Vo, relationship is
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Figure 2. Influence of various clinical conditions on the relation-
ship between HR and Vo, during exercise. Variation of HR with
respect to Vo, during a progressive exercise test for a hypothet-
ical 50-kg, 15-year-old normal subject (solid triangle), athlete
(diamond), patient with a depressed chronotropic response (cir-
cle), patient with a depressed stroke volume response (square),
and patient with both a depressed chronotropic and stroke vol-
ume response (open triangles) is shown. Note that the athlete’s
peak O,P (peak oxygen consumption divided by peak HR) is
above normal. The patient with a depressed stroke volume
response has a below-normal peak O,P and partially compen-
sates for this condition by increasing HR more rapidly than nor-
mal, causing the slope of the HR-Vo, curve to be abnormally
steep. In contrast, the patient with a depressed chronotropic
response has an abnormally flattened curve and cannot achieve
a normal peak HR, although a partial compensation for the
chronotropic deficiency is achieved by increasing the peak O,P
(ie, stroke volume) to above-normal levels. (This pattern is also
encountered in patients with structurally normal hearts who are
receiving B-blocker therapy.) The patient with the depressed
chronotropic and stroke volume response still has a steeper-
than-normal slope but cannot achieve a normal peak HR and
cannot compensate for this chronotropic deficiency by increas-
ing stroke volume. This individual’s peak Vo, is therefore more
depressed than that of any of the other subjects. Reprinted with
permission of the publisher from Rhodes.2? Copyright © 2006,
Elsevier.

elevated. Patients with impairment of both the chronotropic
and stroke volume response to exercise may have “pseudo-
normalization” of the HR versus Vo, relationship but would
be unable to achieve a normal peak HR. Athletes, on the other
hand, tend to have a larger-than-normal increase in stroke
volume during exercise. Their HR versus Vo, relationship
therefore appears depressed below the expected curve, but
their peak HR is normal (Figure 2).?7

Recent adult studies have focused on the HR reserve (peak
HR—resting HR) and the chronotropic index [100X(HR
reserve)/(predicted peak HR —resting HR)]. These new indi-
ces have not been studied widely in pediatric patients, and
their relevance to this population remains uncertain.?s-2°

Chronotropic incompetence (ie, an inability to increase HR
to >80% of predicted at peak exercise) is common after
surgery for CHD®283031 and has been associated with a poor
prognosis.3©

Oxygen Pulse
The oxygen pulse (O,P) at peak exercise is related to the
forward stroke volume at peak exercise and is therefore, for

the clinician, one of the most useful indices available from the
exercise physiology laboratory. The relationship between the
O,P and stroke volume is best understood by dividing both
sides of the Fick equation by HR, as follows:

VO,/HR =0,P=(cardiac output)/(HR) X (O, extraction)

O, extraction is equal to arterial O, content minus mixed venous
O, content. These variables are in turn determined by the
hemoglobin concentration and the corresponding O, saturations.
Most patients with repaired CHDs have normal arterial O,
saturations and normal hemoglobin concentrations. Further-
more, at peak exercise, O, extraction is maximized, and it has
been found that the mixed venous O, saturation at peak exercise
varies little across a wide spectrum of cardiovascular function.
Hence, under most circumstances, O, extraction at peak exercise
will vary little from patient to patient, and the O,P will be
proportional to forward stroke volume.3?> Normal values for O,P
at peak exercise will, of course, be dependent on patient size,
age, and gender. Normal values may be calculated by dividing
the predicted peak Vo, by the predicted peak HR.!$

The limitations associated with the O,P concept must be
borne in mind when these data are interpreted. In patients
with depressed arterial O, content at peak exercise (eg,
patients with anemia or patients with significant arterial
desaturation), O, extraction at peak exercise would be less
than normal and the O,P would therefore underestimate
stroke volume. In contrast, polycythemia increases arterial O,
content and would therefore cause the O,P to overestimate
the stroke volume. Solely on the basis of Starling factors,
relative bradycardia at peak exercise should engender a
compensatory increase in the stroke volume and hence the
O,P at peak exercise. Consequently, in patients with low
peak-exercise HRs, the absence of a compensatory increase in
O,P, above normal predicted values, is in fact abnormal.

The O,P tends to be depressed in patients with conditions
that impair their ability to increase forward stroke volume to
appropriate levels at peak exercise. Patients with depressed
ventricular function,33 severe obstructive lesions, severe val-
vular regurgitation,>3> and pulmonary or systemic vascular
disease?>233¢ often have a low peak-exercise O,P.

The O,P is often depressed in patients who have undergone
a Fontan procedure, even in the absence of ventricular or
valvular dysfunction.?® In these patients, the low O,P proba-
bly reflects the absence of a pulmonary ventricle and the
limited ability of the passively perfused pulmonary vascular
bed to accommodate the high rate of blood flow normally
present at peak exercise (a physiological function that greatly
influences the exercise capacity of Fontan patients). Indeed,
the O,P is one of the strongest correlates of peak work rate in
patients with Fontan circulations.?8

Skeletal muscle abnormalities that impair oxygen extrac-
tion, such as glycogen storage diseases, mitochondrial and
other metabolic defects, or severe deconditioning, will also
cause the O,P to be depressed.

Young patients with chronic aortic regurgitation usually have
well-preserved exercise function and peak-exercise O,P.3+37 In
these patients, the fall in systemic vascular resistance that
normally accompanies exercise tends to lessen the severity of the
regurgitation during exercise. In addition, the left ventricular
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dilation typically present in chronic aortic regurgitation helps to
maintain forward stroke volume and usually compensates effec-
tively for the hemodynamic burden imposed by the leaky valve.
(In the subset of patients with poor exercise function, however,
a low O,P is almost always present.) Similar factors may also
help to preserve the exercise function of patients with other
valvular insufficiency lesions.3®

Respiratory Exchange Ratio
If a patient does not expend a maximal or near maximal effort
on an exercise test, the peak exercise data may not accurately
reflect the true status of his/her cardiopulmonary system.
Optimal interpretation of peak exercise data therefore re-
quires information on the effort expended by the patient.
Measurements of the respiratory exchange ratio (RER) during
exercise often help to provide this important information.
The RER is the ratio of Vco, over Vo,. At rest, the RER
is usually determined primarily by the stoichiometry of the
chemical equations describing the aerobic metabolism of the
fuels that the body uses to support its metabolic activities. For
the aerobic metabolism of carbohydrates, 1 mol of CO, is
produced for every mole of O, that is consumed; for fats, 1
mol of CO, is produced for every 1.5 mol of O, consumed.
Hence, at rest, the RER is usually ~0.85 (ie, somewhere
between 0.67 and 1.00). During a progressive exercise test, as
the anaerobic threshold is passed and an increasing fraction of
the energy required by the exercising muscles is derived from
anaerobic metabolism, Vco, rises out of proportion to Vo,,
and the RER rises progressively. An RER =1.09 is consid-
ered to be compatible with a good effort. (Some investigators
believe that the anaerobic metabolic pathways are less devel-
oped in children and therefore believe that, for young sub-
jects, an RER =1.05 is a more appropriate threshold.) If a
patient’s RER at peak exercise is <<1.09, it is likely that
exercise was not terminated on account of insufficient O,
delivery to the exercising muscles.39-40

Ventilatory Anaerobic Threshold
During a progressive exercise test, the anaerobic threshold
occurs when aerobic metabolism, limited as it is by the
amount of O, delivered by the cardiovascular system, is
insufficient to meet the energy requirements of the exercising
muscles. The anaerobic threshold is a physiological phenom-
enon that is not affected by patient effort or motivation and
may be determined on a submaximal exercise test. Conse-
quently, it is an excellent index of the capacity of the
cardiovascular system to support the hemodynamic demands
of exercise. Because anaerobic metabolism produces CO,
(through the buffering of lactic acid by bicarbonate) but does
not consume O,, during a progressive exercise test the ventila-
tory anaerobic threshold (VAT) is marked by an increase in
Vco, out of proportion to the associated increase in Vo,.
Prediction equations exist for the calculation of normal
values for the VAT on the basis of age, size, and gender.!¢
VAT is also commonly expressed as a percentage of pre-
dicted peak Vo,. In the absence of cardiovascular disease,
VAT rarely falls below 40% of predicted peak Vo,. However,
VAT is often depressed below this value in patients with
conditions that significantly impair the ability to increase
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cardiac output or oxygen delivery appropriately during exer-
cise.*!#2 In children with CHD, the VAT is often depressed in
a manner similar to, although milder than, the peak \702.28
Therefore, when peak Vo, data are available, VAT data do
not often provide significant additional information. The HR
at the VAT has been recommended as the target HR for
rehabilitation training.

VE/VCo, Slope

Empirically, it has been observed that VE rises linearly in
proportion with Vco, during a progressive exercise test until
a point above the VAT, when the accumulating lactic acidosis
engenders a compensatory increase in VE out of proportion to
the increase in Vco,. The VE/Vco, slope is the slope of the
linear portion of this curve. It may be thought of as an index
of gas exchange efficiency during exercise, equivalent to the
number of liters of air that must be breathed out to eliminate
1 L of CO,.#* In pediatric patients, the VE/Vco, slope should
be <28.

The VE/V o, slope is often elevated in patients with tetralogy
of Fallot, congestive heart failure,**-4¢ atrial switch proce-
dures,?! and pulmonary hypertension.?>23 In these patients,
VE/V o, slope elevation has been associated with an increased
risk of mortality. Although multiple factors may influence the
VE/VCo, slope, pulmonary blood flow maldistribution and
consequent ventilation/perfusion (V/Q) mismatch are probably
the most important pathophysiological processes that underlie
these observations and associations.*”48

Efficient gas exchange across the alveolar/capillary mem-
brane requires optimal V/Q matching. Patients who have
undergone repair of tetralogy of Fallot often have residual
pulmonary artery stenoses that cause pulmonary blood flow
maldistribution, which in turn has been linked to VE/VC02
slope elevation and depressed peak V0,.43-50 These stenoses
can have a particularly deleterious effect on the physiology of
the postoperative tetralogy of Fallot patient and a strong,
negative impact on a patient’s prognosis. Effective relief of
these stenoses has been associated with improvements in
peak Vo, and the VE/Vco, slope (Figure 3).48

Patients with CHF have pulmonary blood flow maldistribu-
tion as a consequence of the elevated pulmonary capillary wedge
pressure that accompanies CHF.#73! As ventricular function
deteriorates and the wedge pressure rises, the pulmonary blood
flow maldistribution (and consequent V/Q mismatch) worsens,
and the VE/Vco, slope progressively rises. This strong link
between pulmonary capillary wedge pressure and the VE/Vco,
slope probably accounts for the prognostic power of the VE/
Vco, slope in this patient population. In a similar manner, for
patients who have had an atrial switch procedure for transposi-
tion of the great arteries, elevation of the VE/Vco, slope
probably reflects the progressive systemic ventricular dysfunc-
tion that often develops in these patients as they age.

In patients with pulmonary hypertension, pulmonary blood
flow maldistribution results from pulmonary vascular ob-
structive disease. As the vascular obstruction progresses, the
pulmonary blood flow maldistribution worsens, gas exchange
within the lungs becomes more and more inefficient, and the
VE/V002 slope rises. Hence, for patients with this condition,
the VE/Vco, slope reflects the extent of disease within the
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Figure 3. Relationship between Ve and Vco, in a patient with
tetralogy of Fallot before and after successful pulmonary artery
balloon angioplasty that increased left pulmonary artery blood
flow from 13% to 35% of the total pulmonary blood flow.
Square symbols are data points before angioplasty; triangular
symbols are data points after angioplasty. The solid line repre-
sents the linear portion of the VE/Vco, relationship before angio-
plasty (the slope of the line is the VE/Vco, slope). The dashed
line is the relationship after angioplasty. Note that, after the
angioplasty, the patient’s VE was lower for any given Vco,. The
VE/NCO, slope fell from 35 to 29 and was associated with an
increase in the peak Vo, from 18.8 to 23.7 mL/kg per minute
and a rise in the end-tidal Pco, at the anaerobic threshold from
32 to 36 mm Hg.

pulmonary vasculature.?>23 (This physiology may also be
relevant to patients with transposition of the great arteries
who develop pulmonary vascular obstructive disease after an
atrial switch procedure.)

The VE/VC0, slope is also almost always elevated in patients
with Fontan procedures.>>3> Once again, this observation is
probably due, to a large extent, to pulmonary blood flow
maldistribution (and associated V/Q mismatch) secondary to the
absence of a pulmonary ventricle.>* In Fontan patients, however,
the degree of VE/V o, slope elevation is not strongly associated
with increased mortality because, in contrast to the aforemen-
tioned conditions, the elevated slope is intrinsic to the patients’
single ventricle physiology and not closely related to the pro-
gression/severity of the underlying cardiovascular disease
process.?*

Right to left intracardiac or intrapulmonary shunting will
also cause the VE/Vco, slope to be elevated. The shunting
allows CO,-rich systemic venous blood to enter the systemic
arterial circulation. The consequent increase in arterial Pco,
is sensed by chemoreceptors, inducing central nervous system
respiratory centers to increase the patient’s respiratory drive
(and VE) and causing the VE/Vco, slope to rise. The resulting
alveolar hyperventilation reduces the Pco, of the blood
returning from the lungs and helps to normalize the patient’s
arterial Pco,. Eliminating right to left shunting (eg, by closing
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Figure 4. Relationship between Ve and Vco, in a patient with
fenestrated Fontan before and after successful fenestration clo-
sure. Square symbols are data points before fenestration clo-
sure; triangular symbols are data points after closure. The solid
line represents the linear portion of the VENCO2 relationship
before closure (the slope of the line is the Ve/Vco, slope). The
dashed line is the relationship after closure. Note that, after the
fenestration closure, the patient’s Ve was lower for any given
Vco,. The VE/Vco2 slope fell from 41 to 30 and was associated
with an increase in the end-tidal Pco, at the anaerobic threshold
from 26 to 34 mm Hg. Peak Vo, fell from 34.5 to 34.4 mL/kg
per minute.

a Fontan patient’s fenestration; Figure 4) almost always
produces a reduction in the VE/Vco, slope.5

Assessments of Pulmonary Function

The exercise capacity of normal individuals is usually limited
by cardiovascular, rather than respiratory, factors. By this, we
mean that the VE at peak exercise is usually less than the
maximum voluntary ventilation (the maximum amount of air
that a subject can breathe in and out in 1 minute). The
maximum voluntary ventilation is usually estimated by mea-
suring the maximum amount of air a subject can breathe
during 12 seconds of maximal hyperventilation and multiply-
ing this quantity by 5. This maneuver requires a degree of
patient cooperation that is often beyond the capacity of young
subjects. Alternatively, the maximum voluntary ventilation
may be estimated by multiplying the FEV, (from baseline
spirometry) by 40.5¢ (Some recommend multiplying the FEV,
by 35.) The breathing reserve is the percentage of a subject’s
maximum voluntary ventilation that is not used at peak
exercise and normally measures ~30%.'8 Patients with iso-
lated cardiovascular disease typically have high breathing
reserves because they have a greater cardiovascular limita-
tion. Many patients with CHD, however, also have coexistent
pulmonary problems. Measurement of the breathing reserve
(as well as baseline spirometry) often helps to elucidate the
factors contributing to a patient’s exercise intolerance.
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Figure 5. Algorithm for initial categorization of patients with low peak Vo,. SV indicates stroke volume.

Interpretation of data from exercise tests in patients with
CHD is also often enhanced by measurements of end-tidal Pco,.
In healthy individuals, end-tidal Pco, approximates arterial
Pco,. Consequently, at rest and at low exercise intensities,
end-tidal Pco, measures ~40 mm Hg. However, when exercise
continues at intensities above the anaerobic threshold, arterial
Pco, should fall as a compensatory respiratory alkalosis devel-
ops in response to the accumulating lactic acidosis. This fall
should be accompanied by an almost parallel decline in the
end-tidal Pco,.>” Certain conditions sometimes encountered in
patients with CHD, such as airway obstruction or hypoventila-
tion secondary to obesity, will impede (and may even reverse)
this normal decline. End-tidal Pco, measurements can help to
identify this pathophysiology. In contrast, patients with CHD
associated with V/Q mismatch often have low end-tidal
Pco,.495055 In these subjects, air from alveoli with high V/Q
ratios (and hence low Pco,) dilutes air from other alveoli and
causes end-tidal Pco, to fall to levels below the arterial Pco,.
Right to left shunting is also associated with low end-tidal Pco,
measurements because the patient must reduce the Pco, of the
blood returning from the alveoli to compensate for the hyper-
capnic blood that shunts from right to left (during exercise, the
Pco, of systemic venous blood may approach 60 mm Hg).>

Other Measurements

For some patients with CHD, data from other technologies can
fruitfully complement and supplement data from standard car-
diopulmonary exercise testing. Stress echocardiography can be
used to assess the effect of exercise on right ventricular and
pulmonary artery pressures, gradients across obstructions, val-
vular regurgitation, and ventricular function.®>° Exercise flow-
volume loops can provide additional insights into the pulmonary
function during exercise.®® Near-infrared spectroscopy technol-
ogy may provide interesting data on tissue oxygenation during

exercise.’-2 Blood sampling and/or invasive hemodynamic
measurements can provide important physiological data.'>63
Although these technologies may be invaluable in research
settings, as well as in some special clinical circumstances, their
role in routine clinical testing is yet to be established.

Patients with low peak Vo, may be categorized, on the basis
of the RER, HR, and O,P at peak exercise, according to the
algorithm illustrated in Figure 5. Additional data from cardiopul-
monary exercise testing and other modalities can then be used to
more specifically pinpoint the factor(s) most likely to be respon-
sible for the patient’s poor exercise performance and to help to
identify potential therapeutic strategies most likely to effectively
alleviate the exercise intolerance. In addition, comparing a CHD
patient’s cardiopulmonary exercise testing data with data from
normal subjects or with data from patients with similar types of
CHD could help to guide decisions about the timing of inter-
ventions. Serial studies in the same patient can also be extremely
valuable in this regard and can also be used to objectively assess
the effectiveness of any interventions that are undertaken. The
cardiopulmonary exercise testing abnormalities typically en-
countered among patients with various forms of CHD are
presented in Table 1.

Safety of Exercise and Exercise Testing
Cardiopulmonary exercise testing for children with CHD is
an extremely low-risk testing modality. Since 2002, almost
15 000 exercise tests have been undertaken at our institution
without encountering a serious testing-related complication.
Nevertheless, the value of any information that might be
derived from cardiopulmonary exercise testing should always
be weighed carefully against the theoretical risks associated
with the test. Patients with certain conditions (such as acute
myocardial or pericardial inflammatory disease, severe out-
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Table 1.  Cardiopulmonary Exercise Testing Abnormalities Encountered in Pediatric Patients
With Various CHDs

Defect | Peak Vo, | Peak HR 1 0, Pulse 1 Vehico, | VAT
Repaired TOF/truncus arteriosus +++ ++ +++ +++ 4
Fontan +4+ 4+ +++ ++++ ++++ +++
PVOD +4+++ + ++++ ++++ +4+++
Ebstein anomaly +++ ++ +4++ ++ ++
Status post atrial switch +++ ++ +++ ++ ++
Aortic valve disease ++ + ++ + ++
Coarctation ++ + ++ + +++
Dilated cardiomyopathy ++++ + ++++ ++ +4++
Hypertrophic cardiomyopathy ++ + ++ + ++
Isolated PR + + + + 4

TOF indicates tetralogy of Fallot; PVOD, pulmonary vascular obstructive disease; PR, pulmonary regurgitation, post
valvuloplasty; peak \'/02, oxygen consumption at peak exercise; peak HR, heart rate at peak exercise; 0, pulse, oxygen
pulse at peak exercise; VENcoz, slope of the linear portion of minute ventilation vs carbon dioxide production curve; VAT,
ventilatory anaerobic threshold; +, rarely present; ++, sometimes present; +++, often present; and ++++,
usually present. This table assumes that the patient is not receiving B-blocker or other antiarrhythmic therapy that

might impair the chronotropic response to exercise.

flow tract obstruction for which surgical intervention is
clearly indicated, severe aortic dilation) should, in general,
not be tested.!s

Regular exercise is associated with many physical, psycho-
logical, and social benefits and is a key factor in prevention of
acquired cardiovascular diseases. These benefits should not
be denied to most children with CHD. Historically, “guid-
ance” documents have tended toward conservative restric-
tions on exercise participation despite an absence of clear-cut
data. Fortunately, these conservative recommendations are
changing. Indeed, the 36th Bethesda Conference®* recom-
mended that, with rare exceptions, patients with mild CHD
such as mild semilunar valve stenoses (congenital or resid-
ual), small shunt lesions, or mild aortic coarctations be
permitted to participate competitively in all sports. Even
patients with successful arterial switch procedures or excel-
lent tetralogy of Fallot repairs may participate in competitive
sports without restriction provided that they have normal
exercise tests, no evidence of ventricular dysfunction, normal
or near-normal right heart pressures and chamber sizes, no
significant residual shunts, and no tachyarrhythmias on am-
bulatory ECG or exercise testing. Although patients with
more serious congenital or residual heart anomalies are
advised to avoid high-intensity competitive sports, these
recommendations do not necessarily preclude participation in
these activities in a less competitive, recreational environ-
ment. For these patients, the numerous benefits of regular
exercise should be weighed carefully against the potential
risks of these activities. Exercise testing, as well as other
testing modalities, can help to inform this assessment. We
believe that, in most cases, the risk/benefit ratio for regular
exercise will be judged to be favorable, and we strongly
encourage clinical research in this important area.

Cardiac Rehabilitation for Children
With CHD
When subjected to formal cardiopulmonary exercise testing,
it has been found that children with “repaired” CHD often

have reduced exercise capacity.?8-37:65-70 Residual hemody-
namic lesions certainly account for some of this phenomenon.
However, it has been observed that children with CHD often
lead relatively sedentary lifestyles, perhaps on account of
restrictions imposed on them by physicians, parents, teachers,
coaches, or the children themselves.”!:72 Any disability re-
lated to their CHD may therefore be compounded by decon-
ditioning. This component of their disability should respond
to exercise training.

Although theoretically appealing, proof of this concept has,
until recently, been hard to come by. Goldberg et al”? studied
26 patients with repaired tetralogy of Fallot or ventricular
septal defects and found that a 6-week home exercise pro-
gram with the use of stationary bicycles improved peak work
capacity but had no effect on peak Vo,. Ruttenberg et al’
studied 12 patients with a variety of CHDs and reported that
a 9-week program based on a jogging and walking regimen
improved treadmill endurance time but did not improve peak
Vo,. Fredriksen et al’s found that 55 patients with a variety of
CHDs, who participated in a training program that introduced
them to several sports and other physical activities, achieved
a small (<5%) improvement in endurance time and no
improvement in peak Vo, normalized for body weight.
Minamisawa et al’® studied 11 children and young adults with
Fontan procedures and reported that a 2- to 3-month home
exercise program produced only small (=7%) improvements
in peak Vo, and peak work rate.

In contrast, Bradley et al”” found, in a study of 9 patients
with tetralogy of Fallot or transposition of the great arteries,
that a 12-week rehabilitation program improved endurance
time and achieved a 21% increase in peak Vo,. However,
their data suggested that their findings may have been due to
increased effort rather than an objective improvement in
exercise function. Balfour et al’® reported data from 6 patients
with CHD who completed a 3-month rehabilitation program.
They found a 20% increase in peak Vo, after rehabilitation.
However, their study was quite small, was plagued by a high
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Table 2. Cardiac Rehabilitation Studies in Patients With CHD
Program  Sessions  Time per Impact on Peak
Duration, per Session, Vo, (mL/kg per

Study n Diagnosis wk Week min Type Control Minute), % Comment
Goldberg”® 26 16 TOF, 10 VSD 6 3 <45 Home-based No Unchanged Other parameters improved
Ruttenberg™ 12 3 TOF, 3 TGA, 1 AVC, 9 3 45 Facility-based No Unchanged Large (50%) dropout rate;

5AS other parameters improved
Bradley”” 9 5 TGA, 9 TOF 12 2 60 Facility-based No 120 Internally inconsistent data;

RER not measured;
improvements may be effort
related
Balfour’® 6 1 Fontan, 5 other 12 3 60 Facility-based No 120 Large (>50%) dropout rate
Fredriksen”® 55 12 TGA, 8 ASD/VSD, 20 2 NA Facility-based Yes Unchanged Large program variability; other
11 LVOTO, 3 RVOTO, and parameters improved
10 TOF, 4 Fontan, 7 home-based

other
Minamisawa’® 11 Fontan 8-12 2-3 30 Home-based No 17
Opocher™ 10 Fontan 32 2 30-45  Facility-based No 11

and
home-based

Rhodes®0! 16 12 Fontan, 4 other 12 2 60 Facility-based ~ Yes 116 Rehabilitation patients’

improvement was sustained 7

mo after the program and was

significantly superior to that of
control subjects

TOF indicates tetralogy of Fallot; VSD, ventricular septal defect; TGA, transposition of the great arteries; AVC, atrioventricular canal; AS, aortic stenosis; LVOTO, left
ventricular outflow tract obstruction; and RVOTO, right ventricular outflow tract obstruction.

dropout rate, and could not exclude the possibility that the
improvement was due solely to increased effort. In a study of
10 children with Fontan procedures, Opocher et al’® detected
an 11% improvement in peak Vo, after an 8-month, primarily
home-based exercise program. None of these studies was well
controlled, however, nor did they provide insights into the
mechanisms responsible for the observed improvements.

More recently, Rhodes et al®° reported that, in a study of 16
children with serious CHD, a 12-week rehabilitation program
was associated with a 17% increase in peak Vo,. Improve-
ments in the Vo, at the VAT were even more substantial.
Most of the improvement appeared to be due to an increase in
the O,P at peak exercise. Peak HR and peak RER were
similar in the prerehabilitation and postrehabilitation studies,
indicating that the observed improvements could not be
ascribed to a better effort in the postrehabilitation study. The
improvements were sustained 6 to 9 months after the termi-
nation of the rehabilitation program (1 year after the prere-
habilitation study) and were associated with improvements in
lifestyle, perceived exercise function, self-esteem, and emo-
tional state. Improvements in exercise function and other
areas were not observed in a control group comprised of 18
children with similar diagnoses observed over the same time
period.3!

The mechanisms responsible for the rehabilitation patients’
improved peak Vo, and O,P were not elucidated. The magni-
tude of the improvements appears to be too great to be explained
solely by increased O, extraction. A rehabilitation-related in-
crease in forward stroke volume at peak exercise therefore seems
likely, although whether the increase is related to vascular,
muscular, or cardiological factors remains uncertain.

The favorable results achieved in the study of Rhodes et al
were ascribed to the low patient/staff ratio and the age-
appropriate environment/activities that were incorporated
into the rehabilitation program.’® However, data on the
optimal design of pediatric cardiac rehabilitation programs do
not exist, and further investigations are needed to elucidate
the most effective rehabilitation strategies for children with
CHD. Furthermore, reliance on a facility-based rehabilitation
program is, for many patients, impractical, and the costs of
these programs are not covered reliably by most third-party
payers. Home-based programs, possibly supported by Inter-
net and/or social networking technologies, may represent a
practical and attractive alternative to facility-based programs.
It is, in any event, unfortunate that restrictive medical
insurance policies and/or unfavorable institutional priorities
cause the benefits of cardiac rehabilitation to be unavailable
to most children with CHD.

Conclusion

The acquisition and interpretation of exercise test data from
children and adolescents with CHD present clinicians with
some unique challenges. The information gained from these
studies can, however, be quite valuable and often provides
unique insights into a patient’s clinical status and prognosis.
Cardiac rehabilitation programs also have the potential to
benefit many patients with CHD. Unfortunately, the limited
experience with (Table 2) and availability of these programs
has caused the benefits of cardiac rehabilitation to be unavail-
able to most children with CHD.
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Abstract Background: Advances in medical and surgical care have contributed to an important increase in the
survival rates of children with congenital heart disease. However, survivors often have decreased exercise
capacity and health-related issues that affect their quality of life. Cardiac Rehabilitation Programmes have been
extensively studied in adults with acquired heart disease. In contrast, studies of children with congenital heart
disease have been few and of limited scope. We therefore undertook a systematic review of the literature on
cardiac rehabilitation in children with congenital heart disease to systematically assess the current evidence
regarding the use, efficacy, benefits, and risks associated with this therapy and to identify the components of a
successful programme. Methods: We included studies that incorporated a cardiac rehabilitation programme
with an exercise training component published between January, 1981 and November, 2010 in patients under
18 years of age. Results: A total of 16 clinical studies were found and were the focus of this review.
Heterogeneous methodology and variable quality was observed. Aerobic and resistance training was the core
component of most studies. Diverse variables were used to quantify outcomes. No adverse events were reported.
Conclusions: Cardiac Rehabilitation Programmes in the paediatric population are greatly underutilised, and
clinical research on this promising form of therapy has been limited. Questions remain regarding the optimal
structure and efficacy of the programmes. The complex needs of this unique population also mandate that
additional outcome measures, beyond serial cardiopulmonary exercise testing, be identified and studied.
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HE INCIDENCE OF CONGENITAL HEART DISEASE IS
4 to 8 per 1000 live births." Although
advances in medical knowledge and technol-
ogy have, over the past few decades, dramatically
improved the survival of children with congenital
heart defects, for many lesions life expectancy of
patients remains short and quality of life low.>™
Residual cardiovascular defects are responsible for
some of these hardships. Survivors of congenital heart
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Longwood Avenue, Boston, Massachusetts 02115, United States of America. Tel:
+1 617 817 4941; Fax: +1 617 734 9930; E-mail: Ana.UbedaTikkanen@
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disease are also often afflicted with pulmonary,
neurological, neurodevelopmental, orthopaedic, and
other comorbidities that impair their ability to
function.”™ Superimposed upon these physical impair-
ments, patients with congenital heart disease are often
subject to overprotection on the part of parents,
educators, and healthcare providers predisposing them
to physical inactivity and exercise intolerance.”'”
These factors can have serious implications for
congenital heart disease survivors’ long-term health
and quality of life. In adults, physical inactivity
has been found to be an independent risk factor for
atherosclerosis, cardiovascular disease, and diabetes.""
Indeed, sedentary living is estimated to be responsible
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for approximately one-third of deaths due to coronary
heart disease and type II diabetes, and low cardio-
pulmonary fitness is a strong independent predictor
of all-cause mortality. Among adults, the relative
risk for cardiovascular death that is associated
with being unfit exceeds that associated with
smoking, elevated systolic blood pressure, hyper-
cholesterolaemia, or obesity.''™'> Among patients with
congenital heart disease, diminished exercise capacity
has been found to be an independent predictor of
death/and or hospitalisation for individuals with
repaired Tetralogy of Fallot, Transposition of the
Great Arteries, Pulmonary Hypertension, and Fontan
Physiology.'”™"” To optimally manage patients with
complex congenital heart disease, the role of ancillary
therapies that may not cure but may potentially
improve cardiac function and quality of life — such as
cardiac rehabilitation — should be explored.'?

Cardiac rehabilitation programmes have been
widely studied in adults with acquired heart disease.
Programmes for acute — post-MI or post-surgery —
and chronic patients differ with regard to the intensity
of endurance training, the level of monitoring
employed, and the number/training of the personnel
required for supervision; other aspects of the
programmes are similar. In addition to improving
oxygen consumption and exercise capacity, they have
been found to reduce morbidity, mortality, and
economic costs, as well as improve quality of life."®'
They also have a salutary effect upon standard
cardiovascular risk factors such as lipid profiles,
adiposity, and hypertension. The effects of exercise
on these conventional cardiovascular risk factors are,
however, substantially less compared with those
achieved by pharmacological therapies alone, and the
mortality benefits associated with exercise and fitness
cannot be explained solely by the impact of these
dynamics upon the conventional risk factors.! #2724

Unfortunately, only 10% of all potential adult
candidates for exercise training/cardiac rehabilita-
tion actually receive this therapy. Among children
this percentage is much lower.

One would expect that the benefits associated
with exercise training in adults with cardiovascular
disease would also be recognised among children
with congenital heart disease. However, there have
been relatively few clinical studies of paediatric
cardiac rehabilitation. These studies vary greatly in
design, inclusion criteria, assessment of risk factors,
duration of follow-up, attrition, and particularly in
outcome measures. Thus, a systematic review of the
existing literature is needed to summarise and
evaluate the existing data regarding the benefits of
cardiac rehabilitation in children, to determine the
proper outcome measurements, and to identify the
attributes of a successful programme.

Methods

Search strategy: The bibliographical search was
performed using the following strategy: heart, cardiac,
rehabilitation, exercise, lung, human, infant, child,
adolescent.

The databases searched during the study were:
MEDLINE/PubMed, EMBASE, Cardiosource Clinical
Trials Database, and Cochrane Library. Additional
studies were obtained from the bibliography of the
studies obtained.

Inclusion criteria: Studies were included if they
contained a structured cardiac rehabilitation pro-
gramme with an exercise training component in
cardiac patients up to 18 years of age or if they
reviewed these types of studies. Only complete articles
published from January, 1981 until November, 2010
were included.

Exclusion criteria: Languages other than English,
Spanish, French, or Italian or studies with a
rehabilitation component but without an exercise
training component were not included.

Classification of the evidence: Two indepen-
dent authors reviewed each paper. Each reviewer
classified each study according to the OXFORD
classification for evidence-based medicine™ —
a classification system based on the type of study
(Table 3). When the authors’ classifications differed,
the case was discussed and a consensus classification
was determined. The quality of the evidence
supporting the use of cardiac rehabilitation in
children with congenital heart disease was then
graded, based upon the entirety of the studies
reviewed, as described by the Oxford Center for
Evidence-Based Medicine (Table 4).

Results

A total of 193 articles were found; however, only
24 met our inclusion criteria. Of these, 21 had a
structured rehabilitation programme, but only 18 had
an exercise training component. These papers are the
focus of this review. Of these articles, two were case
reports and were not included in our final analy-
sis.">?® The youngest patients included were 4 years
old. The number of patients included per study
ranged from 1 to 103, and the duration of the
programme ranged from 2 weeks to 10 months. No
adverse events were reported. The essential features of
each study are summarised in Tables 1 and 2.

The level of evidence of these studies was scored
according to the OXFORD classification system and
is presented in Table 3. There were no randomised
control trials, and the best studies receive a score of
only 3. Overall, the level of evidence supporting the
efficacy of cardiac rehabilitation in children with



Table 1. Description of patient population and rehabilitation programme.

Patient Patients Type of
References Location population Ages n treated  excercise Duration Frequency Intensity Sessions
McBride® Hospital Heterogeneous 10-16 20 20 Aerobic, resistance 2-10 months 3/week HR at AT, 60% of 30-60 min
maximal voluntary
contraction
Rhodes™® Hospital Heterogeneous 8-18 33 15 Aerobic, resistance 3 months 2/week HR at AT, light 60 min
resistance
Moalla®® Home Heterogeneous 12-15 18 10 Aerobic 12 weeks 3/week HR at AT 45 min
Brassard®® Home (2), Fontan 11-26 S 5 Aerobic, resistance 2 months 3/week 50-80% peak VO, 20—-30 min
hospital (3)
Opocher®' Hospital + home  Fontan 7-12 10 10 Aerobic 8 months 2/week 50-70% peak VO, 30-45 min
Rhodes?’ Hospital Heterogeneous 8-17 16 16 Aerobic, resistance 3 months 2/week HR at AT, light 60 min
resistance
Minamisawa®>  Home Fontan 11-25 11 11 Aerobic 2-3 months 2-3/week 60-80% peak HR 40 min
Fredriksen®’ Hospital or Heterogeneous 10-16 93 55 Aerobic, resistance, 2 weeks or Daily or 65-80% peak HR Not specified
supervised gym flexibility, education 5 months 2/week
Sklansky>? Hospital TOF 6-16 11 11 Aerobic 2 months 3/week 60-70% peak HR 30 min
Balfour™* Hospital Heterogeneous 13.5-19.8 6 6 Aerobic, education 3 months 3/week >70% peak HR 30—-40 min
Calzolari®® Hospital TOF 6-16.5 18 9 Aerobic, respiratory 3 months 3/week 60-70% peak HR 60 min
Longmuir™ Home Heterogeneous 4.7-14.3 40 17 Aerobic, resistance, 6 weeks 2/week Capability of talking  Not specified
flexibility, during exercise
coordination
Longmuir™ Home Heterogeneous 4.7-14.3 60 30 Aerobic, resistance, 6 weeks 2/week Capability of talking  Not specified
flexibility, during exercise
coordination
Bradley® Hospital TOF/TGA 4-13 9 9 Aerobic, resistance, 12 weeks 2/week 60-80% peak HR 60 min
flexibility,
coordination
Ruttenberg ™ Hospital Heterogeneous 7-18 21 21 Aerobic 9 weeks 3/week 65-75% peak HR 30 min
Goldberg*! Home TOF/VSD 7-18 26 26 Aerobic 6 weeks 3—4/week 50-70% peak VO, 45 min

AT = anaerobic threshold; HR = heart rate; TGA = transposition of the great arteries; TOF = tetralogy of Fallot; VSD = ventricular septal defect; VO, = oxygen consumption
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Table 2. Study description.

References Type of study Follow-up period Outcome variables Results Comments
McBride™ Case series Immediately post Safety No major complications. No CPX data
programme
Rhodes NRCT" 5 t : Significant i <0.01) in:
odes p}:)igrrsaﬁfr;e ® Serial cardiopulmonary ignificant increase (p )in ®  Well-controlled study
exercise testing ®  peak work rate (7.8%) ® RER reported
®  Activity, §elf-esteem ®  peak VO, (21.8%) ® Examined midterm effects of the
and e@otlgnal state intervention and quality of life
questionnaires Non-significant decline in these
parameters in control group
Moalla®® NRCT" Immediately post ® Serial cardiopulmonary Significant increase in: ® Home exercised regime
programme . ;xerc.isettesdng 1 ® eak VO, (21%; p < 0.05) ® Compliance not assessed
espiratory muscle .
P .y ®  peak respiratory muscle oxygenation RER not reported
oxygenation (near- e h . hvsioth
infrared spectroscopy) (22%; p < 0.01) uggests that respiratory physiotherapy
m P Py in the programme might be helpful
Significant correlation between tissue
oxygenation and peak VO, at AT
(p<0.01)
Non-significant improvement in
pulmonary function was observed in the
training group
Brassard ™ Case series Immediately post ® Serial cardiopulmonary Non-significant increase in: ®  Short duration and variable
programme exercise testing ® ek VO, (p=0.47) programme structure might account
® Muscle strength ° . b (o = 0.57 for lack of improvement
(Dynamometer) muscle strength (p = 0.57)
Blood pressure Significative ergoreflex contribution to
Ergoreflex systolic blood pressure (p = 0.02)
Opocher’! Case series Immediately post ® Serial cardiopulmonary Significant increase in: ® RER not reported

programme

exercise testing

®  estimated workload (11.3%; p = 0.03)
® O, pulse (19%; p = 0.004)

Non-significant increase:

® peak VO, (11%; p=0.07)
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Table 2. Continued

References Type of study Follow-up period Outcome variables Results Comments
Rhodes?’ Case series Immediately post ®  Serial cardiopulmonary Significant increase (p <0.01) in: ® No control group
programme rcise testin,
exercise testing ® ek work rate (14%; p < 0.001) RER reported
® peak VO, (16.3%; p 0.005)
%predicted?
® predicted O, pulse (27.6%; p = 0.01)
® TFEVI1 (7%; p <0.001)
Minamisawa®’ Case series Immediately post Serial cardiopulmonary Significant increase in: ® Home programmes might be a more
programme exercise testing ° _ economical option but compliance
7% workload (p = 0.04) is more difficult to assess
® 7% peak VO, (p = 0.03) ® RER not reported
Significant decrease in:
® HR with sub-maximal effort
(p<0.05)
Fredriksen®? NRCT" Immediately post Serial cardiopulmonary Significant increase in: ® TLarge study population
programme exercise testing ®  Varied activities might have enhanced
[
Activity monitor peak VO, (1.67 i‘0;517 versus patient compliance
1.82 £ 0.661 X min" ; p<0.001)
(accelerometer) ° se time (G14 + 1’ 8 ®  One of the few to incorporate
Psychosocial function errCfel tlm? ( A 38 versus education
(youth self-report and 55 £ 155s; p=0.005) ® RER reported
child behaviour ® activity (p 0.028) and psychosocial
checklist) (p <0.001) levels
Sklansky” Case series Immediately post Serial cardiopulmonary Significant increase in: ®  Retrospective study

programme

exercise testing
Ventricular function
(echocardiography)

endurance time (1.7 min; p < 0.0004)

Significant decrease in:

sub-maximal heart rate (p <0.001)

No increase in:

ectopy with exercise
arrhythmias

deterioration of ventricular function

RER not reported
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Table 2. Continued

References Type of study Follow-up period Outcome variables Results Comments
Balfour™ Case series Immediately post ® Serial cardiopulmonary Significant increase in: ® Includes stress management and
programme exercise testing nutrition counselling
® peak VO, (20%; p < 0.005) ® RER not reported
®  endurance time (21%; p < 0.03) ®  High drop-out rate
Significant decrease in:
®  systolic blood pressure (7%; p < 0.03)
Calzolari*® NRCT" Immediately post Serial cardiopulmonary Non-significant increase in: ® No CPX data
programme exercise testing ® naximal ® Respiratory therapy included
®  sub-maximal exercise capacity
Longmuir™>*! NRCT” 5 years post Exercise test (Canada Significant increase (p < 0.01) in: ® Targe patient population
rogramme and fit ds test: °
brog diatel 1LESS awards tes ® different scores at 6 months and Control group
immediately post cardiovascular endurance, 5 ® No CPX testing
programme strength, flexibility, and years post programme o L foll
coordination) ong-term follow-up
Braldley45 Case series Immediately post Anthropometric Significant increase in: ®  Youngest study population
programme measurements ®  peak systolic pressure (17%; p << 0.001) ®  One of the most complete
Serial cardiopulmonary ®  peak VO, (20%; p<0.01) programmes
exercise testing ® endurance time (18%; p <0.01) ® RER not reported
Ruttenberg40 NRCT” Immediately post Basic exercise test Significant increase: ® RER not reported
programme ° e
® cndurance time (p<.01) Sub-optimal control group
®  non-significant increase in peak VO,
(p=0.1)
Goldberg/‘1 Case series Immediately post Exercise capacity Significant increase: ®  Short programme duration

programme

(cyclergometer)
Body composition

®  maximal work capacity (p <0.001)
Non-significant increase:

®  peak VO,

® peak HR

Improvement of body composition

AT =anaerobic threshold; CPX = cardiopulmonary testing; FEV1 = forced expiratory volume in the first second; HR = heart rate; NRCT = non-randomized controlled tria; RER = respiratory

exchange ratio; VO, = oxygen consumption

*NRCT — equivalent to a cohort study in the modified CONSORT definition®®
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Table 3. Levels of evidence.

References Level of evidence
McBride®? 4
Rhodes° 2B
Moalla®® 2B
Brassard®’ 2B
Opocher®! 4
Rhodes®’ 3B
Minamisawa®’ 4
Fredriksen®? 2B
Sklansky?? 4
Balfour™* 4
Calzolari*® 2B
Longmuir/"% 2B
Longmuir44 2B
Bradley® 4
Ruttenberg40 2B
Goldberg™! 4

Table 4. Classification of level of evidence.

Level of

evidence Type of study

1 Systematic review of randomized trials

Individual randomized control trial or

observational study with dramatic effect

3 Non-randomized controlled cohort/follow-up study

4 Case series, case-control studies or historically
controlled studies

5 Mechanism-based reasoning

congenital heart disease may be characterised as
suggestive but not as definitive (Oxford Center for
Evidence-Based Medicine Classification B; Table 4).

Discussion

The main goal of this review was to describe and
quantify existing data regarding rehabilitation
programmes for children with congenital heart
disease. Several studies have found evidence support-
ing the acute benefits of cardiac rehabilitation in
these patients.”’ > Serious adverse events have not
been encountered. A limited number of previous
reviews have evaluated this subject’ 37 and have, in
general, concurred with these findings.

However, our review raises a number of important
issues that have not been previously addressed.
Beneficial results were not uniformly observed and
adequate randomisation was not often employed. It
must also be acknowledged that the physiologic
alterations and residual impairments associated with
different congenital heart defects vary greatly, and
the response to rehabilitation may differ depending

upon the defects present. Ideally, each pathologic
variant should be studied individually. However,
only seven of the clinical trials studied a homogenous
population.12’26’29’31’33’38’39

The structure of the rehabilitation programmes
also varied considerably with regard to the intensity,
frequency, and duration of exercise. Most early studies
also limited their trainin¥ programmes to aerobic
exercises, >/ 29:31:33:3438,4041 1) contrast, most current
rehabilitation programmes employ a combination
of aerobic and resistance training.'2?¢2%3%3942=5
Owing to the fact that a strong relationship exists
between muscle strength and exercise tolerance, %>
suboptimal training regimen may account for the
ambiguous results that emerged from some of the
paediatric rehabilitation programmes.

However, even the current rehabilitation pro-
grammes do not take into account the fact that
congenital heart disease may also be associated with
congenital or acquired abnormalities in other organ
systems, which may be appropriately addressed in
rehabilitation therapy. These organ systems include:

Pulmonary: Coexisting pulmonary pathology is
common among patients with congenital heart
disease including restrictive lung disease, obstruc-
tive lung disease, diaphragmatic paralysis, recurrent
pulmonary infections, etc. Although pulmonary
dysfunction is usually not the main factor limiting
exercise (:apa(:ity,46 it could contribute to exercise
limitation during a maintained submaximal effort.
Respiratory physiotherapy may therefore improve
the congenital heart disease patient’s cardiorespira-
tory response to exercise, just as it does in patients
with chronic heart failure,”?%4¢~8

Neurologic: The neurologic deficits encountered
among patients with congenital heart disease may
range from major syndromes such as hemiparesis,
cerebral palsy, or epilepsy to more subtle symptoms
such as neurodevelopmental delays, learning dis-
abilities, or attention deficit disorders.®® These
disabilities may be appropriate targets for rehabi-
litation therapy and/or may influence the structure
of an individual’s rehabilitation programme.

Musculoskeletal: Musculoskeletal abnormalities are
among the most common extracardiac anomalies
associated with congenital heart disease. These patients
may have scoliosis and other thoracic deformities,
connective tissue disorders, hypotonia, etc.*”% all of
which may be relevant to one or more aspects of a
patient’s rehabilitation programme.

Few of the paediatric cardiac rehabilitation
programmes reviewed here incorporated features
designed to address these issues and most did
not include recommended components of adult
rehabilitation programmes,”® such as nutritional
counselling, aggressive risk factor management,
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psychosocial and vocational counselling, physical
activity counselling, education, and psychological
intervention. Indeed, educational intervention, one
of the main pillars in adult cardiac rehabilitation,
was employed in only four of the trials.'**? 445
Similarly, psychological assessment/counselling was
never included. Owing to the fact that behavioural
issues are not uncommon among children with
congenital heart disease and their caretakers”™®, these
omissions may have significant negative consequences
and decrease the success rate of a cardiac rehabilitation
intervention.

Mid/long-term follow-up data have been provided
by only two studies (Longmuir43 and Rhodes").
Significant improvements, persisting beyond the
immediate post-programme period, were observed.
These studies suggest that rehabilitation pro-
grammes can have persistent beneficial effects in
children with congenital heart disease. However, it is
difficult to draw firm conclusions from these two,
small studies. Certainly, to reliably achieve long-
standing lifestyle changes — a necessity for these
patients with a chronic disease, and one of the major
goals of cardiac rehabilitation — a multi-level
intervention that targets the children, their lifestyles,
and their caretakers seems desirable. To sustain acute
improvements, reinforcement with long-term follow-
up programmes should be pursued. These approaches
have been productively incorporated into exercise
programmes for children with obesity.”'”* The
outcomes of obesity programmes that incorporate
these multidimensional features have been found to
be superior to those of programmes with more
limited resources.”’ Better results may also accrue to
children with congenital heart disease if their
rehabilitation programmes were to be enhanced with
these capabilities.

The technology used to assess the impact of
cardiac rehabilitation also varied considerably from
study to study. Serial cardiopulmonary exercise
testing — one of the most valuable tools for
objectively and quantitatively assessing the impact
of cardiac rehabilitation — was used in a fraction of the
studies. The respiratory exchange ratio — probably the
best objective measure of effort expenditure in this
population — often was not reported or used to
establish that the observed changes were due to the
effects of the rehabilitation programme rather than
the variations in effort expenditure. It is therefore
difficult to reliably interpret the peak exercise data of
these studies.

Apart from the peak oxygen consumption, there is
no consensus regarding the other outcome measures
that should be used to assess the effects of
cardiac rehabilitation. Potential candidates include
muscle strength,'” body composition, quality of life

questionnaires, etc. In order to fully assess the
effects and benefits of a cardiac rehabilitation
programme, variables that reliably measure the
impact of the programme upon the different areas
affected by congenital heart disease must be
identified and studied.

From the articles reviewed for this study, and the
literature regarding exercise programmes for patients
with obesity and other chronic paediatric diseases,
such as cystic fibrosis’® and renal transplantation,”®>’
there appears to be a consensus that rehabilitation
programmes should have a duration of at least
12 weeks and a frequency of two to three times a
week, with sessions lasting at least 40 minutes. We
believe that the programmes should include aerobic,
resistance, and flexibility training, as well as educa-
tion and psychological intervention. The intensity of
aerobic exercise should be at a heart rate approxi-
mately equivalent to that associated with the
anaerobic threshold. This consideration is particularly
relevant to children with congenital heart disease, as
chronotropic impairment is commonly encountered
in this population.

A final point that emerges from this analysis is
that rehabilitation programmes for children with
congenital heart disease are underutilised and their
potential value underappreciated. A number of
factors may account for this state of affairs, including
systematic deficiencies, for example, a limited
number of specialised facilities/personnel; economic
limitations, for example, a lack of insurance coverage
for the programmes; provider unawareness, for
example, healthcare providers underestimate the
value and/or availability of rehabilitation pro-
grammes; and patient-related factors, for example,
logistic problems, expense, parental anxiety. Resolu-
tion of these issues will require changes at various
levels of healthcare policies, protocols and increasing
awareness of these programmes among healthcare
dispensers and families.

Conclusion

We are now confronted with a growing patient
population of survivors of congenital heart disease.
These individuals continue to suffer from disabilities
that affect their present and future quality of life.
Multidisciplinary interventions, such as cardiac
rehabilitation, which could greatly benefit many of
these patients, are underappreciated and almost
invariably overlooked as a first-line approach to
secondary intervention.

Benefits have been observed in many studies of
cardiac rehabilitation in children with congenital
heart disease, and no adverse events have been
reported. Although challenging at various levels,
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randomised controlled studies on larger homoge-
neous population are needed to prove the efficacy of
these interventions, stratify risk in these patients,
and develop optimal protocols. Long-term effects
and outcomes should be determined.

The chosen outcome variables have also been
incomplete. Ideally, they should assess the effects
of the programme on multiple areas including
impairment of body structures or functions, limita-
tion of activities, and restriction of participation.
Serial cardiopulmonary exercise testing is best
suited for measuring exercise capacity and prescrib-
ing exercise intensity. Other modalities should be
developed to quantitatively assess other areas of
impairment.

The optimal structure of a paediatric cardiac
rehabilitation programme also remains unclear.
A combination of aerobic and resistance exercise is
probably ideal. Including complementary therapies
such as respiratory physiotherapy, education and
psychological interventions might improve the
outcome of these programmes; however, this issue
has not been thoroughly studied. Comorbidities and
environmental impediments that often confront
patients with congenital heart disease have, historically,
not been addressed by rehabilitation programmes.
The role of parents in the rehabilitation pro-
grammes has also been overlooked. These are areas
that deserve greater attention. We believe that a
cardiac rehabilitation programme should be based
on multidisciplinary interventions that apply a holistic
approach to the patient and treat the ensemble of
problems that they confront.
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Background: Impaired exercise capacity is common in adults with congenital heart disease (ACHD). This impair-
ment is progressive and is associated with increased morbidity and mortality. We studied the influence of the fre-
quency of at least moderately strenuous physical activity (PhysAct) on changes in exercise capacity of ACHD
patients over time.
Methods: We studied ACHD patients >21 years old who had repeated maximal (RER > 1.09) cardiopulmonary
exercise tests within 6 to 24 months. On the basis of data extracted from each patient's clinical records, PhysAct
frequency was classified as (1) Low: minimal PhysAct, (2) Occasional: moderate PhysAct <2 times/week, or
(3) Frequent: moderate PhysAct >2 times/week.
Results: PhysAct frequency could be classified for 146 patients. Those who participated in frequent exercise
tended to have improved pVO, (ApVO, = +1.63 + 2.67 ml/kg/min) compared to those who had low or
occasional activity frequency (ApVO, = +0.06 + 2.13 ml/kg/min, p = 0.003) over a median follow-up of
13.2 months. This difference was independent of baseline clinical characteristics, time between tests, medication
changes, or weight change. Those who engaged in frequent PhysAct were more likely to have an increase of pvVO,
of >1SD between tests as compared with sedentary patients (multivariable OR = 7.4, 95%CI 1.5-35.7). Aerobic
exercise capacity also increased for patients who increased activity frequency from baseline to follow-up; 27.3%
of those who increased their frequency of moderately strenuous physical activity had a clinically significant
(atleast + 1SD) increase in pVO, compared to only 11% of those who maintained or decreased activity frequency.
Conclusions: ACHD patients who engage in frequent physical activity tend to have improved exercise capacity
over time.

© 2013 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

ACHD patients have lower peak oxygen consumption (pV0,), a
measure of exercise capacity, than seen in the general population. Low

As a consequence of improvements in medical and surgical care,
adults with congenital heart disease (ACHD) now outnumber children
with congenital heart disease in developed nations [1]. Survival is not,
however, synonymous with optimal functional capacity and quality of
life [2]. The importance of these less easily quantifiable outcomes is be-
coming increasingly appreciated [3,4].
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pVO, in ACHD has strong independent prognostic value; it is associated
with increased risk of morbidity and mortality and with worse quality of
life [5,6]. An accelerated age-related decline has also been described.
Several factors may account for these observations. Residual hemody-
namic and electrophysiological defects are often present following sur-
gical “repair.” Congenital heart disease (and its treatments) may also
cause, or be associated with, impairment of other organs including the
pulmonary and systemic vascular beds, lung and airways, central ner-
vous system, and neuroendocrine system [7-9], that can affect exercise
capacity.

The adverse physiological consequences of residual hemody-
namic inefficiency and other medical problems are compounded
by deconditioning related to a sedentary lifestyle [10]. The majority
of ACHD patients do not engage in physical activity (PhysAct) as fre-
quently as recommended by published guidelines for the general
population [11,12].
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While PhysAct frequency does seem to be associated with higher
aerobic capacity in ACHD at a single point in time [13], it is unclear
whether increasing frequency of PhysAct results in maintenance of aer-
obic capacity over time.

To better characterize the impact of frequent PhysAct upon exercise
capacity in ACHD patients, we undertook a retrospective study of the re-
lationship between the frequency of at least moderately strenuous
PhysAct and changes in objective measures of exercise capacity.

2. Methods
2.1. Subjects

We identified ACHD patients > 21 years old that underwent cycle ergometry
exercise testing at Boston Children's Hospital between January 2006 and July
2011. Patients with 2 maximal (RER > 1.09) tests during the period of study,
separated by 6-24 months (median = 13.2 mos, IQR 10.8-16.8), were included.
Exclusion criteria included pregnancy at or between tests, intervening cardiac per-
cutaneous or surgical interventions with the potential to impact exercise capacity,
or acute illness at the time of exercise testing. The first 2 exercise tests fulfilling
these requirements were used for this analysis.

2.2. Cardiopulmonary testing

Cardiopulmonary exercise testing (CPX) involved symptom-limited cycle-ergometry
using a standard ramp protocol with electrocardiographic monitoring and breath-by-
breath expiratory gas analysis (CardiO, exercise testing system, Medical Graphics, Minne-
apolis, Minnesota). Calculations and predicted values were obtained as described by
Wasserman et al. [14].

2.3. Physical activity frequency assessment

PhysAct frequency was assessed from patients’ clinical notes based upon the following
guidelines (with representative clinical descriptions):

(1) Low: minimal PhysAct, e.g., “He has a recumbent bike at home but has not been
using this.”

Occasional: light activity, or moderately strenuous activity (activity that makes
the patient sweat or breathe hard) <2 times weekly and/or <40 min per session,
e.g., “He has been exercising regularly, spending 10-20 min on the treadmill
about 3 times a week.”

Frequent: at least moderately strenuous activity >2 times weekly for >40 min,
i.e. “He is now going to the gym two hours a day Monday, Wednesday, and Friday.”
(4) Undetermined: inadequate documentation to assign a level.

@

3

Changes in PhysAct frequency as defined above (low, occasional, frequent), between
the clinic note at the time of the first CPX and at the time of the second CPX, were assessed.
Changes were classified as: stable, increased or decreased.

Two investigators (AUT, JR) independently classified PhysAct frequency and change in
PhysAct frequency for 50 subjects to assess inter-observer variability. The weighted kappa
for PhysAct frequency was 0.79; the value for change in PhysAct between visits was lower
(0.66), but still acceptable.

The baseline median percent predicted pVO, (pVO,-gprea) for univentricular (56.5%)
and biventricular (66.7%) physiology was determined, and patients with pVO._ypred
above this value were classified as having “above average” exercise capacity for their un-
derlying physiology; those with pVO2._y,req below this value were classified as having
“below average” exercise capacity. The proportion of patients with values above/below
the median pVO,_ypreq baseline value at the second CPX was assessed.

2.4. Statistical analysis

Change in pVO, over time, including the change in absolute pVO, (pVO2._,,s expressed
inl/min), weight normalized pVO, (pVO,-perg, €xpressed in ml/min/kg) and percent pre-
dicted pVO; (pVOa-5prea), Was the primary outcome of interest. Secondary outcomes of in-
terest were changes in the peak heart rate (pHR), peak O,pulse, and VE/VCO, slope.

Continuous variables are presented as mean + SD and categorical variables as counts
and percentages. Because characteristics of the low and occasional PhysAct frequency
groups were similar, these were combined into a single comparison group for most anal-
yses. The relationships between PhysAct frequency categories and individual CPX vari-
ables were analyzed using ANOVA or the Kruskal-Wallis test. Paired t tests were used to
compare the initial and final values for each normally distributed CPX variable (Wilcoxon
rank sum test for non-normal distributions). Given varying time between studies for each
patient, we also analyzed relationships between predictors of interest and change in exer-
cise test variables per year (e.g. A pVOy.perkg/year)- We performed linear regression analysis,
with change in an exercise parameter of interest (e.g. A pVOy_perkg OF A PVO2_perig/year) aS
the dependent variable, to assess the association between the level of PA during the inter-
val between the visits, or the change in level of PhysAct reported at the two visits, and the
dependent variables under analysis. Multivariable models were used to assess whether
the observed associations were independent of potential confounders including age, sex,

CHD diagnosis, time between tests, baseline pVOy_perig (0r other CPX variable), baseline
height and weight (or BMI), weight change between studies, tobacco use, presence of a
pacemaker, presence of systemic ventricular dysfunction by echocardiography (none,
mild, moderate/severe), baseline heart rate, and use of specific cardiac medications
(digoxin, beta-blocker, ACEI/ARB, diuretics). We also assessed the proportion of patients
in each PhysAct group who changed from below to above median baseline pVO,_ypred
categories (or vice versa) during the interval between exercise tests, and those who had
an increase or decrease of pVO,_ypreq by >1SD around the mean difference.

3. Results
3.1. Patient characteristics

PhysAct was classifiable from clinical records at the time of the sec-
ond test for 72.4%(n = 147) of 203 patients who met study criteria.
After examining distributions for percent change in pVO,_,,s We exclud-
ed 1 outlier whose pVO,_,ps increased 70.4% between the exercise tests
(among the remaining subjects, ApVO,_,ps ranged from —24.2% to
+35.5%). Of the 146 subjects included, 145 had PhysAct classifiable at
the time of the first test. Demographic, clinical and CPX data were col-
lected on all patients. There were no important differences between
those excluded (n = 57) and those included in the analysis (e.g. age
32.8 vs. 33.5 y, p = 0.65; time between studies 13.3 vs. 13.6 mos,
p = 0.63; baseline pVOy._aps 1.48 vs. 1.61 I/min, p = 0.15; A pVOy_gpred
+2.4vs. +3.0%, p = 0.76).

3.2. Baseline data

Of the 145 patients classifiable at the time of the first test,
42%(n = 61) had low PhysAct, 32.4%(n = 47) participated in occa-
sional PhysAct and 25.5%(n = 37) engaged in frequent PhysAct. BMI
and systolic BP tended to be higher in the lowest PhysAct group
while pVO,_perkg and O, pulse were significantly higher (p < 0.01)
in patients who exercised more frequently (Table 1). Data for the
146 patients with classifiable data at follow-up were similar.

There were significant differences in baseline pVO,_yprea between
CHD diagnoses (Fig. 1a). Median pVO,._gpreq Was well below normal
for all diagnoses, and more than 3/4™ of patients in all diagnostic
groups fell below the predicted value. On the other hand, there was
no difference between diagnostic groups with regard to ApVOy.ypred
over the study (Fig. 1b).

3.3. Predictors of change in peak VO,

The strongest predictor of % change in ApVO,_a»s was BMI (Table 2).
Patients with higher baseline BMI tended to have lower pVO,_,s at the
second test (for +5 kg/m? BMI, pVO,..s ON repeat testing was 3.0%
lower, p = 0.001, r> = 0.07). Height was not associated with ApVO,_ps
(p = 0.26) while baseline weight was (for + 10 kg, pVO,_.ps decreased
by 1.6% between tests, p = 0.002, > = 0.06). Those with higher baseline
pVO,_ps tended to have slightly lower follow-up VO, .. For every
10% lower baseline pVO;_aps, pVO,.aps increased by 1.4% (p = 0.01,
2 = 0.04). No other baseline clinical or demographic variable was
associated with ApVO,_,p,s (Table 2). There was no relationship between
chronic cardiac medication use of any class or initiation of a new
cardiac medication during the study interval and ApVO,,s (beta-blockers
n =10 p = 0.27, ACEi/ARB n = 5 p = 0.21, digoxin n = 2 p = 0.82,
diuretics n = 7 p = 0.22) were associated with ApVO,_,,s. Patients
who started a beta-blocker tended to have lower peak heart rate
(A = —13.5 bpm, p < 0.001) on follow-up study but higher O, pulse
(A = 414 ml/beat, p < 0.001). None of the other medications were as-
sociated with changes in either peak heart rate or O, pulse.

Predictors of other measures of ApVO, (i.e. A pVOa.gpred, A
pVOy_perkg) Were equivalent with similar magnitudes of associa-
tion to that seen with ApVO,_,ps.
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Table 1
Baseline demographic and clinical description based on physical activity frequency classification at the 1st CPX.
Physical activity frequency
Overall Low Occasional Frequent P

N 145 61 47 37
Age (y) 33.5 £ 102 341+ 114 352 +£99 303+ 78 0.09
Male (%) 49.6 50.8 55.3 40.5 0.39
Height (cm) 167.8 £ 9.9 166.9 + .9.9 167.6 + 7.7 169.5 + 122 0.53
Weight (kg) 739 + 178 77.1 £ 20.1 724 + 135 70.7 + 18.1 0.21
BMI, baseline (kg/m?) 26.1 £ 49 275 +£58 26 + 4.0 24 + 40 0.01
Peak VO,_perkg, baseline (ml/min/kg) 219 +£ 6.7 19.0 + 5.0 214 4+ 6.1 274 + 6.7 <0.01
0, pulse, baseline (mL/beat) 10.6 + 3.6 9.7 +£ 3.0 104 + 36 120 + 40 <0.01
Diabetes mellitus (%) 1.5 33 0 0 027
Tobacco (%) 9.9 15.8 6.7 33 0.15
Systolic BP (mmHg) 122 £ 15 125 £ 16 119 + 14 119+ 13 0.04
Diagnosis (%) 0.49

Tetralogy of Fallot 35.8 344 29.8 46.0

Fontan 103 14.8 6.4 8.1

Systemic right ventricle 22.8 164 29.8 243

Other 31.0 344 34.0 216
Ventricular dysfunction (%) 042

Moderate/severe 131 18.0 12.8 54

Mild 235 18.0 25.5 29.7

Normal 61.4 60.6 61.7 62.1

Unknown 2.1 32 0 2.7
Arrhythmia with exercise (%) 0.62

None 924 90.2 93.6 94.6

Atrial fibrillation/flutter/SVT 2.1 33 2.1 0

Ventricular tachycardia 0.7 0 2.1 0

Frequent APBs or VPBs 48 6.6 2.1 5.4
Pacemaker (%) 19.3 19.7 234 135 0.51
Medication (%)

ACEI 33.8 37.7 34.0 27.0 0.58

Beta blocker 338 36.0 46.8 135 <0.01

Digoxin 103 8.2 8.5 16.2 0.44

Diuretic 17.2 230 17.0 8.11 0.17

Descriptive statistics (mean + SD or %) based on physical activity frequency classification at the time of the first CPX, using ANOVA or Kruskal-Wallis and Fisher's exact or chi-squared

tests for continuous and categorical variables respectively.

3.4. Effect of season on exercise testing results

There was no significant difference in pVO,_gpreq achieved on base-
line exercise test by month (p = 0.34) or season (October-March ver-
sus April-September, p = 0.74) of testing. Season of baseline versus
follow-up testing did not affect change in pVOs.gprea. Those who
were re-tested in the same season as the baseline test (n = 82,
A pVOy.9pred = + 1.8 & 1.1), those who had baseline testing in the win-
ter and repeat in the summer (n = 35, A pVO,_gpreq = +2.0 & 1.8) and
those who had the converse (n = 29, A pVOy.gpreq = +2.2 & 1.6) had
the same mean change in pVO,._gpreq (p = 0.98).

>

Baseline pVOy.q,preq, by diagnosis
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Peak VO,, % predicted

3.5. Impact of physical activity on exercise parameters

No significant demographic and clinical differences were found be-
tween groups patients categorized according to their PhysAct levels re-
ported at the time of the second CPX test (i.e., the activity level that they
sustained during the interval between the exercise tests) except for BMI
(p = 0.02), peak VO, (p < 0.01) that were better in those who were
more active and tobacco users that were more frequent in the moderate
physical activity group (p < 0.01). Fewer patients were classified as
having low PhysAct at the follow-up visit, as compared with the base-
line visit (n = 42 vs. 61).

APVOs.opred. by diagnosis

N
o 8 8

ApVO,, % predicted

5

Fig. 1. Baseline % predicted peak VO, (A) and change in % predicted peak VO, between baseline and follow-up cardiopulmonary exercise tests (B) by congenital heart disease diagnostic
category. While baseline pVO,_yyreq differed by diagnosis (Kruskal-Wallis, p = 0.006), there was no such difference in ApVO,_ypreq between diagnoses (Kruskal-Wallis, p = 0.96).
RV = right ventricular lesion, LV = left ventricular lesion, AVCD = atrioventricular canal defect, ASD/VSD = atrial/ventricular septal defect, TOF = tetralogy of Fallot.
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Table 2

Predictors of % change in absolute peak VO,.

2 B P

Age (/y) 0.012 —0.12 0.19
Sex (male) <0.001 051 0.79
BMI (/kg/m?) 007 —062 0.001
Height (/cm) 0.009 —0.11 0.26
Weight (/kg) 0.063 —0.16 0.002
Tobacco <0.001 —0.35 0.92
Diabetes mellitus <0.001 —0.76 0.93
Pacemaker <0.001 —0.21 093
Severe systemic ventricular dysfunction 0.017 446 0.12
Baseline pVO,_perkg (mL/kg/min) 0.045 —441 0.01
MAP (mmHg) 0.002 0.05 0.6

Univariate linear regression of various predictors of % change in absolute peak VO,.

CPX data from the baseline test and change between tests, classified
by PhysAct level sustained between tests, are presented in Table 3. Fre-
quent PhysAct was associated with an improvement in both pVO,_perkg
and pVOay_pred (i€, APVOs_perkg and ApVOay_preq Were positive,
p = 0.003 and 0.04 respectively). There was a trend towards im-
proved pVO,.,,s (p = 0.07), and a significant improvement in
pVO0,_aps When expressed on a per year basis (p = 0.04). These re-
lationships are shown graphically in Fig. 2, comparing the lower
2 PhysAct frequency levels to those who engaged in frequent
PhysAct.

The association between exercise frequency and ApVO;.ypreq Was
maintained despite multivariable adjustment for age, sex, and baseline
pVO,.gprea (P = 0.02) and additional factors including BMI, time

Table 3

Exercise data by physical activity frequency at the 2nd CPX.

A. Ubeda Tikkanen et al. / International Journal of Cardiology 168 (2013) 4685-4691

between tests, weight change, diabetes, tobacco use, and presence of a
pacemaker (p = 0.03). The relationship between PhysAct frequency
and ApVO,_perig likewise persisted after equivalent adjustment for de-
mographic and clinical data (p = 0.002 and 0.02 respectively).

In order to better understand whether inter-group differences in
ApVO,_,ps Were clinically significant, we assessed the proportion of
patients who had either an increase or decrease in pVO,_,ps Of at least
1SD (mean change +3 + 11%, with + 1SD defined as increase of 14%
and —1SD as —8%; Fig. 3). Patients with little or no PhysAct during
the time interval between tests were more likely to sustain a decrease
of at least 1SD in pVO, (19.8%) than an increase (11.0%). Conversely,
those who participated in frequent PhysAct during that time interval
were more likely to improve pVO,_,,s by at least 1 SD (27.3%), while
in only 12.7% of those engaging in frequent PhysAct did pVO_,,s drop
by >1SD (p = 0.03). This finding was independent of age, BMI and
baseline VO,_,,s (multivariable logistic regression OR = 7.4, 95%Cl
1.5-35.7, for + 1SD in pVO,_,ps for frequent PhysAct).

3.6. Change in physical activity frequency and pVO,

Most patients (61.4%) maintained the same level of PhysAct over the
study period; 29.7% increased and 9.0% decreased PhysAct frequency. A
statistically significant relationship existed between the A PhysAct be-
tween tests, the concomitant ApVO,_ss (I/min), and ApVO,.gpred
(Fig. 4). Decreasing PhysAct frequency was associated with a decrease
in pVOy-perkg (— 1.9 + 3.3 ml/min/kg), while stable PhysAct frequency
was associated with stable pVOy perkg (+0.5 & 2.7 ml/min/kg) and

Physical activity frequency

Overall Low Occasional Frequent P

N 146 42 49 55
Time between tests (mos.) 13.6 + 4.7 143 + 45 137 £ 5.2 13.0 + 45 0.58
BMI, baseline (kg/m?) 26.1 4+ 49 277+ 56 26.1 + 438 249 £+ 40 0.03
Weight (kg)

Baseline 740 £ 17.7 78.0 £ 199 74.1 + 163 70.8 + 16.9 0.14

A —02 437 054 3.0 02439 —124+37 0.008
Rest MAP (mmHg)

Baseline 91.0 + 94 929 + 113 90.3 +£ 9.0 902 +£ 79 043

A 0.0 4+ 9.0 —06 4+ 9.7 21+89 —13 4+ 85 0.19
Rest HR (bpm)

Baseline 773 + 139 81.6 + 129 76.8 + 13.5 74.6 + 144 0.05

A —0.6 £+ 12.0 03 4+ 132 —204+93 0.1+ 131 0.81
Peak HR (bpm)

Baseline 153.2 4+ 24.7 153.6 4 29.8 152.2 4 24.0 153.8 &+ 21.3 0.95

A 07 +£ 124 —08 £ 135 —0.5+ 119 30+ 118 0.34
Peak Work (W)

Baseline 148.6 4+ 56.6 134.9 4+ 469 148.6 4 60.3 159.0 & 58.6 0.14

A 33 +£165 —0.7 £ 18.0 3.0 £ 169 6.7 £ 143 0.21
PVOa_perkg (ml/kg/min)

Baseline 22.0 £ 6.7 193 £ 5.7 22.0 £ 6.1 240 £ 73 0.005

A 06 + 2.7 0.07 £ 2.1 0.0 + 3.0 16 £ 27 0.004

A (ml/min/kg/year) 07 +£29 0.06 + 2.0 —0.07 + 2.77 1.8 +£ 32 0.002
PVOa-spred (%)

Baseline 67.3 + 16.7 61.2 + 13.1 673 £ 128 71.9 4+ 20.6 0.02

A 19 +99 054+ 86 02497 46 + 105 0.04

A (%pred/year) 19 +99 03+ 80 —05+90 52 4+ 112 0.01
PVO;-abs (L/min)

Baseline 16 + 0.6 149 4+ 0.53 1.64 £ 0.62 1.68 + 0.60 0.29

A 0.03 £+ 0.18 0.01 + 0.17 0.00 £+ 0.19 0.08 + 0.19 0.07

A (%/year) 23 + 144 1.6 &+ 10.1 02 £ 122 6.6 £ 133 0.04
0, pulse (ml/beat)

Baseline 10.6 + 3.6 97 +29 109 + 4.0 109 + 3.6 0.19

A 01+13 01+14 00+ 14 02+ 12 0.62

A (%/year) 23 + 144 20+ 136 08 £ 12.8 38 £ 163 0.56
VE/VCO, Slope

Baseline 282 + 46 295 + 44 279 £ 42 275+ 50 0.02

A —0.01 &+ 4.16 —0.1+54 ‘—04 + 3.0 03 + 40 037

CPX data at baseline and change in CPX data between both tests, based on PA classification at follow-up.
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Fig. 2. Change in peak VO, by frequency of moderate or strenuous physical activity, <2 vs. >2 times per week. Panel A shows change in pVO,_,s while panel B shows change in pVO,_ypred

between exercise tests. P values represent linear regression adjusting for baseline pVO,_gpred.

increased PhysAct frequency was associated with improved pVO,_perig
(+1.6 £+ 2.1 ml/min/kg).

4. Discussion

We found frequent PhysAct of at least moderate intensity to be asso-
ciated with maintenance of superior exercise capacity in ACHD patients.
Patients who sustained a high level of PhysAct were more likely to
maintain or improve their pVO, and to lose weight during the interval
between their exercise tests. In contrast, patients who participated in
less frequent PhysAct were more likely to gain weight and their pVO,
was more likely to decline. Furthermore, not only did frequent baseline
PhysAct correlate with a more favorable change in pvVO, over time, the
subset of patients who increased physical activity frequency between
tests appeared to derive benefit while those who became more seden-
tary saw a decline in pVO,. The change in peak VO, was not attributable
to weight loss per se, as adjustment for weight change in multiple re-
gression models did not affect the relationship between PA and change
in peak VO,.

Our data support the concept that the aerobic capacity of ACHD pa-
tients is not limited solely by fixed cardiac factors. They also imply that
the time-related decline in aerobic capacity, frequently reported in past
longitudinal studies of ACHD patients, is modifiable. For many ACHD pa-
tients, regular PhysAct appears to have the potential to attenuate or re-
verse this debilitating decline.

Regular aerobic activity has pleiotropic effects, a number of which
could account for these results. These include peripheral factors (e.g., in-
creased numbers of mitochondria and up-regulation of aerobic enzyme
pathways within skeletal muscle cells, increased muscle size and capil-
lary density [15], enhanced muscle pump function [16] and beneficial
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Fig. 3. Proportion of patients having >1SD (4 11%) change in peak VO,_,,s between exer-
cise tests. Most patients had stable pVO,, independent of PA frequency. However, approx-
imately twice as many patients in the lower exercise frequency group had a>1SD decrease
in pvVO, compared with a >1SD increase. Conversely, among those engaging in frequent
PA, more than twice as many improved their pvVO, >1SD compared to the number that
had equivalently decreased pVO,.

changes in peripheral vascular beds) which may enhance oxygen ex-
traction and/or cardiac output during exercise [17], and central factors
(e.g. increase in myocardial mass and improvements in myocardial sys-
tolic and diastolic function) [18] which also may enhance myocardial
reserve and improve enhanced cardiac output during exercise.

Inadequate PhysAct is common among adults with CHD and >70%
report moderate or extreme concern about participating in PhysAct
[19]. This apprehension often stems from inappropriate advice or
overprotection during childhood and adulthood. Historically, health-
care providers restricted PhysAct in patients with CHD [20], or did not
provide specific exercise guidelines. A recent study of patients with
aortic stenosis suggested, however, that exercise restriction does not
prevent adverse outcomes, and the detrimental effects of exercise re-
striction on cardiovascular risk factors, exercise capacity and psycholog-
ical well-being are often overlooked [21].

Our observations are consistent with experience in other popula-
tions. In the general population, regular PhysAct is associated with
lower mortality, improved quality of life and reduction in the incidence
of primary [22,23] and secondary [24] cardiovascular events. Interven-
tions to increase PhysAct appears to provide benefit in a number of
medical conditions including chronic heart failure [25], obesity [26],
and diabetes [27].

The observed impact of frequent PhysAct on exercise capacity ex-
ceeds that reported for some ACHD surgical and interventional cathe-
terization procedures [28,29]. The few studies of cardiac rehabilitation
in ACHD have reported promising results vis-a-vis exercise capacity
and quality of life [30-32]. Cardiac rehabilitation programs have also
been extensively studied in patients with acquired heart disease, and
have been shown to increase exercise capacity, reduce morbidity, mor-
tality, and medical costs [33]. The number of patients with ACHD is in-
creasing, and the healthcare costs of these patients are increasing even
more quickly [34,35]. The impact of inexpensive lifestyle interventions
such as providing an exercise prescription or referral to cardiac rehabil-
itation could improve the “natural history” and quality of life for many
adults with CHD while at the same time lowering associated healthcare
costs.

The finding that BMI and weight are significant clinical predictors of
change in pVO, suggests that, in conjunction with specific exercise
training, educational, nutritional and behavioral interventions may
have independent benefit.

Our data support the need for prospective clinical trials to assess the
impact of various strategies to increase PhysAct and improve aerobic
capacity in this population. Most critically, it remains unclear whether
improving pVO,_ypreq bestows a benefit in terms of quality of life, car-
diovascular events, and mortality.

4.1. Limitations
Causality (i.e., frequent PhysAct causes 1pVO, over time) cannot be

inferred from these data. The fact that a change in lifestyle in terms of
PhysAct frequency was associated with a corresponding change in
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shows ApVO,._ypreq. P values represent linear regression adjusting for baseline pVO,_ypred.

pVO,, provides some support for a causal relationship. It is also impor-
tant to note that these data do not provide insights into the mechanisms
by which frequent PhysAct results in 1pVO,. PhysAct frequency was
extracted from clinical notes and assessment is therefore somewhat im-
precise. It is possible that some patients might provide inaccurate de-
scriptions of PhysAct frequency. Any misclassification, however, would
generally tend to bias our results to the null (e.g., if sedentary patients
reported frequent PhysAct, this would tend to minimize the apparent
effect of frequent PhysAct). The observed baseline variation in pVO,
and correlations between weight change and both PhysAct level and
ApVO, supports the accuracy of PhysAct classification.

Patient characteristics differed between PhysAct groups. There were
differences in baseline resting heart rate, pVO,, and VE/VCO, slope.
These characteristics tended to be “better” in the frequent PhysAct
group. One might expect a more prominent decline in patients with
higher baseline pVO, as a result of regression to the mean. Our data
demonstrated this phenomenon; for each increase of 1 mL/kg/min in
baseline pVO,_perkg there was a 0.056 mL/kg/min decline in pVO,_ be-
tween tests (p = 0.07). The fact that we observed a strong relationship
between PhysAct and ApVO,, despite this supports the validity of our
findings.

5. Conclusion

Adults with CHD who engage in frequent PhysAct maintain higher
pVO, over time compared with sedentary patients. Given the strong
prognostic significance of pVO, in this population, strategies to increase
the frequency of PhysAct in the ACHD population may have the poten-
tial to positively impact morbidity and mortality. Further studies are
needed to determine the effect of specific interventions to modify
PhysAct on pVO, and clinical outcomes in adults with congenital heart
disease.
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