
                       

 

TESIS DOCTORAL 

 

CARACTERIZACIÓN CLÍNICA Y 

ELECTROFISIOLÓGICA DE LAS ALTERACIONES 

RECÍPROCAS DEL ELECTROCARDIOGRAMA EN 

EL INFARTO AGUDO DE MIOCARDIO 

 

Doctorando 

Francisco Javier Noriega Sanz 

 

Director 

Dr. Juan María Cinca Cuscullola 

 

Departamento de Medicina 

Universitat Autònoma de Barcelona 

2015



 



                       

 

TESIS DOCTORAL 

 

CARACTERIZACIÓN CLÍNICA Y 

ELECTROFISIOLÓGICA DE LAS ALTERACIONES 

RECÍPROCAS DEL ELECTROCARDIOGRAMA EN 

EL INFARTO AGUDO DE MIOCARDIO 

 

Departamento de Medicina 

Universitat Autònoma de Barcelona 

2015 

 

 

         Doctorando         Director 

Francisco Javier Noriega Sanz Dr. Juan María Cinca Cuscullola 





5 

AGRADECIMIENTOS 

 

Al Dr. Juan Cinca, director y verdadero artífice de esta tesis, por permitirme 

descubrir el mundo de la investigación básica y disfrutar de él. Gracias por 

todas las horas e ilusión invertidas en este proyecto. 

 

Al Dr. Xavier Borrás, por inculcarme la tenacidad y metodología en el trabajo. 

 

Al Dr. Christian Muñoz, por sus lecciones estadísticas y sus sabios consejos. 

 

Al equipo de Cardiología Experimental, por hacer más fácil el trabajo. A Esther 

y Dabit, sin cuya inestimable colaboración no habría podido desarrollar este 

proyecto. 

 

A Jesús y David, mis compañeros de residencia, por su apoyo incondicional 

durante todos estos años. 

 

A mis residentes mayores y pequeños, por todo lo que he aprendido de ellos.  

A Miquel y Eduard, por su ayuda desinteresada en este proyecto. 

 

A todos los profesionales que forman parte del servicio de Cardiología, gracias 

a los cuales he podido completar mi formación como cardiólogo. 



6 

 

A mis padres, Javier y Teodora, por la educación y el cariño recibidos. A mi 

hermana, Elena, por estar siempre ahí. 

 

A Ana, por formar parte de mi vida. Por tenerte siempre que te necesito. Por la 

paciencia y los ánimos recibidos durante la elaboración de esta tesis.







9 

ÍNDICE 

 

RESUMEN ....................................................................................................... 13 

 

ABREVIATURAS .............................................................................................. 17 

 

INTRODUCCIÓN ............................................................................................. 19 

1. Cardiopatía isquémica ........................................................................... 19 

1.1. Epidemiología .................................................................................. 19 

1.2. Fisiopatología ................................................................................... 21 

2. Electrocardiograma................................................................................ 29 

2.1. Conceptos básicos ........................................................................... 29 

2.2. El electrocardiograma en la isquemia miocárdica ............................ 34 

2.3. Patrones electrocardiográficos en la isquemia miocárdica aguda: 

correlación eléctrica y anatómica ............................................................... 38 

 

HIPÓTESIS Y OBJETIVOS .............................................................................. 45 

1. Hipótesis ................................................................................................ 45 

2. Objetivos ................................................................................................ 45 

2.1. Objetivo general ............................................................................... 45 

2.2. Objetivos específicos ....................................................................... 46 

 

 



10 

RESULTADOS ................................................................................................. 49 

1. Artículo 1: Mechanism and diagnostic potential of reciprocal ECG 

changes induced by acute coronary artery occlusion in pigs ........................ 49 

2. Artículo 2: Influence of the extent of coronary artherosclerotic disease on 

ST-segment changes induced by ST elevation myocardial infarction ........... 61 

3. Artículo 3: ST-segment deviation behaviour during acute myocardial 

ischemia in opposite ventricular regions: Observations in the intact and 

perfused heart ............................................................................................... 73 

 

DISCUSIÓN ..................................................................................................... 85 

1. Génesis y comportamiento de los cambios recíprocos del segmento ST y 

del complejo QRS ......................................................................................... 85 

2. Correlación entre los patrones del segmento ST y la angiografía 

coronaria ....................................................................................................... 87 

3. Comportamiento del segmento ST en la enfermedad coronaria 

multivaso. ...................................................................................................... 89 

4. Isquemia miocárdica simultánea en dos regiones opuestas .................. 90 

 

CONCLUSIONES ............................................................................................. 93 

 

BIBLIOGRAFÍA ................................................................................................ 95 







13 

RESUMEN 

 

La isquemia miocárdica transmural, producida por oclusión coronaria aguda, 

genera unos cambios en la actividad eléctrica del corazón, como consecuencia 

de las alteraciones metabólicas que suceden en los miocardiocitos por la falta 

de flujo coronario. Estos cambios se manifiestan en el ECG como elevación del 

segmento ST en las derivaciones enfrentadas al área isquémica, lo que permite 

realizar una aproximación de la localización de la oclusión arterial coronaria. 

Adicionalmente puede producirse descenso del segmento ST en las 

derivaciones alejadas del área isquémica, lo que se conoce como cambios 

recíprocos. El mecanismo electrofisiológico y las implicaciones clínicas de 

dichos cambios recíprocos no son bien conocidos. 

Esta tesis consta de tres trabajos en los que se realiza un análisis traslacional 

de las alteraciones recíprocas del ECG en el infarto agudo de miocardio 

producido por oclusión arterial coronaria. La parte experimental se desarrolla 

en un modelo porcino de isquemia miocárdica. La parte clínica analiza un grupo 

de pacientes con infarto agudo de miocardio sometidos a angioplastia primaria. 

Los resultados de estos trabajos permiten realizar una caracterización 

electrofisiológica de los cambios recíprocos del segmento ST, al observarse 

éstos en ausencia de isquemia subendocárdica añadida a distancia, 

explicándose su presencia por las características de los sistemas de registro 

del ECG. Asimismo, la integración de los cambios recíprocos junto con las 

alteraciones directas del segmento ST permite localizar de una manera más 
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precisa la oclusión arterial coronaria, pudiendo validarse los patrones del ECG 

también en presencia de enfermedad arterial coronaria multivaso. 

 

SUMMARY 

 

Transmural myocardial ischemia induced by acute coronary artery occlusion 

induces electric and metabolic changes in myocardial cells caused by the 

interruption of coronary blood flow. These changes are recorded in the 

conventional ECG as ST segment elevation in leads directly related to the 

ischemic region, and they allow to predict the location of the coronary artery 

occlusion. In addition, reciprocal ST segment depression could be present in 

ECG leads overlying distant non ischemic areas. The electrophysiologic 

mechanism and clinical implications of these reciprocal changes are not well 

known. 

This thesis consist of three translational studies which analyze the reciprocal 

ECG changes in the onset of an acute myocardial infarction due to a coronary 

artery occlusion. The experimental studies are developed in a porcine model of 

myocardial ischemia. The clinical study included patients with an acute 

myocardial infarction submitted to primary coronary reperfusion. Results from 

these studies allow to get insight into the electrophysiologic characterization of 

reciprocal ST segment changes, which are not caused by added 

subendocardial ischemia at a distance, but related to the ECG lead system 

design. Moreover, the combined analyses of direct and reciprocal ST segment 

changes predicts more accurately the location of the coronary artery occlusion, 
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being the ECG patterns also valid in patients with multivessel coronary artery 

disease.
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ABREVIATURAS 

 

ATP: Adenosin trifosfato 

AV: Aurículo-ventricular 

ECG: Electrocardiograma 

ICa-L: Corriente de calcio tipo L 

IK1: Corriente de potasio inward rectifier 

IK-ATP: Corriente de potasio dependiente de ATP 

IKr: Corriente de potasio rapid delayed rectifier 

IKs: Corriente de potasio slow delayed rectifier 

INa: Corriente de sodio voltaje dependiente 

SCACEST: Síndrome coronario agudo con elevación del segmento ST 

SCASEST: Síndrome coronario agudo sin elevación del segmento ST 

Vm: potencial de membrana 
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INTRODUCCIÓN 

 

1. Cardiopatía isquémica 

 

1.1. Epidemiología 

 

Las enfermedades cardiovasculares constituyen la principal causa de 

muerte en los países desarrollados, siendo responsables de una tercera 

parte de las muertes a nivel mundial, cifra que se eleva hasta un 46% en 

Europa (Figura 1) (1-2). Dentro de las enfermedades cardiovasculares, la 

cardiopatía isquémica es la entidad con mayor mortalidad, tanto a nivel 

global como en países desarrollados. Según la Organización Mundial de la 

Salud, la mortalidad global atribuible a cardiopatía isquémica en 2011 fue 

cercana a los 7 millones de personas, lo que supuso un incremento de 1.1 

millones de defunciones respecto al año 2000 (3). Una de cada seis 

muertes en Estados Unidos (1) y una de cada cinco en Europa (2) se deben 

a cardiopatía isquémica. Para el año 2020, se prevé que el número total de 

muertes por enfermedad arterial coronaria se eleve a 11.1 millones (3). 

 

En España las enfermedades cardiovasculares constituyen también la 

primera causa de hospitalización y muerte (4). Su incidencia y prevalencia 

aumentan con la edad, por lo que se objetiva un incremento en la 

mortalidad asociado al envejecimiento progresivo de la población (5). 
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Figura 1. Proporción de muertes debidas a las principales causas de mortalidad en Europa, en 

hombres (A) y mujeres (B). Imagen tomada de Nichols et al (2). 
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1.2. Fisiopatología 

 

1.2.1. Circulación coronaria 

 

El flujo sanguíneo coronario presenta importantes variaciones a lo largo 

del ciclo cardiaco, objetivándose un desfase entre el flujo de entrada en 

las arterias coronarias y el de salida por las venas. Durante la sístole, la 

contracción cardiaca aumenta la presión tisular, redistribuyéndose la 

perfusión desde la capa subendocárdica a la subepicárdica. De forma 

simultánea, se reduce el diámetro de los vasos de la microcirculación 

intramiocárdica y se incrementa el flujo venoso coronario, que alcanza 

su máximo en esta fase. En la diástole, el flujo arterial coronario 

aumenta creando un gradiente transmural que favorece la perfusión de 

los vasos subendocárdicos, mientras que el flujo venoso coronario 

decae. 

 

La resistencia al flujo coronario viene determinada por tres 

componentes: a) la presión en las arterias epicárdicas o de conducción, 

b) la resistencia de la microcirculación (reserva de flujo coronario), y c) la 

resistencia extravascular compresiva (dependiente de la contracción del 

corazón y la presión sistólica en el ventrículo izquierdo). En 

circunstancias normales, la presión en las arterias epicárdicas se 

mantiene constante gracias a un mecanismo de autorregulación, lo que 

indica que la resistencia de los vasos de conducción es insignificante. 
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Sin embargo, cuando se produce un estrechamiento arterial epicárdico 

superior al 50%, la resistencia arterial de los vasos de conducción 

comienza a contribuir de manera creciente a la resistencia coronaria 

total. Si la estenosis sigue aumentando, los incrementos en la resistencia 

se acompañan de una mayor diferencia de presión a través de la 

estenosis, reduciéndose la presión coronaria distal a la estenosis, que es 

el principal determinante de la perfusión de la microcirculación. Las 

estenosis superiores al 70% comprometen la reserva de flujo coronario, 

y cuando la estenosis es crítica (>90%) puede verse afectado el flujo en 

reposo (6). 

 

1.2.2. Alteraciones metabólicas y celulares 

 

La interrupción brusca de la perfusión miocárdica tras una oclusión 

coronaria conlleva una serie de cambios fisiológicos y metabólicos que 

aparecen a los pocos segundos de haber cesado el flujo coronario. El 

metabolismo aerobio deja paso a la glucólisis anaerobia, produciéndose 

una reducción progresiva de las concentraciones hísticas de adenosin 

trifosfato (ATP), una acumulación de catabolitos y un incremento en la 

producción de lactato. Si la isquemia se mantiene, se desarrolla una 

acidosis y el potasio comienza a salir hacia el espacio extracelular. Más 

tarde, las concentraciones de ATP caen por debajo de las requeridas 

para mantener la función de la membrana, con lo que se inicia la muerte 

del miocardiocito (7). 
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Durante la isquemia miocárdica se generan una serie de cambios 

eléctricos a nivel celular, en respuesta a la hipoxia, la acidosis y la salida 

de potasio a nivel extracelular. Estos cambios producen una reducción 

en el potencial de reposo transmembrana, una disminución de la 

excitabilidad, y el acortamiento en la duración del potencial de acción (8). 

 

El mantenimiento del potencial de reposo transmembrana depende en 

gran medida de la corriente que se genera a través de los canales de 

potasio inward rectifier (IK1), que originan una salida de potasio a nivel 

extracelular. En situación de isquemia miocárdica, por efecto de la 

hipoxia celular, se produce un incremento en la conductancia del 

potasio, lo que conlleva una reducción del potencial de reposo, 

despolarizándose la membrana (8-9). 

 

 



24 

 

Figura 2. Potencial de acción y principales corrientes iónicas del potencial de membrana en 

situaciones basal y de isquemia miocárdica. ICa-L: corriente de calcio tipo L, IK1: corriente de 

potasio inward rectifier, IK-ATP: corriente de potasio dependiente de ATP, IKr: corriente de potasio 

rapid delayed rectifier, IKs: corriente de potasio slow delayed rectifier, INa: corriente de sodio 

voltaje dependiente, Vm: potencial de membrana. Imagen tomada de Shaw et al (8). 
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La excitabilidad de la célula depende del nivel del potencial de reposo 

transmembrana y de la fase de despolarización rápida (fase 0), originada 

en condiciones normales por la apertura de los canales de sodio voltaje 

dependientes (INa). Durante la isquemia miocárdica, el aumento del 

potasio extracelular induce una despolarización del potencial de reposo y 

una reducción en la disponibilidad de los canales INa. La reducción de la 

corriente de sodio activa los canales de calcio tipo L (ICa-L), responsables 

de la despolarización rápida de la membrana en situación de isquemia. 

Sin embargo, por efecto de la acidosis, tanto la conductancia del sodio 

como la del calcio se ven disminuidas, con lo que la despolarización 

rápida se compromete, y la excitabilidad celular se ve reducida (Figura 2) 

(8). 

 

La duración del potencial de acción depende fundamentalmente de la 

fase 2 o plateau. En condiciones de isquemia e hipoxia se produce un 

consumo de los niveles citosólicos de ATP, activándose los canales de 

potasio dependientes de ATP (IK-ATP), Esta activación conlleva una 

mayor salida de potasio durante la fase 2, modificándose la forma de 

dicha fase y produciéndose una repolarización precoz de la membrana 

celular, con el consiguiente acortamiento en la duración del potencial de 

acción (Figura 2) (8, 10). 
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1.2.3. Formas fisiopatológicas 

 

La cardiopatía isquémica engloba diferentes entidades clínicas, desde la 

angina crónica estable hasta los síndromes coronarios agudos, tales 

como el infarto agudo de miocardio y la angina inestable. 

 

La angina crónica estable se debe en la mayoría de los casos a una 

obstrucción de las arterias coronarias provocada por placas de ateroma. 

Cuando la obstrucción coronaria es significativa, se puede producir 

isquemia por un desequilibrio entre las necesidades y el aporte de 

oxígeno al miocardio (11). El aumento en las necesidades de oxígeno 

está relacionado con la liberación de noradrenalina en las terminaciones 

nerviosas adrenérgicas del corazón y del lecho vascular, en respuesta 

fisiológica al ejercicio o al estrés emocional o mental. El aporte de 

oxígeno puede disminuir de forma transitoria si se produce una 

vasoconstricción coronaria, favorecida por la presencia de estenosis 

coronarias y lesiones endoteliales ateromatosas, que generan una 

respuesta vasoconstrictora anormal al ejercicio y a otros estímulos. Se 

genera así un umbral variable de isquemia miocárdica, a partir del cual 

aparecen las manifestaciones clínicas de la angina. La restauración del 

equilibrio entre las necesidades y el aporte de oxígeno (ya sea por el 

cese de la actividad física o emocional que desencadenó el aumento de 

las necesidades, o por incremento del aporte de oxígeno mediante 

vasodilatación coronaria fisiológica o farmacológica), conlleva la 
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corrección de la isquemia miocárdica y la desaparición de la clínica 

anginosa. 

 

Los síndromes coronarios agudos producen también isquemia 

miocárdica por reducción en el aporte de oxígeno, pero ésta aparece en 

reposo, y el mecanismo fisiopatológico es, en la mayoría de los casos, la 

inestabilización o rotura de una placa ateromatosa. Existen diversos 

factores favorecedores de la rotura de una placa aterosclerótica, algunos 

de ellos son intrínsecos a las características de la placa, que la hacen 

más vulnerable (formación de metaloproteasas, activación de mastocitos 

y macrófagos), mientras que otros se deben al estrés provocado por la 

presión intraluminal, el tono vasomotor coronario, la taquicardia o la 

rotura de los vaso nutricios (12). La rotura de la placa conlleva la 

exposición de la matriz subendotelial al torrente sanguíneo, lo que facilita 

la adherencia plaquetaria a través de la unión de diversas glicoproteínas 

al factor de von Willebrand y al colágeno. Seguidamente se produce la 

activación plaquetaria, liberándose sustancias quimiotácticas 

(tromboxano A2 y serotonina), y la agregación plaquetaria, mediada por 

la unión de la glicoproteína IIb/IIIa al fibrinógeno. Al mismo tiempo que 

se genera el coágulo plaquetario, se activa también la cascada de la 

coagulación, que en último término conduce a la formación de trombina, 

la cual favorece la conversión de fibrinógeno en fibrina, estimula 

potentemente la agregación plaquetaria y estabiliza el coágulo de fibrina 

(13). El trombo resultante interrumpe el flujo sanguíneo, produciéndose 
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un desequilibrio entre el suministro y la demanda de oxígeno. Si el 

trombo es oclusivo, se genera isquemia miocárdica transmural, 

registrándose en el electrocardiograma (ECG) elevación del segmento 

ST. Si el trombo no es oclusivo, la isquemia no afecta a todo el espesor 

del miocardio, sino que se limita a la zona subendocárdica, lo que puede 

conllevar en el ECG un descenso del segmento ST o alteraciones en la 

onda T. Se separan así los síndromes coronarios agudos en los que 

presentan elevación del segmento ST (SCACEST), que se benefician de 

una reperfusión inmediata (mecánica o farmacológica), y los que lo 

hacen sin elevación del segmento ST (SCASEST), que son tributarios de 

tratamiento anti-isquémico y valoración angiográfica preferente. 
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2. Electrocardiograma 

 

2.1. Conceptos básicos 

 

El ECG es la representación gráfica de la actividad eléctrica del corazón. La 

despolarización de las células cardiacas se realiza de una manera 

ordenada, comenzando en el nodo sinusal y propagándose 

secuencialmente hacia las aurículas, el nodo aurículo-ventricular (AV) y los 

ventrículos. Esta onda de despolarización genera un campo eléctrico que 

puede ser detectado mediante electrodos situados en la superficie corporal, 

generándose así la señal del ECG. 

 

El potencial de reposo transmembrana es negativo, es decir, el interior 

celular es negativo y el exterior es relativamente positivo. Cuando se genera 

un estímulo eléctrico, se produce una entrada de sodio dentro de la célula, 

volviéndose el exterior negativo respecto al interior celular. Sin embargo, la 

sección de la membrana que aún no ha sido despolarizada permanece 

positiva respecto al interior celular. Consecuentemente, se establece un 

dipolo, cuya dirección corresponderá a la dirección de la carga positiva 

respecto a la negativa, y cuya magnitud dependerá del número de cargas 

positivas que entran en la célula (14-15). 
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Figura 3. Representación gráfica y matemática de la teoría del ángulo sólido. Imagen tomada 

de Holland et al (16). 

 

El registro de la actividad eléctrica se sustenta en la teoría del ángulo sólido, 

que permite calcular la magnitud de los potenciales proyectados sobre un 

punto alejado de un frente de ondas. Se denomina ángulo sólido de un 

punto con respecto a un cuerpo, a aquella porción de la superficie de una 

esfera imaginaria (cuyo radio es igual a la unidad y cuyo centro coincide con 

el punto explorador) limitada por todas las líneas rectas que cortando a la 

esfera, unan el punto explorador con los contornos del cuerpo a explorar 

(Figura 3). El teorema establece que el potencial registrado por un electrodo 

remoto (Φ) viene definido por la siguiente ecuación (16): 

 

Φ = Ω/4π (Vm2 – Vm1) K 
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Donde Ω es el ángulo sólido, (Vm2 – Vm1) corresponde a la diferencia de 

potencial a ambos lados de la región estudiada, y K es una constante que 

refleja las diferencias en la conductividad intracelular. 

 

Así el potencial registrado en el electrodo viene determinado por dos 

factores: el ángulo sólido, que se encuentra influenciado por parámetros 

espaciales (dimensiones de la región estudiada y posición del electrodo 

explorador), y la diferencia de potencial a través de la superficie, modificable 

por parámetros no espaciales (como por ejemplo la isquemia miocárdica) 

(16). 

 

La activación eléctrica del corazón comienza en el nodo sinusal, cuyas 

células tienen la capacidad de despolarizarse espontáneamente 

(automatismo). El impulso se transmite a las aurículas a través de vías 

especializadas de conducción. La despolarización auricular genera en el 

ECG la onda P, y coincide con la contracción auricular. A partir de aquí el 

frente de activación alcanza el nodo AV, donde sufre un enlentecimiento en 

su propagación, que se corresponde en el ECG con el segmento PR. 

Finalmente la onda de despolarización se transmite a los ventrículos a 

través del sistema His-Purkinje, produciéndose una contracción ventricular 

ordenada que se refleja en el ECG mediante el complejo QRS. Tras la 

despolarización completa de ambos ventrículos, hay un periodo de tiempo 

en el que no se registra actividad eléctrica (segmento ST), coincidiendo con 
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la fase 2 (plateau) del potencial de acción, tras el cual se inicia la 

repolarización ventricular, generándose la onda T en el ECG. 

 

El registro del ECG se realiza de forma estandarizada a través de 12 

derivaciones: 6 derivaciones periféricas o de miembros, y 6 derivaciones 

precordiales. Las derivaciones periféricas se obtienen a partir de electrodos 

situados en ambas extremidades superiores y en la extremidad inferior 

izquierda (Figura 4). Se dividen en tres derivaciones bipolares (I, II, III), 

constituidas por la diferencia de potencial entre dos de los electrodos, y las 

derivaciones aumentadas (aVR, aVL, aVF), en las que la diferencia de 

potencial se establece entre cada uno de los electrodos y un electrodo de 

referencia (terminal central de Wilson) creado mediante la conexión de los 

tres electrodos de miembros, cuyo sumatorio es cero. En realidad, el 

electrodo de referencia para las derivaciones aumentadas es una 

modificación de la terminal central de Wilson que permite incrementar la 

amplitud de la señal registrada. Así, para cada derivación aumentada la 

diferencia de potencial se establece entre un electrodo de miembros y la 

media de los otros dos electrodos de miembros (17). 

 

Las derivaciones precordiales (V1-V6) usan también la terminal central de 

Wilson como electrodo de referencia, situándose los electrodos 

exploradores en la región precordial, desde la región paraesternal hasta la 

línea media axilar izquierda (Figura 4). 
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Figura 4. Derivaciones del electrocardiograma convencional. Representación gráfica de los 

electrodos entre los que se registra la señal eléctrica para cada una de las 12 derivaciones del 

electrocardiograma convencional. Imagen adaptada de Braunwald: Tratado de cardiología. 

Texto de medicina cardiovascular, 8ª edición. 
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Pueden emplearse además derivaciones adicionales en determinadas 

situaciones clínicas. Así, las derivaciones precordiales derechas (V3R-V4R) 

pueden ser de utilidad en el diagnóstico del infarto de ventrículo derecho, y 

las derivaciones posteriores (V7-V9) en el diagnóstico del infarto de cara 

inferobasal o posterior. 

 

2.2. El electrocardiograma en la isquemia miocárdica 

 

La isquemia miocárdica se produce como consecuencia de un desequilibrio 

entre las necesidades metabólicas y el aporte de oxígeno al miocardio. La 

interrupción brusca del flujo coronario, debida en la mayoría de los casos a 

una complicación trombótica de una placa aterosclerosa, conlleva 

alteraciones del ECG en el segmento ST, el complejo QRS y la onda T. La 

interrupción completa del flujo coronario da lugar a isquemia miocárdica 

transmural, mientras que si la interrupción es subtotal, la isquemia 

miocárdica se limita al subendocardio. 

 

En condiciones normales, el segmento ST es relativamente isoeléctrico 

debido a que todos los miocardiocitos alcanzan el mismo potencial de 

membrana durante la fase de meseta (fase 2 o plateau) del potencial de 

acción. Sin embargo, durante la isquemia miocárdica aguda se produce una 

reducción en el potencial de reposo transmembrana (que se hace menos 

negativo), un acortamiento en la duración del potencial de acción, una 

disminución de la velocidad de ascenso y amplitud de la fase 0, y una 
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modificación en la forma de la fase 2 del potencial de acción. Estos cambios 

crean un gradiente de potencial entre las áreas normal e isquémica, 

generándose un flujo de corriente entre ambas regiones, tanto en la fase 

sistólica (fase 2 del potencial de acción) como en la fase diastólica 

(potencial de reposo transmembrana) del ciclo cardiaco. Estas 

denominadas corrientes de lesión se registran en el ECG en forma de 

desviaciones del segmento ST respecto a su línea isoeléctrica (Figura 5) 

(18-19). 

 

 

 

Figura 5. Registro del potencial de reposo transmembrana (parte superior izquierda) y del 

electrocardiograma (parte inferior izquierda) en situación basal y tras oclusión arterial coronaria. 

Diagrama de las corrientes de lesión generadas entre las regiones normal e isquémica 

(derecha). Imagen tomada de Cinca et al (19). 

 

Si la isquemia miocárdica es transmural, la corriente de lesión generada en 

la sístole, secundaria a las alteraciones en la fase 2 del potencial de acción, 
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produce una elevación del segmento ST sobre la zona isquémica (y en 

ocasiones, aparición de ondas T picudas). Además, durante la diástole, la 

corriente de lesión, debida a las alteraciones en el potencial de reposo 

transmembrana, genera un descenso del segmento TQ (Figura 5). Sin 

embargo, debido a las características del registro del ECG, que utiliza 

amplificadores acoplados a corriente alterna para mantener una línea 

isoeléctrica estable durante la diástole, no pueden apreciarse las 

desviaciones del segmento TQ, registrándose una única elevación global 

del segmento ST que en realidad es la suma del ascenso del segmento ST 

y el descenso del segmento TQ. Si la isquemia es subendocárdica, se 

produce una depresión del segmento ST sobre la zona isquémica. 

 

Acompañando al ascenso del segmento ST en las derivaciones del ECG 

que se enfrentan al área isquémica en el transcurso de un infarto 

transmural, puede además registrarse con frecuencia descenso del 

segmento ST en derivaciones opuestas. El mecanismo de estas 

alteraciones concomitantes del ECG, conocidas como cambios recíprocos o 

especulares, no es del todo bien conocido. Dos son las teorías que 

clásicamente se han empleado para explicar la presencia de dichos 

cambios recíprocos: 

 

1. Proyección eléctrica pasiva de los cambios directos del segmento 

ST registrados en las derivaciones enfrentadas al área isquémica 

(20-26). 
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2. Presencia de isquemia subendocárdica a distancia añadida (27-

29). 

 

Adicionalmente, se observan cambios en el complejo QRS en las primeras 

fases de la isquemia miocárdica, consistentes en crecimiento de la onda R y 

alargamiento del complejo QRS. Estos cambios se deben a que en el área 

isquémica se produce un enlentecimiento de la velocidad de conducción 

local y un retraso en la activación celular (19). 

 

Las alteraciones del segmento ST (y las ondas T picudas) son el primer 

signo de isquemia miocárdica aguda, y generalmente van seguidas de un 

periodo de horas o días en los que se observa una inversión evolutiva de la 

onda T, y a veces la aparición de una onda Q. La inversión de la onda T es 

debida a una mayor duración de los potenciales de acción, y puede 

desaparecer al cabo de días o semanas, o persistir de forma indefinida. La 

presencia de onda Q es indicativa de necrosis miocárdica (14-15). 
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2.3. Patrones electrocardiográficos en la isquemia miocárdica aguda: 

correlación eléctrica y anatómica 

 

La utilidad del ECG en la cardiopatía isquémica no radica solamente en el 

diagnóstico de isquemia, sino que permite además hacer una aproximación 

sobre la localización del área miocárdica afectada y la arteria coronaria 

implicada en el evento. 

 

De especial utilidad es la información recogida en el ECG en el transcurso 

de un SCACEST (isquemia transmural), ya que en función de las 

derivaciones afectadas se puede predecir la localización de la oclusión 

arterial coronaria. 

 

Convencionalmente se han establecido dos áreas miocárdicas en riesgo 

(anteroseptal e inferolateral), con sus correspondientes correlaciones 

anatómicas y electrocardiográficas. La isquemia miocárdica de cara 

anterior, debida a oclusión de la arteria coronaria descendente anterior, se 

registra en el ECG como elevación del segmento ST en derivaciones 

precordiales (V1-V6). La isquemia miocárdica de cara inferior, debida a 

oclusión de la arteria coronaria circunfleja o de la arteria coronaria derecha, 

se manifiesta en el ECG como elevación del segmento ST en derivaciones 

inferiores (II, III, aVF), pudiendo verse afectadas también las derivaciones 

laterales (I, aVL, V5-V6) (30). 
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Adicionalmente, puede obtenerse una localización más precisa de la 

oclusión coronaria por los datos del ECG. Así, en los casos de isquemia 

anterior, la presencia de cambios recíprocos concomitantes en derivaciones 

inferiores es sugestiva de oclusión de la arteria descendente anterior previa 

al nacimiento de la rama diagonal (Figura 6), mientras que la ausencia de 

dichos cambios recíprocos indica afectación distal a la rama diagonal 

(Figura 7) (31-34). 

 

Así mismo, la presencia de elevación del segmento ST en la derivación V1 

es sugestiva de afectación de la arteria descendente anterior proximal a la 

rama septal (Figura 6), mientras que la ausencia de afectación de V1 indica 

oclusión distal a la rama septal (Figura 8) (31-32). 

 

 

 

Figura 6. Registro electrocardiográfico de un paciente con infarto anterior por oclusión de la 

arteria descendente anterior proximal al nacimiento de las primeras ramas diagonal y septal. 
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Figura 7. Registro electrocardiográfico de un paciente con infarto anterior por oclusión de la 

arteria descendente anterior distal al nacimiento de la primera rama diagonal. 

 

 

 

 

Figura 8. Registro electrocardiográfico de un paciente con infarto anterior por oclusión de la 

arteria descendente anterior distal al nacimiento de la primera rama septal. 
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En cuanto a la isquemia inferior, varios son los parámetros que se han 

empleado para intentar diferenciar la arteria enferma. Los hallazgos 

sugestivos de oclusión de la arteria coronaria derecha son la elevación del 

segmento ST en III mayor que en II, el descenso del segmento ST en I y la 

presencia de una mayor magnitud de los cambios directos (ascenso del 

segmento ST en derivaciones inferiores) respecto a los cambios recíprocos 

(descenso del segmento ST en V1-V3) (Figura 9) (35-36). 

 

Por el contrario, la afectación de la arteria circunfleja suele presentar en el 

ECG una elevación del segmento ST en II mayor que en III, acompañada de 

una elevación también en I, y una mayor magnitud de los cambios 

recíprocos en V1-V3 respecto a los cambios directos en derivaciones 

inferiores (Figura 10) (35-36). 

 

No obstante, todos estos patrones de correlación anatómica y 

electrocardiográfica han sido validados en situaciones de isquemia 

miocárdica con afectación exclusiva del vaso coronario responsable. Estos 

patrones podrían verse modificados en los casos en los que hubiera 

enfermedad coronaria significativa de más de un vaso coronario, es decir, si 

hubiera isquemia subendocárdica o subepicárdica añadida en más de un 

territorio de forma simultánea. 
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Figura 9. Registro electrocardiográfico de un paciente con infarto inferior por oclusión de la 

arteria coronaria derecha. 

 

 

 

 

Figura 10. Registro electrocardiográfico de un paciente con infarto inferior por oclusión de la 

arteria circunfleja. 
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HIPÓTESIS Y OBJETIVOS 

 

1. Hipótesis 

 

1. La isquemia miocárdica transmural secundaria a oclusión coronaria 

aguda induce alteraciones recíprocas del segmento ST y del complejo 

QRS en derivaciones alejadas del área isquémica, sin necesidad de que 

exista isquemia subendocárdica concomitante a distancia. 

2. La presencia de enfermedad coronaria multivaso podría modificar el 

patrón de cambios del segmento ST, y de esta forma los criterios 

clásicos de localización de la arteria coronaria responsable podrían no 

ser aplicables. 

3. La isquemia miocárdica simultánea en dos regiones contrapuestas 

produce una cancelación de las alteraciones del segmento ST. 

 

2. Objetivos 

 

2.1. Objetivo general 

 

Conocer mediante un estudio traslacional el significado clínico y mecanismo 

electrofisiológico de las alteraciones recíprocas del ECG durante la 

isquemia miocárdica aguda transmural secundaria a oclusión coronaria. 
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2.2. Objetivos específicos 

 

2.2.1. Objetivos experimentales 

 

• Analizar el mecanismo de las alteraciones recíprocas del 

segmento ST en un modelo experimental porcino de oclusión 

coronaria aguda a distintos niveles. 

• Discernir si las alteraciones recíprocas del segmento ST se 

asocian a alteraciones recíprocas del complejo QRS. 

• Analizar si la isquemia miocárdica en regiones opuestas cancela 

los cambios directos y recíprocos del segmento ST. 

 

2.2.2. Objetivos clínicos 

 

• Caracterizar las alteraciones recíprocas del segmento ST en 

pacientes que presentan oclusión aguda de una arteria coronaria, 

y correlacionar dichas alteraciones con la localización de la 

oclusión coronaria. 

• Analizar si los patrones de las alteraciones recíprocas del 

segmento ST se modifican en pacientes con alteración coronaria 

multivaso. 
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RESULTADOS 

 

1. Artículo 1: Mechanism and diagnostic potential of reciprocal ECG 

changes induced by acute coronary artery occlusion in pigs. Francisco 

Javier Noriega, Esther Jorge, Dabit Arzamendi, Juan Cinca. Heart Rhythm. 

2013;10:883-890. 





Mechanism and diagnostic potential of reciprocal ECG changes
induced by acute coronary artery occlusion in pigs

Francisco J. Noriega, MD, Esther Jorge, DVM, PhD, Dabit Arzamendi, MD, Juan Cinca, MD, PhD

From the Department of Cardiology, Hospital de la Santa Creu i Sant Pau, Institute of Biomedical Research (IIB-Sant Pau),
Universitat Aut�onoma de Barcelona, Barcelona, Spain.
BACKGROUND Reciprocal ST-segment depression simulating addi-
tional subendocardial ischemia is commonly observed in ST-
segment elevation myocardial infarction.

OBJECTIVE To study the mechanism and characterization of the
whole reciprocal electrocardiogram (ECG) patterns induced by
acute coronary artery occlusion at different locations in the
absence of additional subendocardial ischemia in pigs.

METHODS Conventional 12-lead ECG and/or local extracellular
epicardial, mid-myocardial, and endocardial electrograms were
recorded during the acute occlusion of right coronary (RC) and
left anterior descending (LAD) coronary arteries in the in situ
(n ¼ 9) or in the isolated perfused (n ¼ 5) pig hearts.

RESULTS Mid-RC occlusion induced reciprocal ST-segment depres-
sion (�0.43 � 0.14 mV; P o .01) and S-wave deepening
(�0.74 � 0.23 mV; P o .01) in anterior ECG leads. Mid-LAD
occlusion induced reciprocal S-wave deepening (�0.43 � 0.37 mV;
P ¼ .02) but not ST-segment depression in inferior leads. Proximal
LAD induced reciprocal ST-segment depression (�0.21 � 0.20 mV;
P ¼ .03) and S-wave deepening (�0.56 � 0.58 mV; P ¼ .04) in
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inferior leads. Reciprocal QRS widening was observed only
during proximal LAD occlusion. Local extracellular recordings
did not show significant reciprocal QRS and ST-segment
changes.

CONCLUSIONS In the absence of additional subendocardial ische-
mia, acute coronary artery occlusion induces reciprocal ST-segment
and S-wave changes in the 12-lead ECG that allow better differ-
entiation between proximal and mid-LAD occlusion. Reciprocal ECG
changes depend on conventional lead system design and not on the
transmission of injury currents from the ischemic border zone to
distant normal myocardium.

KEYWORDS Myocardial ischemia; Coronary occlusion; Reciprocal
ECG changes; In situ heart; Isolated perfused heart; Pigs

ABBREVIATIONS ECG ¼ electrocardiogram; LAD ¼ left anterior
descending; LV ¼ left ventricle/ventricular; QTc ¼ corrected QT
interval; RC ¼ right coronary

(Heart Rhythm 2013;10:883–890) I 2013 Heart Rhythm Society.
All rights reserved.
Introduction
Acute transmural myocardial ischemia induces ST-segment
elevation, enlargement of the R wave, and widening of the
QRS complex (monophasic potentials) in the electrocardio-
gram (ECG) leads directly related to the ischemic region.1–3

Moreover, leads not related to the ischemic area can show
concurrent reciprocal ST-segment depression.4–6 Two major
mechanisms have been proposed to explain the reciprocal
ST-segment changes: a passive reflection of leads with ST-
segment elevation7–11 or concomitant subendocardial ische-
mia at a distance of the transmural injury.12–14
Distinction between the 2 mechanisms in patients with
acute myocardial ischemia is uncertain, because the recip-
rocal ECG patterns are not yet well known. Indeed, if
reciprocal ST-segment depression was in fact a mere
reflection of leads with ST-segment elevation, then it should
be proven that the reciprocal ST-segment changes are not
present in local extracellular recordings obtained at distant
nonischemic myocardial regions. Moreover, the reciprocal
changes can involve not only the ST segment but also the
QRS complex since the enlargement of the R wave generated
in the ischemic area3 could give rise to reciprocal S-wave
deepening in non-ischemic-related leads. In addition, anal-
ysis of the reciprocal ECG changes in combination with the
classical ST-segment elevation pattern can improve the
predictive diagnosis of the location of coronary occlusion.

Therefore, this study was undertaken to elucidate the
mechanism and characterization of the whole reciprocal
ECG changes induced by acute occlusion of the right and
left coronary arteries in a porcine model free of additional
subendocardial ischemia at a distance of the injured region.
http://dx.doi.org/10.1016/j.hrthm.2013.02.022
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Epicardial and endocardial extracellular electrograms were
recorded in the in situ and the isolated perfused pig heart to
assess the occurrence of reciprocal ECG changes.
Methods
Study population
Fourteen large white pigs weighing 40 kg were sedated with
azaperone (8 mg/kg intramuscularly; Stressnil, Esteve Farma
SA, Barcelona, Spain) and anesthetized with sodium tiopen-
thal (10 mg/kg intravenously; Pentothal, B. Braun Medical
SA, Barcelona, Spain). They were intubated and mechan-
ically ventilated with a mixture of oxygen and 2% isoflurane
to maintain general anesthesia. Buprenorphine (0.01 mg/kg
intravenously; Buprex, Schering-Plough SA, Madrid, Spain)
and atracurium besylate (1 mg/kg intravenously; Tracrium,
GlaxoSmithKline SA, Madrid, Spain) were administered
during the procedure for analgesia and muscular relaxation,
respectively.

The study protocol was approved by the ethics and animal
welfare committee of our institution according to the
regulation for the treatment of animals established by the
Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH
Publication No. 85-23, revised 1996).
Experimental series

In situ heart

All animals included in the study were free of significant
atherosclerotic coronary artery disease as denoted by coro-
nary angiography. Thus, the reciprocal changes induced by
coronary artery occlusion in this model cannot be attributed
to concomitant subendocardial ischemia.
Coronary artery occlusion. Acute transmural myocardial
ischemia was induced by percutaneous coronary catheter
balloon occlusion. The 2 femoral arteries were catheterized
and 2 7-F introducers were used to insert 6-F guide catheters
(Merit Medical Europe, Maastricht, The Netherlands). Under
fluoroscopy control, the catheters were advanced to the
ostium of the right and left coronary arteries. Then, 2
coronary catheters with a 3 mm balloon (Maverick, Boston,
MA) were positioned at the proximal or mid-segments of the
right coronary (RC) or left anterior descending (LAD)
coronary artery. The position of the catheter balloon was
verified by using coronary angiography. The arterial pressure
was monitored in both catheters, and arterial wave dumping
was not observed, suggesting that the catheter was not
occlusive. In addition, the baseline ECG showed the absence
of ST-segment deviation. Coronary occlusion was induced
by transient (5 minutes) inflation of the balloon at 12 atm.
Immediately after balloon inflation, a contrast injection was
preformed in both coronary arteries to assess the absence of
flow in the occluded artery and normal flow in the non-
occluded contralateral artery. Sodium heparin (70 U/kg,
bolus injection) was given to prevent thrombus formation
during the procedure.

Conventional 12-lead ECG. The 12-lead ECG was
recorded and stored on a hard disk of a multichannel
recording system (Prucka Engineering, Inc, Houston, TX).
Because of species anatomy, the precordial leads were
placed 1 intercostal space above that used in current clinical
electrocardiography. In each ECG recording, we measured
the magnitude of the ST-segment deviation at the J point
level, the amplitude of R and S waves, the duration of the
QRS complex, and the duration of the QT interval. The
correction of the QT interval (QTc) for the heart rate was
made according to the Bazzet formula: QTc ¼ QT/ORR.

Transmural local electrograms. A midsternotomy was
performed to expose the heart. Then, transmural needles
containing 3 electrodes (3-mm interelectrode distance) were
inserted into the anterior left ventricle (LV) free wall,
allowing recording of epicardial, mid-myocardial, and endo-
cardial local electrograms. The reference electrode was
placed at the border of the midsternotomy. Signals were
recorded by using a BioSemi Mark-V acquisition system
(Amsterdam, The Netherlands). A waiting period of 60
minutes was followed in order to allow healing of the injury
caused during the insertion of electrodes. Local electrograms
that did not recover were excluded from the study. An off-
line analysis of each recorded local electrogram was done
with a custom-made data analysis program for the following
parameters: ST-segment deviation measured at the J point
level, R- and S-wave amplitude, and QRS complex duration.

Study protocol. In 7 pigs, we recorded the 12-lead ECG at
baseline and continuously during 5 minutes of single
coronary artery occlusion at 3 different locations spaced by
10 minutes of coronary reperfusion: (1) mid-segment of the
RC, (2) mid-segment of the LAD, and (3) proximal segment
of the LAD. In order to assess whether the reciprocal ST-
segment changes are also present in local electrograms in the
in situ heart, we simultaneously recorded the 12-lead ECG
and the local transmural electrograms in the anterior LV
region in 2 additional pigs submitted to mid-RC catheter
balloon occlusion.

Isolated Langendorff perfused heart

This model was used to assess whether the reciprocal ST-
segment changes are present in the nonischemic regions of
the isolated perfused heart. A midsternotomy was performed
to expose the heart. After administration of intravenous
sodium heparin (70 U/kg, bolus injection), 1000 mL of blood
was collected. Then, the heart was removed and rapidly
immersed in cold Tyrode’s solution. The aorta was cannu-
lated and connected to a Langendorff perfusion setup filled
with the extracted blood. The circulating blood was oxy-
genated with a mixture of 95% O2 and 5% CO2 by using a
clinical extracorporeal oxygenator (Palex SA, Barcelona,
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Spain), and the temperature was kept between 36.5 and 371C.
Samples of the circulating blood were obtained to keep blood
gases and pH at normal values.
Coronary artery occlusion. The LAD was dissected at its
proximal segment above the origin of the first diagonal
branch and was looped with a 3/0 Prolene suture. The 2 ends
of the suture were threaded through a smooth plastic tube,
and the artery was acutely occluded by sliding the tubing
over the suture and clamping it with a small hemostat.
Reperfusion was accomplished by releasing the ligature.
Transmural local electrograms. Fifteen transmural needles
containing 3 electrodes spaced 3 mm were inserted in the
heart in a circumferential row covering the anterior, lateral,
and posterior regions of the LV, with an interelectrode
distance of about 2 cm. The reference electrode was placed in
the aortic root.
Study protocol. Five animals were included in this series.
After placing the heart into the perfusion system, a direct
current electrical shock of 15 J was applied to defibrillate the
heart. Then, the LAD was dissected to place the occluding
snare and the transmural needle electrodes were inserted.
Recordings of all local electrograms were preformed at
baseline and continuously during 5 minutes of proximal
LAD occlusion.
Data analysis. Data are presented as mean � SD. The
statistical significance of the ECG changes from baseline to 5
minutes of coronary occlusion was assessed by using either
the paired samples t test or the 1-way repeated measures
analysis of variance with the software PASW statistics 18.0
(SPSS Inc, Chicago, IL). A P value of o.05 was considered
statistically significant.
Results
In situ heart data

Changes in ST-segment potential

Figure 1A illustrates the ST-segment changes induced after 5
minutes of single coronary artery occlusion at different seg-
ments of the RC and LAD in 7 pigs. Mid-RC occlusion induced
ST-segment elevation in inferior leads (maximal in lead III:
0.20 � 0.10 mV; P o .01) and ST-segment depression in
leads V2–V6 and aVL (maximal in lead V4: �0.43 � 0.14
mV; P o .01). Mid-LAD occlusion induced ST-segment
elevation in leads V1–V5 (maximal in lead V3: 0.94 � 0.34
mV; P o .01), but failed to induce significant reciprocal
ST-segment depression. Proximal LAD occlusion induced
ST-segment elevation in leads V1–V6 and aVL (maximal in
lead V4: 0.96 � 0.36 mV; P o .01) associated with
ST-segment depression in inferior leads (maximal in lead
III: �0.21 � 0.20 mV; P ¼ .03).
Changes in RS-wave amplitude

Figure 1B illustrates the changes in RS-wave amplitude from
baseline to 5 minutes of RC and LAD occlusion at different
locations in 7 pigs. Mid-RC occlusion induced R-wave
enlargement in inferior leads (maximal in lead III:
0.67 � 0.51 mV; P ¼ .01) and S-wave deepening in leads
V2–V6 and in lateral leads (maximal in lead
V4: �0.74 � 0.23 mV; P o .01). Mid-LAD occlusion
induced R-wave enlargement in leads V1–V5 (maximal in
lead V3: 2.90 � 0.57 mV; P o .01) and S-wave deepening
in inferior leads (maximal in lead II: �0.43 � 0.37 mV;
P¼ .02). Proximal LAD occlusion induced R-wave enlarge-
ment in leads V1–V6 (maximal in lead V4: 3.66 � 0.50 mV;
P o .01) and S-wave deepening in inferior leads (maximal
in lead III: �0.56 � 0.58 mV; P ¼ .04).
Changes in QRS complex duration

Figure 2 illustrates the QRS widening from baseline to 5
minutes of RC and LAD occlusion at different locations in 7
pigs. Baseline QRS complex duration was 0.06 � 0.01
seconds for limb leads and 0.07 � 0.01 seconds for pre-
cordial leads. Mid-RC occlusion induced QRS complex
widening in inferior leads (maximal in lead II: 0.02 � 0.01
seconds; P o .01) but a nonsignificant prolongation in
precordial and lateral leads. Mid-LAD occlusion induced
QRS complex widening in leads V1–V6 (maximal in lead V4:
0.05 � 0.04 seconds; P ¼ .01) and in lateral leads (maximal
in lead aVL: 0.01 � 0.01 seconds; P ¼ .02) but non-
significant changes in inferior leads. Proximal LAD occlu-
sion induced QRS complex prolongation in all leads except
aVR (maximal in lead V4: 0.07 � 0.03 seconds, P o .01;
lead I: 0.04 � 0.03 seconds, P ¼ .01; lead III: 0.03 � 0.02
seconds, P ¼ .01).

Figure 3 illustrates the QRS and ST-segment changes in a
pig submitted to single occlusion of the mid-RC and
proximal and mid-LAD.
Changes in QT interval

There were not significant differences in QT interval
duration among the 12-lead ECG at baseline (mean QTc
0.51 � 0.05 seconds). Five minutes after coronary occlu-
sion, the QT interval tended to shorten in all leads but this
trend was not statistically significant: mean QTc was
0.46 � 0.05 seconds after RC occlusion, 0.49 � 0.06
seconds after mid-LAD occlusion, and 0.47 � 0.03 seconds
after proximal LAD occlusion.
Time course of the ECG changes

The direct and reciprocal changes in ST segment and
RS-wave amplitude induced by RC and LAD occlusion in
7 pigs began simultaneously and followed a parallel trend
with an immediate recovery upon coronary reperfusion.
Likewise, the prolongation of the QRS complex during
proximal LAD occlusion in ischemic- and non-ischemic-
related leads also followed a parallel trend (Figure 4).



Figure 1 ST-segment and RS-wave changes induced by acute coronary artery occlusion in the in situ pig heart. Bars indicate the mean � SD values of the ST-
segment potential (A) and RS-wave amplitude (B) in the 12-lead electrocardiogram induced after 5 minutes of catheter balloon occlusion of the mid-right
coronary (RC), mid-left anterior descending (LAD), and proximal LAD in 7 pigs. *P o .05.
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Simultaneous recordings of 12-lead ECG and transmural local
electrograms

In 2 pigs submitted to mid-RC occlusion, the 12-lead ECG
showed reciprocal ST-segment depression in precordial
leads whereas the simultaneously recorded epicardial and
endocardial electrograms in the anterior LV region failed to
show ST-segment deviation (Figure 5).
Isolated Langendorff perfused heart data
Proximal LAD occlusion in 5 isolated hearts induced
ST-segment elevation in epicardial (3.20 � 1.60 mV; P ¼
.01), mid-myocardial (4.00 � 1.90 mV; P o .01), and
Figure 2 Changes in QRS complex duration induced by acute coronary artery o
QRS complex duration in the 12-lead electrocardiogram induced after 5 minutes of
descending (LAD), and proximal LAD in 7 pigs. *P o .05.
endocardial (3.80 � 1.50 mV; P ¼ .02) local electrograms
at the anterior LV wall. By contrast, reciprocal ST-segment
changes were not observed in lateral or in posterior LV
regions (Figure 6). Moreover, R-wave enlargement in the
anterior region (epicardial: 9.40 � 3.80 mV, Po .01; mid-
myocardial: 11.40 � 5.60 mV, P ¼ .01; endocardial:
9.00 � 7.00 mV, P ¼ .08) was not associated with a
significant S-wave deepening in lateral or posterior LV wall.
The prolongation of the QRS complex in the anterior LV
region (epicardial: 0.008 � 0.004 seconds, P ¼ .02; mid-
myocardial: 0.008 � 0.004 seconds, P ¼ .02; endocardial:
0.007 � 0.005 seconds, P ¼ .06) was not accompanied by
QRS complex widening in lateral or posterior LV areas.
cclusion in the in situ pig heart. Bars indicate the mean � SD values of the
catheter balloon occlusion of the mid-right coronary (RC), mid-left anterior



Figure 3 Representative 12-lead electro-
cardiogram (ECG) changes induced by
acute coronary artery occlusion in the
in situ pig heart. The figure shows the 12-
lead ECG recordings at baseline and after 5
minutes of catheter balloon occlusion of the
mid-right coronary (RC), proximal left ante-
rior descending (LAD), and mid-LAD
occlusion in 1 pig.
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Discussion
Main findings
This study shows that in a pig heart model free of additional
subendocardial ischemia, acute coronary artery occlusion elicits
reciprocal ST-segment depression and S-wave deepening in
ECG leads overlying distant nonischemic areas, although these
changes were not appreciated in local extracellular electro-
grams directly recorded in the nonischemic myocardial regions.
Moreover, we observe that the prolongation of QRS complex
duration in ECG leads overlying the injured region is not
accompanied by QRS widening in non-ischemic-related leads
unless a large ischemic area is created by proximal LAD
occlusion. Reciprocal ECG changes permitted a more accurate
diagnostic prediction of the site of coronary occlusion.
Figure 4 Sequential changes in QRS complex duration induced by acute coron
mean � SD values of the QRS complex duration recorded in leads III (square symb
of the mid-right coronary (RC), mid-left anterior descending (LAD), and proximal
variance).
Pattern of reciprocal ischemic ECG changes
Following the observations by Wolferth et al,4 depression of the
ST segment in ECG leads overlying the nonischemic area
emerged as a well-recognized reciprocal ECG pattern in patients
with acute transmural myocardial infarction.5,6 Two mecha-
nisms have been proposed to explain the reciprocal ST-segment
depression7: (1) distant reflection of the ST-segment elevation
generated in the ischemic region and (2) true ST-segment
deviation caused by added local subendocardial ischemia. In
our study, the distant reflection appeared to be the most likely
mechanism because our pigs had no significant atherosclerotic
coronary disease and therefore coronary occlusion in this model
should not produce additional subendocardial ischemia at a
distance of the region supplied by the occluded artery.
ary artery occlusion in the in situ pig heart. The figure shows the sequential
ol) and V4 (triangle) induced during 5 minutes of catheter balloon occlusion
LAD, followed by 1 minute of reperfusion, in 7 pigs. *P o .05 (analysis of



Figure 5 Simultaneous recording of 12-
lead electrocardiogram (ECG) and local
extracellular electrograms during mid-right
coronary occlusion in the in situ pig heart.
The figure shows simultaneous recording of
the 12-lead ECG and epicardial (Epi) and
endocardial (End) electrograms from the
anterior left ventricular region in 1 pig
submitted to mid-right coronary (RC) occlu-
sion. Marked reciprocal ST-segment depres-
sion is observed in precordial ECG leads but
not in the local electrograms. LV ¼ left
ventricle; RV ¼ right ventricle.
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Injury currents generated by membrane potential differ-
ences at the border zone between normal and ischemic
(depolarized) myocardial cells are responsible for the
ST-segment elevation in local extracellular electrograms3,15

and in the ECG leads overlying the ischemic region.
Figure 6 Changes in local extracellular electrograms during proximal left
anterior descending coronary artery occlusion in the isolated perfused heart.
The figure shows the epicardial (Epi), mid-myocardial (Mid), and endo-
cardial (End) local electrograms from anterior, lateral, and posterior left
ventricular regions after 5 minutes of proximal left anterior descending
(LAD) ligature in 1 isolated pig heart. LV ¼ left ventricle; RV ¼ right
ventricle.
According to the solid angle theory,16,17 the ST-segment
potential (AST) recorded by an exploring electrode is

2ST ¼ O=4pðVmI�VmNÞK

where O is the solid angle formed by lines from the recording
electrode to every point along the ischemic boundary, VmI

and VmN are the transmembrane potentials at ischemic and
normal regions, and K is a constant correcting for differences
in intracellular and extracellular conductivity and occupancy
of the heart muscle by interstitial tissue and space.16 The
magnitude of the solid angle varies directly with the radius of
the ischemic boundary and inversely with the distance
between the boundary and the recording point. This model
predicts that the solid angle in precordial sites is maximal
when the exploring electrode directly overlies the ischemic
area and negative values can occur when the electrode moves
at a considerable distance from the ischemic border zone.17

By contrast, the solid angle at the epicardial sites shows an
abrupt change at the border zone and a rapidly decreasing
negativity as the electrode moves further away from the
boundary toward the nonischemic region.17 In agreement
with these mathematical predictions, our study reveals that
the ECG leads overlying distant nonischemic regions depict
reciprocal ST-segment changes whereas local extracellular
recordings obtained in similar distant normal regions failed
to show appreciable reciprocal ST-segment depression.
Therefore, our data support the concept that the reciprocal
ST-segment changes induced during acute coronary occlu-
sion are linked to the conventional ECG lead system design
and not to a true propagation of the injury currents from the
ischemic border zone to distant normal myocardial regions.

Acute myocardial ischemia slows down the propagation
of the local activation front, and this is manifested by the
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enlargement of the R wave and widening of the QRS
complex in local electrograms.3 The reciprocal increase in
the S-wave amplitude observed in our study in the ECG leads
overlying the nonischemic region could be considered as a
reciprocal projection of the R-wave enlargement generated in
the ischemic region. In fact, the solid angle predictions made
for the ST-segment changes could also apply for the
reciprocal RS-wave potential patterns because reciprocal
S-wave changes were well detected in the peripheral ECG
but were negligible in local extracellular recordings at distant
nonischemic myocardial regions. The assessment of recip-
rocal S-wave changes in patients with acute myocardial
ischemia is often limited by the lack of a previous baseline
ECG. However, ECG recordings obtained in patients with
coronary vasospasm before and during the episode of trans-
mural myocardial ischemia do show reciprocal S-wave
enlargement in the non-ischemic-related leads.2,3

The prolongation of the QRS complex duration was more
marked in leads overlying the ischemic region than in leads
overlying the nonischemic myocardium, but widening of the
QRS complex in these 2 regions attained a comparable
magnitude when extensive myocardial ischemia was induced
by proximal LAD occlusion. In an experimental study in
pigs,18 the prolongation of the QRS complex in leads with
ST-segment elevation differentiated transmural injury pro-
duced by acute coronary occlusion from epicardial injury
free of local intramural conduction delay. The clinical value
of QRS complex prolongation to differentiate acute trans-
mural myocardial ischemia from acute pericarditis warrants
further validation with specific clinical studies.

In the present study, we have observed a trend toward a
QTc shortening after 5 minutes of occlusion of either the RC
or the LAD in all 12 ECG leads. Acute myocardial ischemia
is known to abbreviate the action potential duration of the
injured cells, and this is reflected by a parallel QT interval
shortening in the local extracellular electrograms.15 Like-
wise, studies in patients with acute transmural myocardial
infarction have also found reduction in QT interval length
during the first 12 hours, but in contrast to the porcine model,
the QT interval shortening in humans was more apparent in
the ECG leads overlying the ischemic region than in leads
not related to the ischemic area.19 Differences in the QT
response between both species could be explained, among
others, by the different distribution of the Purkinje system
(endo-epicardial in humans and transmural in pigs).
Dependence of reciprocal changes on the site of
coronary occlusion
This study shows that the combined analysis of direct and
reciprocal ST-segment changes predicts the site of coronary
occlusion more accurately than the single analysis of the
direct ST-segment elevation pattern. Indeed, whereas both
proximal and mid-occlusions of the LAD induced a similar
ST-segment elevation pattern in precordial leads, only the
proximal LAD occlusion induced significant reciprocal ST-
segment depression in inferior leads. These findings are in
agreement with previous clinical observations.20

Clinical implications
Extrapolation of our model to clinical pathophysiology is based
on several circumstances. First, the electrophysiological
derangements induced by acute coronary artery occlusion in
swine are comparable to those induced in humans.3 Second, the
reciprocal ST-segment changes induced by acute coronary
artery occlusion are not at variance with observations in
humans.5,8,11,20

The clinical significance of reciprocal ST-segment
changes has not been entirely elucidated because human
studies have been conducted in heterogeneous conditions.
Some studies recruited patients with multiple vessel coronary
disease, thus likely having added subendocardial ischemia at
a distance of the transmural injury.12–14 In other instances,
the time elapsed from the onset of the symptoms to the
performance of coronary angiography ranged from 1 day to
several months20–22 and coronary reperfusion therapy varied
from fibrinolytics21–23 to primary coronary angioplasty.24,25

Our study affords a comprehensive approach to the mech-
anism and whole characterization of the ECG changes induced
during acute coronary occlusion in leads overlying nonischemic
regions. It strengthens the concept that the reciprocal changes
are not caused by added subendocardial ischemia and that
combined analysis of direct and reciprocal ECG patterns allows
identifying extensive LV anterior ischemia. In addition, it
provides the foundation to a potential value of QRS complex
duration changes to differentiate acute transmural myocardial
ischemia from acute pericarditis.

Conclusions
Reciprocal ECG changes induced during acute coronary
artery occlusion in a porcine model free of additional
subendocardial ischemia involve the ST segment and the
S wave and help predict the location of the occlusion.
Reciprocal ST-segment depression is recorded in ECG leads
overlying distant nonischemic regions, but is not apparent in
extracellular electrograms also recorded at distant normal
regions. Therefore, reciprocal ST-segment changes are
linked to the conventional ECG lead system design and not
to the true propagation of injury currents from the ischemic
border zone to distant normal myocardial regions.
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3. Cinca J, Janse MJ, Moréna H, Candell J, Valle V, Durrer D. Mechanism and time
course of the early electrical changes during acute coronary artery occlusion: an



Heart Rhythm, Vol 10, No 6, June 2013890
attempt to correlate the early ECG changes in man to the cellular electro-
physiology in the pig. Chest 1980;77:499–505.

4. Wolferth CC, Bellet S, Livezey MM, Murphy FD. Negative displacement of the
RS-T segment in the electrocardiogram and its relationships to positive displace-
ment: an experimental study. Am Heart J 1945;29:220–245.

5. Camara EJ, Chandra N, Ouyang P, Gottlieb SH, Shapiro EP. Reciprocal ST
change in acute myocardial infarction: assessment by electrocardiography and
echocardiography. J Am Coll Cardiol 1983;2:251–257.

6. Pichler M, Shah PK, Peter T, et al. Wall motion abnormalities and electrocardio-
graphic changes in acute transmural myocardial infarction: implications of
reciprocal ST segment depression. Am Heart J 1983;106:1003–1009.

7. Mirvis DM. Physiologic bases for anterior ST segment depression in patients with
acute inferior wall myocardial infarction. Am Heart J 1988;116:1308–1322.

8. Becker RC, Alpert JS. Electrocardiographic ST segment depression in coronary
heart disease. Am Heart J 1988;115:862–868.

9. Brymer JF, Khaja F, Marzilli M, Goldstein S. “Ischemia at a distance” during
intermittent coronary artery occlusion: a coronary anatomic explanation. J Am
Coll Cardiol 1985;6:41–48.

10. Celik S, Yilmaz R, Baykan M, Orem C, Erdöl C. Are reciprocal changes a
consequence of “ischemia at a distance” or merely a benign electrical phenom-
enon? A pulsed-wave tissue Doppler echocardiographic study. Ann Noninvasive
Electrocardiol 2003;8:302–307.

11. Rude RE, Croft CH, Willerson JT. “Reciprocal” anterior ST depression early in
the course of transmural inferior myocardial infarction: an ECG finding of
uncertain clinical significance. Int J Cardiol 1983;4:80–85.

12. Zoghi M, Gürgün C, Yavuzgil O, et al. The angiographic correlation between ST
segment depression in noninfarcted leads and the extent of coronary artery
disease in patients with acute inferior myocardial infarction: a clue for multivessel
disease. Can J Cardiol 2003;19:67–71.

13. Forfar JC. Reciprocal ST segment changes in acute myocardial infarction:
informative or incidental? Q J Med 1989;72:763–765.

14. Gibelin P, Gilles B, Baudouy M, Guarino L, Morand P. Significance of ST
segment depression in the precordial leads during the acute phase of inferior
myocardial infarction. Arch Mal Coeur Vaiss 1985;78:1453–1461.
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onary artery occlusion in patients with ST-segment elevation myocardial infarction (STEMI)
and multivessel disease is not well known. This study aimed to assess whether the presence of
multivessel coronary artery disease (CAD)modifies the artery-related ST-segment changes in
patients with acute coronary artery occlusion. We reviewed the admission ECG, clinical re-
cords, and coronary angiography of 289 patientswith STEMI caused by acute occlusion of left
anterior descending (LAD; n [ 140), right (n [ 118), or left circumflex (LCx; n [ 31) cor-
onary arteries. All patients underwent primary percutaneous coronary reperfusion during the
first 12 hours. The magnitude and distribution of artery-related ST-segment patterns were
comparable in patients with single (n [ 149) and multivessel (n [ 140) CAD. Occlusion of
proximal (n[ 55) or mid-distal (n[ 85) LAD artery induced ST-segment elevation in leads
V1 to V5, but only the proximal occlusion induced reciprocal ST-segment depression in leads
II, III, and aVF (p <0.001). Proximal and mid-distal occlusion of right (n [ 45 and 73,
respectively) or LCx (n[ 15 and 16) coronary artery always induced ST-segment elevation in
leads II, III, and aVF and reciprocal ST-segment depression in leads V2 and V3. ST-segment
elevation in lead V6 >0.1 mV predicted LCx artery occlusion. In conclusion, patients with
STEMI with single or multivessel CAD have concordant artery-related ST-segment patterns
on the admission ECG; in both groups, reciprocal ST-segment depression in LAD artery
occlusion predicts a large infarct. Subendocardial ischemia at a distance is not a requisite
for the genesis of reciprocal ST-segment changes. � 2014 The Authors. Published by
Elsevier Inc. All rights reserved. (Am J Cardiol 2014;113:757e764)
The patterns of ST-segment shift are currently used to
identify the infarct-related coronary artery and the level of
the occlusion in patients with ST-segment elevation
myocardial infarction (STEMI).1e4 In patients with multi-
vessel coronary artery disease (CAD), the acute occlusion of
a coronary artery may be associated with ischemia at a
distance and this may modify the pattern of the ST-segment
changes.5 However, the ability of the admission electro-
cardiogram (ECG) to predict the site of coronary occlusion
in patients with STEMI with multiple CAD has not been
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systematically analyzed. The purpose of this study was to
compare the accuracy of the admission ECG in predicting
the site of coronary occlusion in patients with STEMI with
single and multivessel CAD.

Methods

We reviewed the clinical records of 373 consecutive
patients with STEMI submitted to primary percutaneous
coronary reperfusion in our institution from October 2009 to
December 2010. The diagnosis of STEMI was based on
typical chest pain lasting >30 minutes associated with ST-
segment elevation of >0.1 mV in at least 2 consecutive
electrocardiographic leads (0.2 mV for leads V2 and V3).
Patients with ST-segment changes secondary to left bundle
branch block (n ¼ 19) or artificial ventricular paced rhythm
(n ¼ 5) were excluded.

Demographic, clinical, and echocardiographic data were
extracted from the clinical records. The admission 12-lead
ECGwas recordedwithin thefirst 12 hours of the STEMI. Two
independent investigators unaware of the clinical and angio-
graphic data reviewed the electrocardiographic parameters.
Positive and negative displacements of the ST segment were
measured at the J-point level. Reciprocal ST-segment changes
were defined as ST-segment depression of >0.1 mV in
any electrocardiographic lead other than aVR (0.05 mV for V2

and V3).
www.ajconline.org
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Table 1
Clinical and demographic characteristics of patients with acute occlusion of the left anterior descending (LAD), right, or left circumflex (LCx) coronary arteries

Variable Coronary Artery Occluded

LAD (n ¼ 140) Right (n ¼ 118) LCx (n ¼ 31)

Proximal (n ¼ 55) Mid-Distal (n ¼ 85) Proximal (n ¼ 45) Mid-Distal (n ¼ 73) Proximal (n ¼ 15) Mid-Distal (n ¼ 16)

Age (yrs) 62.9 � 16.3 61.9 � 13.4 63.6 � 11.9 61.5 � 13.1 61.6 � 15.1 57.3 � 11.7
Men 44 (80) 65 (77) 37 (82) 60 (82) 12 (80) 13 (81)
Body mass index (kg/m2) 27.7 � 4.6 27.1 � 3.5 26.8 � 3.8 27.1 � 4.0 28.5 � 4.7 27.6 � 5.5
Hypertension 30 (55) 50 (59) 23 (51) 37 (51) 9 (60) 8 (50)
Dyslipidemia 28 (51) 42 (49) 21 (47) 34 (47) 7 (47) 10 (63)
Diabetes mellitus 14 (26) 24 (28) 14 (31) 15 (21) 4 (27) 3 (19)
Current smoker 26 (47) 41 (48) 26 (58) 43 (59) 6 (40) 9 (56)
Previous STEMI 3 (6) 3 (4) 1 (2) 7 (10) 3 (20) 0
Previous non-STEMI 0 3 (4) 1 (2) 3 (4) 0 0
Killip class
I 34 (62) 63 (74) 37 (82) 62 (85) 10 (67) 15 (94)
II 13 (24) 13 (15) 4 (9) 3 (4) 2 (13) 1 (6)
III 2 (4) 5 (6) 0 1 (1) 1 (7) 0
IV 6 (11) 4 (5) 4 (9) 7 (10) 2 (13) 0

Hemoglobin (g/dl) 14.0 � 1.6 13.5 � 1.8 13.3 � 2.1 13.5 � 1.7 12.8 � 2.7 14.1 � 2.2
Creatinine (mg/dl) 1.1 � 0.5 1.0 � 0.3 1.1 � 0.6 1.0 � 0.3 1.0 � 0.4 1.1 � 0.3

Data are presented as mean � SD or n (%), as appropriate. p Value ¼ NS.
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Primary coronary angioplasty was performed in all patients
within the first 4.3 � 3.2 hours from the onset of symptoms.
Angiographic findings were evaluated by 2 independent
experienced observers blinded to the clinical and electrocar-
diographic data. The infarct-related artery was identified by
total coronary artery occlusion or angiographic evidence of
an intraluminal thrombus. Flow through the culprit lesion was
graded using the Thrombolysis in Myocardial Infarction trial
criteria.6 Any additional coronary stenosis of >70% was
considered significant.7 We also assessed the presence of
chronic total coronary artery occlusions, the distribution of
collateral vessels, and the pattern of coronary dominance. Pa-
tients were divided into 3 groups according to the infarct-
related artery: left anterior descending (LAD), right, and left
circumflex (LCx). In each vessel we differentiated between the
proximal and mid-distal location of the occlusion taking as a
reference the first diagonal branch in the LAD group, the 1/2
distance to the acute margin of the heart in cases of the right
coronary artery, and thefirstmarginal branch in the LCx group.

Informed consent was obtained from each patient. The
study protocol conforms to the ethical guidelines of the
1975 Declaration of Helsinki and was approved by the
ethics committee of our institution.

Continuous variables are presented as the mean value �
SD and discrete variables as absolute value and percentage.
Comparisons between continuous variables were assessed by
the Student t test. Discrete variables were compared by the
chi-square test. A p value <0.05 was considered statistically
significant. Statistical analysis was performed using the
software PASW statistics 19.0 (SPSS Inc, Chicago, Illinois).

Results

Among the 349 initially screened patients, we further
excluded 19 with normal coronary angiography, 16 with un-
identifiable infarct-related artery, and 25 in whom the infarct-
related artery was a secondary vessel (the diagonal branch of
the LAD artery in 8 cases, the intermediate branch in 3, the
posterior descending or posterolateral branches of the right
coronary artery in 6, and the marginal branches of the LCx
artery in 8). Thus, 289 patients were entered in the final
analysis.

The demographic and clinical characteristics of patients
with acute occlusion of the LAD, right, or LCx arteries were
comparable (Table 1). However, patients with proximal LAD
artery occlusion showed the highest peak values of cardiac
biomarkers and the lowest left ventricular ejection fraction
(Figure 1). Fourteen patients (4.8%) died during the hospital
stay (cardiogenic shock in 13 patients and lethal arrhythmia
in 1) and 11 of them presented with Killip class IV on
admission. The in-hospital mortality distributed compara-
bility among the 3 study groups with no further differences
between patients with single or multivessel CAD.

Coronary angiography evidenced single-vessel disease in
149 patients (51%) and multiple-vessel disease in the re-
maining 140 patients (48%; 2-vessel in 98 patients [34%]
and 3-vessel in 42 patients [14%]). The percentage of pa-
tients with multivessel CAD, chronic coronary occlusion, or
coronary collaterals was homogeneously distributed among
the 3 study groups (Table 2). A pattern of right coronary
dominance was observed in most of the cases.

The first ECG was recorded within 183 � 188 minutes
from the onset of symptoms. The overall pattern and distri-
bution of the ST-segment changes induced by acute proximal
or mid-distal LAD artery occlusion was comparable in pa-
tients with single or multivessel CAD (Figure 2). However,
the multivessel group presented subtle differences: lower
ST-segment elevation in leads I (0.01 � 0.07 vs 0.07 �
0.12 mV, p ¼ 0.03) and aVL (0.03 � 0.08 vs 0.12 �
0.17 mV, p ¼ 0.01) and greater ST-segment elevation in lead
V1 (0.15 � 0.13 vs 0.09 � 0.10 mV, p ¼ 0.05). The first
septal branch was involved in 36 of the 55 patients of
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Figure 1. Cardiac biomarkers and left ventricular ejection fraction in patients
with acute occlusion of LAD, right, or LCx coronary arteries. Bars indicate
the mean � SD of peak values of creatine kinase (upper panel), troponin
T (middle panel), and left ventricular ejection fraction (lower panel) in
patientswith proximal ormid-distal occlusion of LAD, right, or LCx coronary
arteries. *p Value <0.001.
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the proximal LAD group. These patients showed greater
ST-segment depression in leads III (�0.17 � 0.16 vs �0.06
� 0.10 mV, p ¼ 0.02) and aVF (�0.13 � 0.13 vs �0.06 �
0.09 mV, p ¼ 0.04).

Proximal and mid-distal right coronary artery occlusion
induced ST-segment elevation in leads II, III, and aVF, and
reciprocal ST-segment depression in leads I, aVL, and V2 in
patients with either single or multivessel CAD (Figure 3). In
the latter cases, the reciprocal ST-segment changes extended
to leads V3 and V4 (p ¼ 0.02). The right ventricular branch
was affected in 63 of the 118 patients with right coronary
artery occlusion. The magnitude of ST-segment changes



Figure 2. Electrocardiographic changes induced by acute occlusion of the LAD artery in patients with single and multivessel CAD. Left panels illustrate the
mean � SD values (bars) of positive and negative ST-segment displacement in patients with proximal or mid-distal LAD artery occlusion and single or
multivessel CAD. Right panels illustrate 12-lead ECG of representative patients in each study group.
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Figure 3. Electrocardiographic changes induced by acute occlusion of the right coronary artery in patients with single and multivessel CAD. Left panels
illustrate the mean � SD values (bars) of positive and negative ST-segment displacement in patients with proximal or mid-distal right coronary artery occlusion
and single or multivessel CAD. Right panels illustrate 12-lead ECG of representative patients in each study group.
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Figure 4. Electrocardiographic changes induced by acute occlusion of the LCx coronary artery in patients with single and multivessel CAD. Left panels
illustrate the mean � SD values (bars) of positive and negative ST-segment displacement in patients with proximal or mid-distal LCx artery occlusion and
single or multivessel CAD. Right panels illustrate 12-lead ECG of representative patients in each study group.
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was comparable in patients with and without involvement of
the right ventricular branch. Leads V3R and V4R were not
routinely recorded.

Proximal and mid-distal LCx artery occlusion induced
ST-segment elevation in leads II, III, aVF, and V6 in patients
with either single or multivessel CAD (Figure 4). These
changes were associated in all instances with reciprocal
ST-segment depression in leads V2 and V3. Of notice, in
patients with multivessel CAD, the reciprocal ST-segment
depression expanded to lead V4. Compared with right cor-
onary artery occlusion, LCx artery occlusion was associated
with lower ST-segment elevation in leads II, III, and aVF
(p <0.001), lower reciprocal ST-segment depression in
leads I and aVL (p <0.001), and higher ST-segment
elevation in lead V6 (p ¼ 0.003) in patients with either
single or multivessel CAD (Figures 3 and 4). ST-segment
elevation in lead V6 predicted LCx artery occlusion with a
sensitivity of 71% and a specificity of 83% in patients with
single vessel disease and 63% and 82% in patients with
multivessel CAD.

Discussion

This study shows that the pattern of combined elevation
and depression of the ST segment that predicts the site of
coronary occlusion in patients with acute STEMI is not
essentially modified by the extent of the underlying athero-
sclerotic CAD, and only subtle differences were detected
in some particular leads. Indeed, compared with patients
with single CAD, those with multivessel impairment
showed lesser ST-segment elevation in leads I and aVL after
proximal LAD artery occlusion, and they presented recipro-
cal ST-segment depression in lead V4 after right or LCx artery
occlusion. Although we cannot establish the mechanism of
these differences, patients with STEMIwithmultivessel CAD
may develop additional subendocardial ischemia at a distance
from the infarction and this could magnify the reciprocal
ST-segment changes and also counteract the ST-segment
elevation in the opposite infarcted region. Indeed, patients
with STEMI with >85% stenosis of coronary vessels oppo-
sed to the infarct-related artery, and thus prone to develop
subendocardial ischemia at a distance, showed amoremarked
reciprocal ST-segment depression pattern.8 Likewise, trans-
mural ischemia in opposite regions may attenuate the recip-
rocal ST-segment changes.3,9

The presence of reciprocal ST-segment depression in elec-
trocardiographic leads overlying nonischemic regions was re-
ported in early studies on acute myocardial ischemia.10e13 Our
study further shows that the reciprocal ST-segment pattern is
present in all patients with STEMI with right or LCx artery
occlusion independently of the level of vessel occlusion.
Moreover, in patientswithLADarteryocclusion, the reciprocal
changes were only observed when the occlusion affected the
proximal but not the mid-distal segment. Thus, the presence of
reciprocal ST-segment depression in patients with LAD artery
occlusion predicts extensive infarction as has been previously
appreciated in the early14,15 and subacute phases2,16 of STEMI.

Patients with right or LCx artery occlusion can indistinctly
present ST-segment elevation in leads II, III, and aVF. Thus,
several differential electrocardiographic criteria have been
reported: (1) ST-segment elevation in lead III > lead II
suggesting right coronary artery occlusion with a sensitivity
of 88% and specificity of 69%4; (2) ST-segment depression in
lead I suggesting right coronary artery occlusion, with a
92% sensitivity and 77% specificity4; and (3) A ratio of
ST-segment depression in leads V1 to V3/ST-segment
elevation in leads II, III, aVF4 or V3/III

1 <1, implying right
coronary artery occlusion, and >1 suggesting LCx artery
occlusion with 94% sensitivity and 61% specificity.4 In our
patients, we found lower predictive values: 72% sensitivity
and 73% specificity for criteria 1, 54% and 73% for criteria 2,
and 88% and 57% for criteria 3, respectively. As a novel
finding, we observed that ST-segment elevation >0.1 mV in
lead V6 suggested LCx artery occlusion with 71% sensitivity
and 83% specificity.

Elevation of the ST segment in STEMI is caused by injury
currents coursing between the normal and the ischemic
myocardial regions.17,18 These currents flow during the
resting phase and during phase II of action potential, and they
give rise, respectively, to TQ-segment depression and true
ST-segment elevation in direct-current electrical recordings.19

Because the electrocardiographic recorders use alternating
currentecoupled amplifiers, the TQ and ST-segment shifts
cannot be differentiated and both emerge as global ST-
segment elevation in the conventional ECG.

The mechanism underlying the reciprocal ST-segment
depression in patients with STEMI is more complex. After the
early description byWolferth et al,11 2 mechanisms have been
considered: (1) mirror projection of the ST-segment elevation
at a distance from the infarcted region20e22 and (2) true
ST-segment deviation caused by additional subendocardial
ischemia at a distance from the infarction.23e25 By taking
simultaneous recordings of the conventional ECG and left
ventricular local intramural electrograms in pigs with acute
coronary occlusion free of distant subendocardial ischemia,26

we found that the reciprocal ST-segment depressionwas due to
the conventional design of the electrocardiographic lead sys-
tem and not the transmission of the ST-segment potential from
the ischemic to the distant normal myocardium. This obser-
vation was in accordance with the mathematical predictions of
the solid angle theory.27,28

In the absence of ischemia at a distance, the time course of
the ST-segment elevation and the reciprocal ST-segment
depression followed a parallel trend, as we observed during
the first 5 minutes of coronary occlusion-reperfusion in the
porcine model.26 However, because the magnitude of the
ST-segment elevation was usually greater than that of recip-
rocal ST-segment depression, it is conceivable that during the
spontaneous recovery of the ST segment in the subacute phase
of infarction, the reciprocal ST-segment changes evanished
sooner. Therefore, analysis of the ECG obtained later than
12 hours of infarction would hamper the assessment of
reciprocal ST-segment patterns.

In our study, we could not directly confirm the presence of
added subendocardial ischemia at a distance from the infarction
because this is not routinely evaluated in the acutemanagement
of patients with STEMI. However, our patients might likely
develop added subendocardial ischemia because we estab-
lished a coronary stenosis cut-off value of 70%, which is an
accepted angiographic risk threshold for ischemia.7

Like in other clinical series, the number of patients with
acute LCx artery occlusion in our study was relatively low.
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Moreover, we did not include patients with LCx artery
occlusion presenting exclusively with ST-segment depres-
sion because the purpose of the study was to address the
STEMI condition. Our data suggest that ST-segment eleva-
tion in V6 is an electrocardiographic criteria for LCx artery
occlusion, although the strength of this finding would require
further assessment in studies with larger number of patients.
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ST-segment deviation behavior during acute myocardial
ischemia in opposite ventricular regions: Observations in
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BACKGROUND Acute myocardial ischemia in opposite regions may
attenuate ST-segment changes, but whether this effect is expressed
differently in extracardiac compared to direct intramyocardial
recordings is not well known.

OBJECTIVE The purpose of this study was to characterize ST-
segment changes induced by opposite ischemic regions in intact
and isolated perfused pig hearts.

METHODS Left anterior descending (LAD) and right coronary
arteries (RCA) were occluded in 7 closed chest pigs and in 5
isolated pig hearts. ST-segment changes were analyzed in 12-lead
ECG and in local extracellular electrograms.

RESULTS Isolated LAD or RCA occlusion induced maximal ST-
segment elevation in leads V4 (0.84 � 0.30 mV, P ¼ .003) and
III (0.16 � 0.11 mV, P ¼ .04), respectively. RCA occlusion also
induced reciprocal ST-segment depression maximal in lead V4
(–0.40 � 0.16 mV, P¼ .005). Simultaneous LAD and RCA occlusion
reduced ST-segment elevation by about 60% and blunted reciprocal
ST-segment changes. Reperfusion of 1 of the 2 occluded arteries
induced immediate regional reversion of ST-segment elevation with
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concurrent beat-to-beat re-elevation in the opposite ischemic
region and reappearance of reciprocal ST-segment changes. In
the isolated heart, single LAD or RCA ligature induced regional
transmural ST-segment elevation that was maximal in endocardial
electrograms with no appreciable reciprocal ST-segment depres-
sion. Simultaneous LAD and RCA ligature reduced ST-segment
elevation by about 30% with no appreciable re-elevation after
1-vessel selective reperfusion.

CONCLUSION Acute myocardial ischemia in opposite ventricular
regions attenuated ST-segment elevation and blunted reciprocal
depression in conventional ECG leads but not in direct local
myocardial electrograms.

KEYWORDS Myocardial ischemia; ST-segment cancellation; Double
coronary occlusion; In situ heart; Isolated heart

ABBREVIATIONS ECG ¼ electrocardiographic; LAD ¼ left anterior
descending; LV ¼ left ventricle; RCA ¼ right coronary artery

(Heart Rhythm 2014;11:2084–2091) I 2014 Heart Rhythm Society.
All rights reserved.
Introduction
Simultaneous ischemia in opposite left ventricular (LV)
regions may occur clinically, but the resultant electrocardio-
graphic (ECG) changes have not been systematically studied
and are not well understood.

Patients with significant multivessel coronary artery
disease may present with ischemia in opposite LV regions
during exercise, which may counterbalance ST-segment
changes and result in falsely negative exercise ECG test.1

In the literature, ST-segment changes have been described in
patients with simultaneous occlusion of the left anterior
descending (LAD) and right coronary arteries (RCA).2–5 It
also has been shown that in patients with a single distal
occlusion of the LAD, elevation of the ST segment can be
present in both inferior (II, III, aVF) and precordial leads
(V2–V5) mimicking a pattern suggesting simultaneous LAD
and RCA occlusion.6,7

Ischemic ST-segment shifts (both elevation and reciprocal
depression) that are induced by simultaneous myocardial
ischemia in opposite regions have not been systematically
analyzed. Moreover, it is not known whether cancellation of
ST-segment changes truly occurs in the local cardiac record-
ings or it is only detected by conventional ECG leads as a
result of spatial summation of the injury currents of different
direction generated by the opposite ischemic regions.

In this study, we performed single and combined occlu-
sion of the LAD and RCA in in situ and isolated perfused pig
heart in order to characterize the patterns of ST-segment
http://dx.doi.org/10.1016/j.hrthm.2014.07.019
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cancellation induced by opposite ischemic regions and to
determine whether this counteracting effect is detected
differently in the intact and in the isolated perfused heart.

Methods
Study population
Twelve female domestic swine (Landrace–Large White
cross) weighing 40 kg were sedated with azaperone (8 mg/kg
intramuscular, Stressnil; Esteve Farma SA, Barcelona,
Spain) and anesthetized with sodium thiopental (10 mg/kg
intravenous, Pentothal; B. Braun Medical SA, Barcelona,
Spain). They were intubated and mechanically ventilated
with a mixture of oxygen and 2% isoflurane to maintain
general anesthesia. Fentanyl (0.005 mg/kg intravenous,
Fentanest; Kern Pharma SL, Barcelona, Spain) and atracu-
rium besylate (1 mg/kg intravenous, Tracrium; GlaxoS-
mithKline SA, Madrid, Spain) were administered during
the procedure for analgesia and muscular relaxation,
respectively.

The study protocol was approved by the ethics and animal
welfare committee of our institution, according to the
regulations for treatment of animals established by the Guide
for the Care and Use of Laboratory Animals published by
the U.S. National Institutes of Health (NIH Publication No.
85-23, revised 1996).

Experimental series
In situ heart
Seven pigs were included in the series. All animals were free
of significant atherosclerotic coronary artery disease as
determined by coronary angiography.

Coronary artery occlusion. Acute transmural myocardial
ischemia was induced by percutaneous coronary catheter
balloon occlusion. Both femoral arteries were catheterized,
and two 7Fr introducers were used to insert 6Fr guide
catheters (Merit Medical Europe, Maastricht, The Nether-
lands). Under fluoroscopic control, the catheters were
advanced to the ostium of the left and right coronary arteries.
Then, 2 coronary catheters with a 3-mm � 15-mm balloon
(Maverick, Boston, MA) were positioned at the mid-segment
of the LAD, distal to the first septal and first diagonal branch,
and mid-segment of the RCA. The position of the catheter
balloon was verified by coronary angiography. Sodium
heparin (70 IU/kg, bolus injection) was given to prevent
thrombus formation during the procedure. Coronary occlu-
sion was induced by transient (5-minute) inflation of the
balloon at 12 atm.

Conventional 12-lead ECG. The 12-lead ECG was con-
tinuously recorded and stored on a hard disk of a multi-
channel recording system (Prucka Engineering Inc, Houston,
TX). Because of species anatomy, the precordial leads were
placed 1 intercostal space above that used in current clinical
ECG. In each ECG recording, we measured the magnitude of
the ST-segment deviation at the J-point level.
Study protocol. Five of the 7 pigs underwent single
occlusion of the LAD and RCA for 5 minutes spaced by
10 minutes of coronary reperfusion. Thereafter, both coro-
nary arteries were occluded simultaneously for 5 minutes,
followed by selective release of the LAD or the RCA. In the
remaining 2 pigs of this series of 7, a double LAD and RCA
was performed as the first intervention to assess whether the
trend of ST-segment changes during selective reperfusion
were comparable in pigs with and those without previous
ischemia. The ECG was recorded at baseline and continu-
ously during each ischemia–reperfusion cycle. Pigs that
presented with ventricular fibrillation were excluded from
the study to avoid potential confounding effects of electrical
defibrillation on the ST segment.

Isolated Langendorff perfused heart
This model was used to assess whether the ST-segment
changes induced by opposite ischemia were detected differ-
ently in the peripheral ECG and in direct local intramural
electrograms. A mid-sternotomy was performed to expose
the heart. After administration of intravenous sodium heparin
(70 IU/kg, bolus injection), 1000 mL of blood was collected.
Then, the heart was removed and rapidly immersed in cold
Tyrode’s solution. The aorta was cannulated and connected
to a Langendorff perfusion setup filled with the extracted
blood. The circulating blood was oxygenated by a mixture of
95% O2 and 5% CO2 using a clinical extracorporeal oxy-
genator (Palex SA, Barcelona, Spain), and the temperature
was maintained around 37ºC. Likewise, the perfusion flow
was maintained at a mean pressure of about 70 mm Hg.
Samples of the perfusate were extracted to keep blood gases
and pH at normal values (pO2 490%, pH E 7.45). A direct
current electrical shock of 15 J was applied to defibrillate
the heart.

Coronary artery occlusion. The LAD was dissected at its
middle segment after the origin of the first diagonal branch
and looped with a Prolene 3/0 snare. The RCA was also
dissected at its middle segment, and a Prolene snare was
placed around it. The 2 ends of the suture were threaded
through a smooth plastic tube, and the artery was acutely
occluded by sliding the tubing over the suture and clamping
it with a small hemostat clamp. Reperfusion was accom-
plished by releasing the ligature.

Transmural local electrograms. Transmural needle elec-
trodes containing 3 electrodes spaced 3 mm apart were
inserted in the wall of the left ventricle in a row extending
from the anterior to the posterior region, spaced about 2–3
cm. The reference electrode was placed in the aortic root.
Signals were recorded using a BioSemi Mark-V acquisition
system (Amsterdam, The Netherlands). A waiting period of
60 minutes was followed to allow recovery of the injury
caused during insertion of the electrodes. Local electrograms
that did not recover were excluded from the study. Offline
analysis of all recorded electrograms was done using a
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custom-made data analysis program. In each recording, we
measured the magnitude of the ST-segment deviation at the
J-point level.
Study protocol. Five animals were included in the series.
All hearts underwent single occlusion of the LAD and RCA
for 5 minutes spaced by 10 minutes of reperfusion. There-
after, both coronary arteries were occluded simultaneously
for 5 minutes, followed by sequential release of the LAD (2
cases) or the RCA (2 other hearts). Local electrograms were
recorded at baseline and during each ischemia–reperfusion
sequence. Hearts that presented with ventricular fibrillation
during the coronary occlusion–reperfusion episodes were
excluded from the study to avoid potential confounding
effects of electrical defibrillation on the ST segment.
Figure 1 ST-segment changes induced by single and combined occlusion of
anesthetized pigs. A: Twelve-lead ECG recorded in a pig at baseline and after 5 min
of reperfusion recovery. B: ST-segment displacement (mean � SD [bars]) in the
occlusion separated by 10 minutes of reperfusion recovery. Double coronary occ
changes. Asterisks indicate level of statistical significance (*P o.05; **P o.01; *
Data analysis
Data are given as mean � SD. Statistical significance of the
ST-segment changes from baseline to 5 minutes of coronary
occlusion were assessed by either paired samples t test or 1-
way repeated measures analysis of variance using PASW
Statistics 18.0 software (SPSS Inc, Chicago, IL). P o.05 was
considered significant.

Results
Intact heart
Seven pigs were included in the study. In 5 cases, the middle
segments of the LAD and RCA were separately occluded for
5 minutes spaced by 10 minutes of reperfusion; thereafter the
LAD and RCA were simultaneously reoccluded. As shown
in Figure 1, mid-LAD occlusion induced ST-segment
elevation in leads V1–V6 (maximal in lead V4: 0.84 �
the left anterior descending (LAD) and right coronary arteries (RCA) in
utes of single and combined LAD and RCA ligature, all spaced by 10 minutes
12-lead ECG in 5 pigs submitted to single and combined LAD and RCA

lusion attenuated ST-segment elevation and blunted reciprocal ST-segment
**P o.001).



Figure 2 Effects of coronary reperfusion on ischemic ECG changes induced by 5 minutes of left anterior descending artery (LAD) occlusion in an
anesthetized pig. ECG leads III, aVF, V1, and V3 are shown at 5 minutes of LAD occlusion (left) and continuously after release of the LAD (right). Coronary
reperfusion induced rapid normalization of ST-segment elevation with transient appearance of peaked T waves. Time scale is indicated in seconds.
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0.30 mV, P ¼ .003) and slight nonsignificant reciprocal ST-
segment depression in leads II, III, and aVF. Occlusion of the
mid-RCA elicited ST-segment elevation in leads II, III, and
aVF (maximal in lead III: 0.16 � 0.11 mV, P ¼ .04) and
reciprocal ST-segment depression in leads I, aVL, and V1–

V6 (maximal in lead V4: –0.40 � 0.16 mV, P ¼ .005).
Coronary reperfusion after a single 5-minute coronary
ligature elicited fast normalization of ST-segment elevation
and transient appearance of peaked T waves (illustrative
example shown in Figure 2). Simultaneous LAD and RCA
occlusion was followed by a reduction of approximately
60% in the magnitude of ST-segment elevation attained
during the previous single-vessel occlusion. Moreover,
double coronary occlusion abolished the reciprocal ST-
segment depression that was recorded in leads II, III, and
Figure 3 Effects of selective coronary reperfusion on ischemic ECG changes
coronary arteries (RCA) occlusion in an anesthetized pig. ECG leads II, III, aVF, V1

during release of the LAD while the RCA remained occluded (middle, right). Rele
V1 and V3 leading to reciprocal ST-segment inversion associated with concurrent
indicated in seconds.
aVF or in leads V1–V5 during separate LAD and RCA
occlusion, respectively. Of note, leads I, aVL, and V6

continued to show reciprocal ST-segment depression (max-
imal in lead aVL: –0.14 � 0.05 mV, P ¼ .005). A typical
example of single and combined LAD and RCA occlusion is
shown in Figure 1A. Of interest in the LAD occlusion is, in
addition to the ST-segment changes, the development of R
waves in the precordial leads suggestive of delay in
conduction to the epicardial layer. These R waves persisted
in case of simultaneous LAD and RCA occlusion. Selective
release of either of the 2 occluded coronary arteries induced
immediate regional reversion of the ST-segment elevation
associated with concurrent beat-to-beat re-elevation of the
ST segment in the opposite ischemic region and reappear-
ance of reciprocal ST-segment changes. The magnitude of
induced by 5 minutes of double left anterior descending (LAD) and right
, and V3 are shown at 5 minutes of double LAD and RCA occlusion (left) and
ase of the LAD induced fast normalization of ST-segment elevation in leads
beat-to-beat ST-segment re-elevation in leads II, III, and aVF. Time scale is



Figure 4 Effects of selective coronary reperfusion on the ischemic ECG changes induced by 5 minutes of double left anterior descending (LAD) and right
coronary arteries (RCA) occlusion in an anesthetized pig. ECG leads II, III, aVF, and V1–V3 are shown at 5 minutes of double LAD and RCA occlusion (left) and
during release of the RCA while the LAD remained occluded (middle, right). Release of the RCA induced fast normalization of ST-segment elevation in leads II
and III with concurrent beat-to-beat ST-segment re-elevation in leads V1–V3. Time scale is indicated in seconds.
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ST-segment re-elevation measured within the 30 seconds
after reperfusion was approximately 50%. Two examples of
the ST-segment behavior after selective release of the LAD
or RCA in pigs with double occlusion are shown in Figures 3
and 4, respectively. In 2 of 7 pigs, we performed double
LAD and RCA occlusion as the first intervention thereby not
preceded by previous ischemia. In these cases, the trend of
ST-segment changes induced by reperfusion of 1 of the 2
occluded vessels was comparable to that observed in the 5
pigs with previous ischemic episodes.

Isolated Langendorff perfused heart
Five complete isolated heart experiments were included in
the analysis. In all hearts, the middle segments of the LAD
and RCA were separately occluded for 5 minutes spaced by
10 minutes of reperfusion. Thereafter, a combined reocclu-
sion of both vessels was performed.

As shown in Figure 5, mid-LAD occlusion induced
significant ST-segment elevation in the epicardial, midmyo-
cardial, and endocardial extracellular electrograms of the
anterior LV region (maximal in endocardium: 3.0 � 1.1 mV,
P ¼ .003) but failed to induce reciprocal ST-segment
depression in lateral or posterior LV regions. Likewise,
RCA occlusion induced transmural ST-segment elevation in
the posterior LV region (maximal in endocardium: 3.0 � 1.6
mV, P ¼ .03) with no reciprocal ST-segment depression in
the anterior or lateral areas. Simultaneous ligature of the
LAD and RCA led to transmural elevation of the ST
segment, maximal in the mid-myocardium of the anterior
(2.3 � 0.8 mV, P ¼ .002) and posterior (2.1 � 0.7 mV, P ¼
.003) LV regions, respectively. The magnitude of ST-
segment elevation was approximately 30% lower than that
elicited by each previous single-vessel ligature. A typical
example of single and combined LAD and RCA occlusion is
shown in Figure 5A. Selective release of 1 of the 2 occluded
vessels did not induce appreciable re-elevation of the ST
segment in the local recordings of the opposite ischemic
zone. Moreover, no reciprocal ST-segment changes were
observed during combined LAD and RCA ligature.
Discussion
ST-segment cancellation
Combined anterior and inferior regional ischemia was
induced in the in situ and the isolated perfused pig hearts
by occluding simultaneously the LAD and RCA. In compar-
ison with a single myocardial ischemic location, simulta-
neous ischemia at these 2 opposite areas attenuated by
approximately 60% the magnitude of ST-segment elevation
in the ECG leads overlying the ischemic area and blunted the
reciprocal ST-segment depression that was previously
induced by a single LAD or RCA occlusion.

Two potential mechanisms may explain the attenuation of
ST-segment changes during double coronary occlusion: (1)
ischemic preconditioning elicited by the preceding single
coronary occlusions8,9 or (2) true cancellation of the ST-
segment potential secondary to the opposite location of the 2
ischemic regions. Our data support the concept that ST-
segment cancellation rather than preconditioning was the
prevailing mechanism. Indeed, selective reopening of 1 of
the 2 simultaneously occluded coronary arteries was imme-
diately followed by reversion of ST-segment elevation in the
reperfused region and, at the same time, by concurrent beat-
to-beat ST-segment re-elevation in leads overlying the
opposite ischemic region. Moreover, a similar ST-segment
behavior was observed in the 2 pigs submitted to double



Figure 5 ST-segment changes in local extracellular electrograms induced by single and combined ligature of the left anterior descending (LAD) and right
coronary arteries (RCA) in isolated Langendorff perfused pig heart. A: Epicardial (Epi), midmyocardial (Mid), and endocardial (End) electrograms recorded with
needle electrodes inserted in the anterior, lateral, and posterior left ventricular wall at baseline and 5 minutes after single and combined LAD and RCA ligature in
an isolated pig heart. B: ST-segment displacement (mean � SD values [bars]) in local electrograms recorded in the anterior, lateral, and posterior ventricular
regions in 5 isolated perfused pig hearts submitted to single and combined LAD and RCA occlusion separated by 10 minutes of reperfusion recovery. Coronary
occlusion induced transmural regional ST-segment elevation without appreciable reciprocal ST-segment changes. Double coronary occlusion slightly attenuated
ST-segment elevation. Asterisks indicate level of statistical significance (*P o.05; **P o.01; ***P o.001).
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LAD and RCA occlusion as the first intervention and
therefore free of ischemic preconditioning.

The mechanism of ST-segment cancellation induced by
ischemia in opposite regions has not been directly elucidated
but can be inferred from the solid angle theory.10 Indeed, the
ST-segment potential (ЄST) recorded by an exploring elec-
trode is ЄST ¼Ω/4π(VmI – VmN)K, where Ω is the solid angle
formed by lines from the recording electrode to every point
along the ischemic boundary; VmI and VmN are the trans-
membrane potential at ischemic and normal regions, respec-
tively; and K is a constant that corrects for differences in
intracellular and extracellular conductivity and occupancy of
heart muscle by interstitial tissue and space. The trans-
membrane potential differences existing between normal and
ischemic (depolarized) myocardial cells drive local injury
currents that flow across the ischemic border zone and are
responsible for the elevation of the ST segment in local
extracellular electrograms.11,12 When 2 ischemic myocardial
areas are located in opposite sites, their corresponding solid
angles are of opposite magnitude, and the resultant ST-
segment magnitude may approach zero.10,13 In our study, the
degree of ST-segment cancellation induced by ischemia in
opposite regions was of greater magnitude in precordial ECG
leads than in local epicardial and intramural electrograms
recorded in the ischemic regions. Hypothetically, this may
indicate that the solid angle subtended at the precordium is
more influenced by the summed solid angles generated at the
boundaries of 2 ischemic regions than the solid angle
subtended at sites in direct contact with ischemic
myocardium.

An additional feature differentiating precordial and local
electrograms was the lack of appreciable reciprocal ST-
segment depression in the latter recordings. According to the
mathematical predictions of the solid angle theory derived
from epicardial and precordial recordings in anesthetized
pigs with acute myocardial ischemia,14 a precordial electrode
moving at a distance from the ischemic border zone will
detect negative values and hence ST-segment depression. In
contrast, an epicardial electrode closer to the heart will not
detect negative values beyond the border zone.14 The injury
currents cannot propagate at a distance of the ischemic zone
because of their short space constant, and only sites close to
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the border zone might disclose reciprocal ST-segment
depression.11 Moreover, a possible volume conductor effect
on the reciprocal ST-segment changes in the isolated empty
heart was excluded in a previous study in which we recorded
simultaneously the conventional ECG leads and local intra-
mural electrograms in anesthetized open chest pigs.15 In that
study, acute occlusion of the RCA with a catheter balloon did
not induce reciprocal ST-segment changes in local electro-
grams of the normal left anterior wall, but they were present
in the precordial ECG leads projecting this particular normal
region.15 Therefore, the reciprocal ST-segment depression
observed in the 12-lead ECG likely is related to the
conventional ECG lead system design and not the result of
an active flow of injury currents propagating toward the
distant normal myocardium.

During LAD occlusion, endocardial ST-segment eleva-
tion was greater than midmyocardial, and this was greater
than epicardial. Whether this endo–epicardial gradient
should lead to ST-segment depression rather than elevation
in the overlying precordial surface ECG leads was elucidated
in a previous study in anesthetized pigs in which a similar
endo–epicardial gradient was always projected as ST-
segment elevation in the simultaneously recorded precordial
ECG leads.16
Clinical implications
Compelling evidence supporting extrapolation of the present
findings to clinical electrocardiology is founded on the
resemblance of the cellular electrophysiologic derangements
induced by acute myocardial ischemia and the ECG patterns
elicited by coronary occlusion at different locations in
pigs12,15 and humans.12,17–19

The ECG pattern induced by simultaneous LAD and RCA
occlusion in our study (ST-segment elevation in leads III,
aVF, aVR, V1–V5, and ST-segment depression in leads I,
aVL, and V6 ) was comparable to that described in patients
with a similar double LAD and RCA occlusion.2–5 Likewise,
ECG recordings in a clinical case report support the concept
that ST-segment cancellation also occurs in humans with
double coronary occlusion.5 In this particular patient,5

successful lysis of the thrombus in the LAD, while RCA
occlusion persisted, allowed re-elevation of the ST segment
in inferior leads (II, III, aVF) and appearance of reciprocal
ST-segment depression in leads V2–V5 thus mimicking the
ST-segment response elicited by selective reopening of 1 of
the 2 occluded vessels in our pigs.

Patients with acute myocardial infarction caused by single
occlusion of the distal LAD may also present with an ECG
pattern of combined ST-segment elevation in inferior leads
and in anterior leads.6 In these patients, elevation of the ST
segment in inferior leads was thought to occur whenever the
basal anterior LV wall was spared and the apical portion of
the LV inferior wall was affected because the occluded LAD
wrapped around the apex supplying this region.7 The differ-
entiation between patients with single occlusion of the distal
LAD and those with double LAD and RCA occlusion is of
clinical relevance because the latter group of patients had a
worse prognosis. Although these patients may share a
comparable ST-segment elevation pattern involving the
precordial and inferior leads, we observed that double
LAD and RCA occlusion elicited ST-segment depression
in leads I and aVL in our pigs and also in clinical case reports
of combined LAD and RCA occlusion.2–5 Important to make
the distinction is the absence of ST-segment depression in
leads I and aVL in patients with a single distal LAD
occlusion.6,20

Patients with multivessel coronary atherosclerotic disease
can develop simultaneous ischemia at various myocardial
regions under conditions of low cardiac output or increased
myocardial oxygen demands; therefore, the resultant ische-
mic ST-segment changes could be cancelled. During exer-
cise testing, this may lead to a falsely negative ECG response
in patients with multivessel disease.1
Study limitations
The patterns of ST-segment cancellation described in this
study are valid for models of acute transmural myocardial
ischemia and therefore might not apply when the combined
ischemia in opposite regions is limited to the subendocardial
layers. Although it is conceivable that combined subendo-
cardial ischemia in opposite regions would also result into
cancellation of ST-segment depression, this assumption has
not yet been verified in experimental models of ongoing
stable subendocardial ischemia.

During RCA occlusion, the magnitude of reciprocal ST
depression in the precordial leads was greater than that of ST
elevation in the inferior leads. This finding is in contrast with
current clinical practice and likely could be explained by the
fact that the pig heart is in close contact with the chest wall,
and therefore the cardiac electrical potentials might be
preferentially projected on the precordial than inferior
ECG leads.

The time course of ischemic ST-segment changes in the
in situ heart evolve more rapidly than in the isolated
unloaded heart; therefore, the duration of ischemia in both
models might not be fully comparable. However, after 5
minutes of coronary occlusion, the magnitude of ST-segment
elevation in the local electrograms was remarkable (about 3
times greater than that recorded in the ECG leads), and this
permitted assessment of ST-segment behavior after selective
release of 1 occluded vessel in the isolated heart.
Conclusion
Simultaneous acute myocardial ischemia in opposite ven-
tricular regions exerted a noticeable cancellation of both ST-
segment elevation and reciprocal ST segment depression in
the conventional 12-lead ECG. In contrast, this phenomenon
was nearly absent in local transmural electrograms recorded
directly in ischemic myocardial regions.
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CLINICAL PERSPECTIVES
Using an experimental model close to human cardiac electrophysiology, we disclosed the cancelling effect elicited by
extensive myocardial ischemia on ECG ST-segment patterns. Compared with 1-site ischemia induced by single LAD or
RCA occlusion, extensive ischemia induced by simultaneous LAD and RCA occlusion depicted less ST-segment elevation
and absence of reciprocal ST-segment changes. Thus, the ECG patterns currently used to identify the occluded coronary
artery will not be fully applicable if ischemia developed simultaneously in 2 opposite myocardial regions.

In clinical practice, ischemia in opposite myocardial regions may develop in patients with multivessel coronary
atherosclerotic disease during increased myocardial oxygen demands (ie, exercise testing) or in those presenting with
simultaneous occlusion of 2 coronary vessels, but the resultant ECG patterns have not been well characterized. Our
observations may help improve the ECG diagnosis of transmural myocardial ischemia in opposite cardiac regions in
patients with acute coronary syndromes. However, in patients with diffuse ischemia limited to the subendocardial regions,
the cancelling effect on ECG changes would need to be confirmed using purposely designed models of stable acute
subendocardial ischemia.

Our findings in the isolated heart further indicated that the cancelling effect on ST-segment behavior is more apparent in
peripheral ECG leads than in local extracellular electrograms.
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DISCUSIÓN 

 

Este trabajo aporta información traslacional original sobre el mecanismo 

electrofisiológico e implicaciones clínicas de las alteraciones del segmento ST y 

del complejo QRS en el curso del infarto agudo de miocardio producido por 

oclusión arterial coronaria. La parte experimental se ha realizado en un modelo 

porcino de corazón in situ y corazón aislado perfundido por la técnica de 

Langendorff. La parte clínica se ha realizado en una cohorte de pacientes con 

infarto agudo de miocardio sometidos a angioplastia primaria, en quienes se 

dispone de información fehaciente de la localización de la oclusión arterial 

coronaria. 

 

1. Génesis y comportamiento de los cambios recíprocos del segmento 

ST y del complejo QRS 

 

El Artículo 1 (Noriega FJ et al, Heart Rhythm 2013) muestra que en un modelo 

porcino de isquemia miocárdica aguda producida por una oclusión arterial 

coronaria única, es decir, sin isquemia subendocárdica asociada, se observa 

depresión recíproca del segmento ST y crecimiento de la onda S en las 

derivaciones del ECG no enfrentadas al área isquémica, mientras que esos 

cambios se encuentran ausentes en los electrogramas locales registrados 

directamente en las regiones miocárdicas no isquémicas. 
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Dos han sido los mecanismos que clásicamente se han empleado para explicar 

la aparición de los cambios recíprocos del segmento ST en el transcurso de un 

infarto: proyección a distancia de los cambios directos del segmento ST 

generados en el área isquémica (20-26), o verdadera alteración del segmento 

ST debida a la presencia de isquemia subendocárdica añadida a distancia (27-

29). Las características del modelo, basadas en la oclusión coronaria única, 

con ausencia de enfermedad aterosclerótica en el resto de arterias corroborada 

por coronariografía, permiten descartar la isquemia subendocárdica añadida, lo 

que impide que ésta sea, por tanto, un mecanismo generador de los cambios 

recíprocos. 

 

Las corrientes de lesión generadas por la diferencia de potencial de membrana 

entre las células del área isquémica y las del área no isquémica son las 

responsables de la elevación del segmento ST en las derivaciones del ECG 

enfrentadas al área isquémica (18-19). El hecho de registrar depresión del 

segmento ST en las derivaciones alejadas del área isquémica en el ECG 

convencional, pero su ausencia en los electrogramas locales correspondientes 

a las mismas regiones no isquémicas, demuestra que no hay una verdadera 

propagación de la corriente de lesión desde la zona isquémica hasta las 

regiones distantes de miocardio no isquémico, sino que su presencia se debe a 

las características del sistema de registro del ECG convencional, en 

concordancia con la teoría de ángulo sólido (16, 37). 
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La isquemia miocárdica aguda reduce la velocidad de propagación del frente 

de activación local, lo que genera un crecimiento de la onda R y un 

ensanchamiento del QRS en los electrogramas locales (19). El crecimiento de 

la onda S observado en nuestro estudio en las derivaciones del ECG alejadas 

del área isquémica podría ser considerado como una proyección recíproca del 

crecimiento de la onda R generado en el área isquémica. La ausencia de dicho 

crecimiento recíproco de la onda S en los electrogramas locales situados en las 

regiones no isquémicas, al igual que ocurría con los cambios recíprocos del 

segmento ST, se explica también por la teoría del ángulo sólido (16, 37). 

 

2. Correlación entre los patrones del segmento ST y la angiografía 

coronaria 

 

Las alteraciones del ECG registradas durante la isquemia miocárdica aguda 

fueron por primera vez mencionadas en 1920 (38). Desde entonces, múltiples 

estudios, tanto clínicos (31-36, 39-43) como experimentales (18-19, 44-48), han 

descrito exhaustivamente los cambios electrocardiográficos acaecidos durante 

un infarto agudo de miocardio, estableciendo una correlación eléctrica y 

anatómica. Se describen así unos patrones electrocardiográficos específicos 

que permiten realizar una aproximación de la localización de la oclusión arterial 

coronaria responsable de la isquemia miocárdica (31-36). 

 

El Artículo 2 (Noriega FJ et al, Am J Cardiol 2014), en el que se analizan los 

ECG de 289 pacientes afectos de un infarto agudo de miocardio, muestra los 
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diversos patrones electrocardiográficos combinados de ascensos y descensos 

del segmento ST en función de la localización de la oclusión arterial coronaria. 

Dichos patrones están en concordancia con los registros realizados en el 

modelo experimental de isquemia miocárdica, descritos en el Artículo 1. 

 

La presencia de cambios recíprocos en las derivaciones inferiores en el 

transcurso de un infarto anterior solo se ve en los pacientes que presentan 

oclusión de la arteria descendente anterior a nivel proximal, con mayor 

extensión del infarto, y no en los que presentan oclusión de la arteria 

descendente anterior a nivel medio o distal (31-34). Dichos hallazgos se 

encuentran presentes tanto en nuestro modelo experimental como en el 

registro clínico. 

 

La oclusiones de las arterias coronaria derecha o circunfleja muestran un 

patrón electrocardiográfico similar tanto en oclusiones proximales como medio-

distales, consistente en elevación del segmento ST en derivaciones inferiores y 

descenso recíproco del segmento ST en aVL y V2. Diversos criterios se han 

descrito para diferenciar los patrones electrocardiográficos de oclusión de 

coronaria derecha y de circunfleja (35-36). Nuestros datos recogen, 

adicionalmente, la elevación del segmento ST en la derivación V6 como otro 

posible criterio sugestivo de oclusión de circunfleja, aunque dicho hallazgo 

deberá ser corroborado con estudios que incluyan un mayor número de 

pacientes. 
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3. Comportamiento del segmento ST en la enfermedad coronaria 

multivaso 

 

Los diversos patrones electrocardiográficos descritos en el transcurso de un 

infarto agudo de miocardio, y su correlación angiográfica, se basan en estudios 

realizados a partir de oclusiones coronarias únicas (31-36). No obstante, dichos 

patrones no han sido validados en pacientes con enfermedad arterial coronaria 

múltiple, pudiendo verse afectados por la potencial presencia de isquemia 

miocárdica simultánea en varios territorios. 

 

El Artículo 2 (Noriega FJ et al, Am J Cardiol 2014) establece que los patrones 

electrocardiográficos que identifican la arteria coronaria responsable son 

válidos en presencia de enfermedad multivaso, presentando solamente sutiles 

diferencias en algunas derivaciones concretas. Estas diferencias consisten 

básicamente en una mayor expansión de los cambios recíprocos en los casos 

de enfermedad multivaso. 

 

En el infarto anterior por oclusión de la arteria descendente anterior proximal, la 

presencia de enfermedad multivaso aumenta la magnitud de los cambios 

recíprocos en derivaciones inferiores, en los casos en los que se encuentra 

ocluida la primera rama septal. En el infarto inferior, los cambios recíprocos que 

afectan a las derivaciones V2-V3 en las oclusiones de la arteria coronaria 

derecha o de la arteria circunfleja, se extienden hasta la derivación V4 en 

presencia de enfermedad multivaso. 



90 

 

Aunque no podemos establecer el mecanismo de estas diferencias, los 

pacientes con enfermedad multivaso podrían desarrollar adicionalmente 

isquemia subendocárdica a distancia, pudiendo observarse  una magnificación 

de los cambios recíprocos del segmento ST (49). 

 

4. Isquemia miocárdica simultánea en dos regiones opuestas  

 

El artículo 3 (Cinca J et al, Heart Rhythm 2014) muestra que en un modelo 

porcino de isquemia miocárdica aguda en dos territorios opuestos, producida 

por oclusión simultánea de dos arterias coronarias, se observa una cancelación 

de las alteraciones del segmento ST, tanto directas como recíprocas, 

registradas en el ECG de superficie. Sin embargo, dicha cancelación es 

prácticamente inapreciable en los electrogramas locales registrados 

directamente en las regiones miocárdicas isquémicas. 

 

Dos mecanismos potenciales podrían explicar la atenuación de los cambios del 

segmento ST durante la isquemia miocárdica simultánea: precondicionamiento 

producido por periodos previos de isquemia en uno o ambos territorios 

isquémicos (50-51), o verdadera cancelación del potencial eléctrico debida a la 

localización opuesta de las dos regiones isquémicas. 

 

El diseño de nuestro modelo, que nos permitía realizar un registro continuo del 

ECG durante las oclusiones coronarias y también durante las aperturas 
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arteriales, muestra como durante la oclusión arterial simultánea, tras la apertura 

selectiva de una de las dos arterias, se produce en escasos segundos una 

reversión de la elevación del segmento ST en las derivaciones 

correspondientes al área reperfundida, junto con la desaparición inmediata de 

la cancelación eléctrica en las derivaciones correspondientes al área que 

persiste isquémica. Tales hallazgos sugieren que dichas modificaciones se 

deban a una verdadera cancelación eléctrica, mientras que si fuera el 

precondicionamiento isquémico el responsable, no se observaría recuperación 

de la cancelación tras la apertura de una de las arterias coronarias de forma 

tan inmediata. 

 

Aunque la teoría del ángulo sólido no ha sido empleada para describir la 

cancelación eléctrica producida por dos áreas isquémicas simultáneas, puede 

inferirse de ésta que los ángulos sólidos creados desde un electrodo explorador 

sobre dos áreas isquémicas enfrentadas presentarán magnitudes opuestas, 

acercándose la magnitud resultante a cero (16, 52). 
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CONCLUSIONES 

 

• Las alteraciones recíprocas del segmento ST y del complejo QRS 

producidas por oclusión arterial coronaria aguda se encuentran 

presentes sin necesidad de que exista isquemia subendocárdica 

añadida a distancia, y se deben a las características del sistema de 

registro del ECG. 

• Las alteraciones recíprocas del segmento ST permiten, cuando se 

integran a las alteraciones directas, realizar una aproximación más 

precisa de la localización de la oclusión arterial coronaria. 

• La presencia de cambios recíprocos en derivaciones inferiores en el 

transcurso de un infarto anterior es indicativa de isquemia extensa 

debida a oclusión coronaria de la arteria descendente anterior a nivel 

proximal. 

• Los patrones electrocardiográficos de alteraciones del segmento ST 

producidos por oclusión arterial coronaria no se ven esencialmente 

modificados en presencia de enfermedad multivaso. 

• La isquemia miocárdica simultánea en dos regiones ventriculares 

opuestas, producida por oclusión de dos arterias coronarias, genera una 

cancelación de los cambios directos y recíprocos del segmento ST en el 

ECG convencional. 
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