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1.- Introduccién

1.1.- Bases de la actividad uterina

1.1.1.- Funcidn del utero

El Gtero es el 6rgano de la gestacion. Es el encargado de recibir el 6vulo fecundado,
asegurar su desarrollo durante el embarazo y su posterior expulsion una vez finalizado
el periodo de madurez. Durante el embarazo y el parto, el Gtero adapta su estructura y

morfologia.

1.1.2.- Situacion del atero

El Gtero esta situado en la parte media de la regién pélvica, por detras de la vejiga, por
delante del recto, medial a los ovarios y trompas y se continda caudalmente con la
vagina. Mientras que el cuerpo del Utero tapizado por el peritoneo hace relieve en la
cavidad peritoneal, el cuello esta enclavado en el tejido celular pelvi-subperitoneal que

le separa por delante de la vejiga y por detras del recto[1-3].

o trompa uterina (de Falopio)
o ovario

o cuerpo del dtero
o fondo del dtero
o vejiga urinana
o sinfisis del pubis
° uretra

o clitoris

o vagina

@ labio menor

0 labio mayor

Q recto

@ cuelio

0 ureter

Figura 1: Thibodeau GA, Patton KT. Estructura y funcion del cuerpo humano. 102 ed. Madrid: Harcourt Brace
1998. p. 392

Dado que se considera un o6rgano de gran movilidad en la elasticidad uterina, se
establecen dos parametros posicionales: direccién del Gtero considerado como 6rgano

aislado, y localizacion uterina en relacion a la pelvis ésea.
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1.1.2.1- Direccion del utero como 6rgano aislado
El punto central del uUtero queda establecido en la porcion inferior del istmo y
corresponde al punto de reunion del cuerpo y cuello. En relacion con dicho punto, el eje

cuerpo y eje del cuello forman un angulo en anteflexion[1].

1.1.2.2- Situacién del utero en relacién con la pelvis 6sea
El eje de la pelvis corresponde a la linea ublilico-coccigea, el punto central del Gtero en

relacidon con esta linea esta situado en anteversion.

Este posicionamiento en anteflexion y anteversion presenta pequefias y frecuentes
modificaciones, dado que en estados de vacuidad o replecion de las visceras
colindantes condiciona pequefios desplazamientos. En la mujer nulipara la anteversion
estd acompanada de un desplazamiento paramedial derecho, por el contrario en la
multipara, se mantiene la anteversion, sin embargo la anteflexiébn disminuye de modo

evidente[1].

1.1.3- Caracteristicas morfologicas uterinas

El utero es un érgano muscular hueco, que tiene forma de una pera achatada cuya
porcibn mas delgada esta dirigida hacia abajo, situado en la cavidad pelviana, entre la
vejiga y el recto. Comprende dos grandes segmentos: el cuerpo y el cuello. Entre los
cuales se intercala el istmo, que anatémicamente e histologicamente representa una

region de transicion[1, 2].

El cuerpo del Utero es la porcidn superior, de forma aplanada y triangular. Constituye el
segmento mas activo del Gtero. El Gtero no gestante pesa entre 40 y 70 gr y tiene una
capacidad de 20 mL. El Gtero a término pesa entre 1100 y 1200 gr y tiene una capacidad
promedio de 5 L. Durante el embarazo el Utero aumenta en tamafio, peso y capacidad.
La forma del Utero cambia de una forma predominantemente de pera a una forma
globular esférica en la semana 12 a 16 de gestacién. A medida que la gestacién alcanza
el segundo trimestre el Utero adquiere forma ovoide asociada con un adelgazamiento
gradual de la pared uterina. El istmo, o la parte baja del utero, decrece en nimero de

células tornandose mas delgado, hipertrofiandose y tornandose algo distensible[3].

El cuello uterino o cérvix es la parte inferior del Gtero; mide aproximadamente entre 20
y 30 mm de longitud tiene forma convexa y se divide en el hocico de tenca (o parte
expuesta a vagina) y el conducto endocervical (que se abre a la cavidad endometrial).
Ambas partes presentan epitelios distintos (escamoso y columnar), que se unen en la
zona de transformacién. Esta formado principalmente por tejido fibroso conectivo
compuesto por matrices extracelulares como: colageno, elastina y proteoglicano. En

menor medida el cérvix también presenta una porcion celular formada por células de

12



musculo liso, fibroblastos, epitelio y vasos sanguineos. A lo largo de la gestacion el
cérvix sufre numerosos alteraciones resultando en su adelgazamiento y acortamiento,
considerandose como la maduracion y borramiento del cérvix necesario para el parto

vaginal[1, 2].

El Gtero se desarrolla durante el periodo de vida fetal a partir de los conductos de Miller,
que forman dos tubos cuyos extremos se fusionan dando lugar al cuerpo y cuello del
Utero. Previo a la fusion de los conductos en torno al 4 mes de gestacion se forma la
musculatura uterina. El Gtero adulto, presenta una estructura muscular que en cada

hemiltero es igual, pero con direccion opuesta[1, 3].

La estructura del Gtero (figura 2) se compone de tres capas, que de dentro hacia afuera
son: el endometrio, que es la capa de la mucosa interna, el miometrio, que es la capa
de musculo liso, y el perimetrio, o cubierta peritoneal que es la capa que recubre las
caras anterior y posterior del cuerpo del Utero, al cual esta intimamente adherido, y la

porcion superior del cérvix extendiéndose hasta el recto[1].

LONGITUDINAL | capa

77— CAPA EXTERNA
l:lL_ CIRCULAR

___ CAPAMEDIA
PLEXIFORME

~8 - CAPA INTERNA CIRCULAR
S$R  mucosa
(ENDOMETRIO)

EPITELIO BN
CILINDRICO

Figura 2: Morfologia uterina (Jose Botella Llusia, 1997)
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1.1.3.1.- Endometrio

La mucosa esté constituida por epitelio cilindrico de cilios vibratorios. Recubre toda la
superficie interna del Gtero, continuandose con la mucosa de la vagina hacia el orificio
externo del cuello. Tiene entre uno y dos milimetros de espesor y esta fuertemente

adherida a la capa muscular subyacente[1].

1.1.3.2.- Miometrio

El miometrio es la capa muscular del Gtero formado por fibras musculares lisas
repartidas en tres capas que ocupan casi la totalidad del espesor del 6rgano. Mientras
que la capa muscular interna y externa estan formadas por fibras longitudinales y
transversales, la capa media, capa plexiforme o neomiometrio, estd conformada por

fibras y sistemas de fasciculares orientados en todos los sentidos[1].

1.1.3.2.1.- Capa externa

Esta formada por fibras longitudinales y transversales. Las fibras longitudinales forman
un fasciculo aplanado que se distribuye por la cara anterior, fondo y cara posterior
uterina, formando un asa o herradura, constituyendo en su conjunto un fasciculo
ansiforme. Las fibras transversales, situadas en una capa interior a las longitudinales,
constituyen un plano continuo y regular. Cuando alcanzan el cuello, fasciculos aislados
e independientes establecen continuidad con las fibras vesicales y los ligamentos Utero-

sacros.[1]

1.1.3.2.2.- Capa media

Conforma una capa muy gruesa que se origina en la capa circular de las trompas de
Fallopio. Sus fibras son en espiral y a medida que recorren su trayecto penetran mas
profundamente en la pared. Estas espirales se forma en torno a un eje imaginario de los
conductos de Mdller. Las espirales de cada hemiutero tienden a ser verticales en los
cuernos y horizontales cerca del cuello, al entrecruzarse con las fibras del hemiutero
opuesto forman angulos rectos en el fondo y obtusos en las proximidades del cérvix.
Las fibras forman multitud de mallas que encierran y circunscriben a los senos

venosos[1, 3].

1.1.3.2.3.- Capa interna

Formada por fibras longitudinales agrupadas en fasciculos longitudinales y horizontales.
Los longitudinales se extienden de una trompa a la otra conformando el fondo uterino,
los horizontales se sitian internamente a modo de anillos concéntricos en contacto

directo con el endometrio[1].
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En las etapas tempranas de la gestacion hay un incremento en el nimero de células
miometriales, asi mismo éstas incrementan su tamafio de 50 um a 500 um en longitud
y de 5 a 15 um en anchura. A medida que las células aumentan su tamafio, también se
incrementa el numero de receptores de oxitocina en su membrana celular (Ivell et al
2001). ElI aumento de tamafio en las células miometriales va acompafiado de un

incremento de tejido fibroso y conectivo que envuelve las células miometriales[3].

1.1.3.3.- Perimetrio

Es el peritoneo pélvico que tapiza el Gtero. El peritoneo se fija al istmo y se extiende
desde arriba hacia abajo por la cara anterior del Utero a la que cubre en toda su
extension. En el fondo uterino, el peritoneo se desliza y desciende por su cara posterior
hasta la interseccion de la vagina, prolongandose sobre la superficie antero-lateral del

recto[1].
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1.2.- Comienzo del parto y bioquimica de la contraccion uterina

Resulta fundamental saber cuando comienza un parto, y sin embargo, es una de las

incégnitas que todavia prevalece en el mundo de la obstetricia.

Durante la gestacion el cuerpo del Utero debe mantenerse quiescente para actuar como
una incubadora del feto y no como motor contractil que trate de expulsarlo al exterior. El
cérvix debe actuar como un mecanismo oclusor, manteniéndose rigido y competente
durante la gestacién, impidiendo asi que el feto sea expulsado por la fuerza de la

gravedad|3].

El parto es por lo tanto un cambio en la fisiologia de las dos partes del Gtero. La relacion
causal de los cambios interrelacionados entre el cuello del Gtero y el cuerpo del Gtero
sigue siendo motivo de discusion. Se considera que existe una interaccion entre la
dindmica uterina y la competencia cervical, favoreciéndose uno con la progresiéon del
otro. Sin embargo, existen casos de incompetencia cervical sin contracciones y existen
frecuentes casos de fracaso de induccion al parto con oxitocina por no alcanzar
maduracion cervical aceptable. Concluyéndose que ambos deben acaecer
simultdneamente, para que la duracion del embarazo y la progresion del parto sean

normales[3].

1.2.1.- Actividad mecéanica del utero

El papel de las contracciones durante el parto es fundamental. El feto no tiene conducta
activa en el trabajo de parto, siendo considerado un elemento movil pasivo. Las
contracciones del musculo liso uterino o miometrio tienen como resultado directo el
aumento de la presion intra Gtero (IUP) [4], que suministran la fuerza y presioén que hara
progresar al feto dentro del canal del parto hasta ser expulsado fuera de la placenta.
Durante el trabajo de parto, las contracciones uterinas provocan un ascenso de la
presion arterial sistélica y diastolica, debido a que cada contraccién mayor de 25 — 30

mmHg de presion intrauterina, expulsa del ttero entre 250 y 300 ml de sangre.

Una contraccion uterina (figura 3) tiene una fase de ascenso rapido, un punto de maxima
presion o acmé y una fase de descenso inicial rapido y que posteriormente se hace mas

lento.

1.2.2.- La contraccion uterina

Durante el embarazo hay un aumento del contenido de filamentos de actina y miosina
en las células del musculo liso miometrial, se establecen paulatinamente gap junctions
entre las células, para convertirse asi todo el miometrio en un reticulo, donde los

cambios de una célula se transmitan facilmente a sus células cercanas. Esta modifica-
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Figura 3: Dos contracciones uterinas registradas con catéter de presion intrauterina. En la primera

contraccion se muestra las fases de actuacion de la misma: ascenso rapido (1), acmé (2), descenso inicial

rapido (3), descenso final (4)

constituye la base biofisica y bioquimica de la evolucién de la contractilidad uterina a lo
largo de la gestacién, preparando asi las células para una adecuada contractilidad
durante el parto. La administracion de estrégenos reproduce los mismos efectos, por lo

tanto, esta hormona seria la responsable de esta evolucion.

1.2.3.- Aspectos béasicos de la contraccion celular

Las contracciones en las células del musculo liso ocurren en el sarcomero que esta
formado por actina y miosina. Las contracciones del musculo liso son debidas al
deslizamiento de los filamentos finos actina y gruesos miosina unos sobre otros. Aungque
estos movimientos son similares en todos los musculos, incluido el miometrio, el
musculo liso presenta diversas particularidades. EI musculo liso no presenta la
estructura estriada en los filamentos de actina y miosina que si se da en el musculo
esquelético. A diferencia del musculo esquelético, los puentes cruzados de los
filamentos de miosina del musculo liso, estan dispuestos de modo que los puentes
cruzados unidos a los filamentos de actina estan en sentidos opuestos en cada una de
las uniones del filamento de actina. De este modo la miosina tira de los filamentos de
actina de un lado en un sentido y simultaneamente del otro en el sentido opuesto,
permitiendo que el acortamiento celular en el musculo liso sea del 80% de su longitud,

frente al 30% del musculo esquelético[5].

Mientras que el musculo esquelético se contrae y relaja rapidamente, el musculo liso
presenta contracciones tonicas prolongadas. Ademas para mantener la misma tension
de contraccidon que el musculo esquelético, el muasculo liso requiere menor gasto

energético.

La miosina esta constituida por dos cadenas pesadas idénticas y dos pares de cadenas

ligeras. Cada cadena pesada tiene una cabeza globular que se une a la actina formando
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puentes cruzados. La interacciéon de actina-miosina esta regulada por complejo Ca?*
CaM aumenta la actividad de los filamentos de actina y miosina. Este complejo se une
a la enzima miosina cadena ligera kinasa (MLCK) activandola, fosforilando las cadenas
ligeras de miosina, donde el trifosfato de adenosina (ATP) se degrada mediante
hidrolisis a difosfato de adenosina (ADP) produciendo un cambio conformacional en la
miosina. Las cabezas globulares de la miosina arrastran los filamentos de actina a lo
largo de una pequenfa distancia (10-12 nm), acortando el masculo y generando de esta
manera fuerza y movimiento [5, 6]. La figura 4 muestra todo el proceso anteriormente

descrito.

Ca2+ [t > CaM

A 4

Misosinguinasa
de cadena corta

! '

ATP o > Miosina

ADP Miosin-Fosfato > Actina
ATP - »  Actinomiosina-P
ADP Contraccion

Figura 4: Representacion esquematica del mecanismo de la contraccion uterina. La miosina se fosforila
para unirse a la actina, resultado asi una proteina contractil (Jose Botella Llusia, 1997)

1.2.4.- Bases tedricas para la actividad mecanica y eléctrica

La contraccion y relajacién uterina es una consecuencia directa de la actividad eléctrica
de las células miometriales de la capa de musculo liso anteriormente expuestas. La
membrana celular constituye una barrera permeable a muchas moléculas biologicas. El

potencial de membrana es debido a la existencia de diferentes concentraciones iénicas
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entre el espacio intracelular y extraceluar. Esta atribuido a diferentes canales selectivos
de iones como son el calcio (Ca?*), sodio (Na*), potasio (K*) y cloro (CI) [7]. La
permeabilidad de estos canales i6nicos esta regulada por una amplia variedad de
sefales. Los iones se mueven a través de estos canales en el sentido que esta

determinado por la concentracion i6nica en cada lado de la membrana.

La actividad eléctrica a nivel celular desencadena la contraccion de las fibras
musculares. El resultado mecéanico de este efecto depende de dos parametros
involucrados en el proceso contractil: excitacién, es decir, potencial de reposo y

potencial de accion y propagacion de la actividad eléctrica.

1.2.5.- Excitabilidad celular
La excitabilidad de los miocitos uterinos depende del intercambio de iones Na*, Ca?*

and CI- entre el espacio intracelular y el extracelular.

1.2.5.1.- Potencial de reposo

El potencial de reposo de membrana estd determinado por la permeabilidad y las
concentraciones relativas de Na*, K*, y CI-. Fuera de la célula hay mayor concentracion
de iones Na*, Ca?*, y CI. Dentro de la célula es mayor la concentraciéon de ion K*. El
potencial de membrana (Vrest) de los miocitos uterinos esta generalmente en el rango de
— 65 a—80mV [8, 9]. El miometrio presenta aceleraciones ritmicas con una frecuencia
menor a 0.03 Hz [10] en el potencial de membrana debido a fluctuaciones en el potencial
de reposo, denominadas ondas lentas o slow waves [9, 11, 12]. Estas ondas lentas
muestran la distribucion de Na*, K*, Ca?*y CI- entre el medio extracelular y el intracelular,
que a su vez refleja la permeabilidad de la membrana plasmatica a cada uno de estos
iones [8, 12]. El Ca?* es el ion mas relevante, teniendo una concentracion 104 veces
mayor en el medio extracelular que en el medio citoplasmatico. Ello propicia la abertura
de los canales Ca?* dando lugar a un aumento rapido y significativo de este ion en el

medio intracelular [8, 9].

1.2.5.2.- Potencial de accion

El potencial de accion esta relacionado con cambios drasticos en la permeabilidad de la
membrana relativos a los iones K*, Na*, y CI- . Cuando se alcanza cierto potencial
umbral, se produce una despolarizacién rapida que genera el potencial de accién
cambiando desde el potencial de reposo de entorno a — 35 a — 80 mV hasta alrededor
de los + 12mV a + 25mV [13]. El potencial de accion se atribuye a la entrada de Ca?* a
través de los canales voltaje dependientes de Ca?*, y posiblemente al final del embarazo

por los canales rapidos de Na* [12, 14].
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Los potenciales de accion normalmente ocurren en trenes de picos o spike burts que
pueden caracterizarse en dos tipos de frecuencias: En humanos la frecuencia F1 (<0.1
Hz) representa la ocurrencia de los trenes de los trenes de picos y refleja la excitabilidad
de la célula. La frecuencia F2 (1 a 10 Hz) es la frecuencia intrinseca de cada tren de
picos y esta relacionada con la intensidad de la actividad mecanica [15]. La frecuencia
de las descargas de los trenes de potenciales de accion y el nimero de picos en cada
uno de ellos varian considerablemente, dependiendo de factores gestacionales,

hormonales y farmacolégicos.

1.2.6.- Propagacion de la sefal eléctrica

1.2.6.1.- Células marcapasos

Hasta la fecha no hay evidencias de células marcapasos localizadas en un lugar
concreto en el miometrio. Distintos estudios en tejido miometrial aislado sugieren que el
comportamiento contractil espontaneo es inherente a los miocitos[16] evidenciandose
que cualquier célula, puede convertirse en marcapasos con la aplicacion de agentes
oxitotéxicos[17] generando la contraccion y después propagandose a células vecinas
[18]. Por ello se considera que cada célula puede actuar como marcapasos 0 como
célula seguidora del impulso eléctrico y que su comportamiento puede cambiar de una

contraccioén a otra[10].

1.2.6.2.- Gap junctions

Las gap junctions son canales intercelulares formados por proteinas conexinas que
conectan el interior de dos células miometriales facilitando al abrirse la comunicacién
eléctrica y metabdlica entre ellas[19, 20]. La presencia de gap junctions esta controlada
por la concentracién de estrogenos y de progesterona. En especies de mamiferos
pequefios, el nimero y el tamafio de gap junctions aumenta rapidamente previo al inicio
del trabajo de parto término o pretérmino[6, 20, 21]. Concretamente en el miometrio
humano se ha encontrado mayor nimero de gap junctions en mujeres que iniciaron el
parto espontdneamente que en gestantes que aun no han iniciado el trabajo de parto o
que en Gteros no gravidos [22]. La comunicacién celular a través de estas uniones
intercelulares facilita la excitacion sincronizada de un gran nimero de fibras musculares

miometriales.

Durante la gestacion el miometrio presenta actividad eléctrica desordenada y débil. El
namero de gap junctions es bajo, beneficiando la quiescencia del miometrio y el
mantenimiento del embarazo. Al alcanzar gestacién a término se produce un aumento
rapido de las gap junctions permitiendo la propagacion mas rapida de los potenciales de

accion y favoreciendo la evolucion coordinada de las contracciones uterinas ayudando
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al feto a descender por el canal del parto. Después del parto las gap junctions
desaparecen rapidamente como resultado de la endocitosis, descendiendo

simultdneamente la excitabilidad y la contractilidad del musculo liso miometrial [6, 10].

1.2.7.- Efecto de las contracciones uterinas

El resultado directo de las contracciones uterinas es un aumento de la presién
intrauterina (IUP) como consecuencia del aumento de la presién hidrostatica del liquido
amniético dentro del Gtero gravido. El tono es la presidon mas baja registrada entre las
contracciones. La intensidad es el aumento de presién intrauterina causado por cada
contraccion. La frecuencia se expresa por el nimero de contracciones producidas en 10
minutos. El intervalo es el tiempo que transcurre entre los vértices de dos contracciones
consecutivas, El intervalo entre las contracciones varia en razén de inversa de la

frecuencia de las contracciones (figura 3).

1.2.8.- Contractilidad uterina durante el embarazo y el parto.
La actividad uterina se cuantifica como el producto de la frecuencia por la intensidad de
las contracciones uterinas y se expresa en mmHg por 10 minutos o unidades

Montevideo.

1.2.8.1.- Embarazo
Durante las 30 primeras semanas de gestacién el tono uterino se encuentra en el rango
de 3 a 8 mmHg con una actividad uterina menor a 20 unidades Montevideo. Existiendo

dos tipos de contracciones:

e Tipo a: Tienen una frecuencia de 1 contraccion por minuto y de poca intensidad
(2 — 4 mmHg) estando localizadas en pequefias areas del Utero.

e Tipo b: Tienen una frecuencia muy baja que va en aumento a medida que el
embarazo progresa, teniendo una intensidad que varia entre los 10 y los 15
mmHg, extendiéndose por areas grandes del Gtero. Este tipo de contracciones

se denomina contracciones de Braxton-Hicks.

1.2.8.2.- Preparto

Es el periodo que corresponde a las Ultimas semanas de gravidez. Es un periodo de
actividad uterina creciente. Después de la semana 30 de gestacion, se produce un
aumento paulatino de la frecuencia y de la intensidad de las contracciones de Braxton-
Hicks, invadiendo progresivamente areas mayores del Gtero y adquiriendo un ritmo
contractil mas regular. Durante este periodo también se dan las contracciones tipo a,
que van desapareciendo a medida que el parto progresa, desapareciendo por completo

en los partos normales[23].
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1.2.8.3.- Parto
No existiendo
progresiva en

parto se basa

un limite claro entre el preparto y parto, se da una transicion gradual y
las caracteristicas de las contracciones (ver figura 5). El diagnostico de

en la existencia de contracciones uterinas regulares, que causan el

borramiento y dilatacion progresiva del cuello uterino. Se puede dividir en tres periodos

(figura 6):

1° Periodo.

Dilatacién, se extiende desde el inicio de las contracciones

uterinas hasta que se alcanza la dilatacion cervical completa. Se divide en dos

fases:

a.

2° Periodo.

comple

Fase de latencia: Corresponde a las modificaciones del cuello uterino
hasta alcanzar las condiciones del inicio del parto. Se produce el
borramiento cervical. La frecuencia media es de 3 contracciones por cada
10 minutos con una intensidad promedio de 28 mmHg, teniendo por tanto
un promedio de 28 unidades Montevideo y estando el tono uterino
entorno a los 8 mm Hg[3, 23] Es la fase de mayor duracién del parto,
pudiendo ser de 8 a 20 h en primiparas y de 5 a 14 h en multiparas
Fase activa: Comienza cuando la dilatacion cervical progresa con rapidez
y finaliza con la dilatacién cervical completa. A medida que la dilatacion
progresa, la frecuencia e intensidad de las contracciones aumenta
gradualmente, alzando valores promedio al final del proceso de 4.2
contracciones por cada 10 minutos y 41 mmHg, respectivamente. Con
una media de 187 unidades Montevideo y un tono uterino medio de 10
mmHg[23]. La velocidad en la progresion de la dilatacién cervical es de
1 cm/h en primiparas y de 1.2 cm/h en multiparas. Dependiendo de la
velocidad de la dilatacién del cérvix, esta fase se puede dividir en tres
etapas:

i. Aceleracionde 2 a4 cm

ii. Velocidad maxima de 4 a9 cm

iii. Desaceleracion de 9 cm a completa

Expulsivo, comienza cuando se alcanza la dilatacion cervical

ta (10 cm) y termina con la expulsion del feto. La dilatacién completa del

cuello uterino concurre con un aumento de los pujos, donde la frecuencia de las

contracciones aumenta hasta 5 en 10 minutos y una intensidad promedio de 47

mmHg.

La actividad uterina promedio en este periodo es de 235 unidades

Montevideo, con un tono uterino de 12 mmHg [23].El feto pasa, a través del canal

del parto, desde el interior del Utero hasta el medio ambiente externo. La
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duracion de este periodo en primiparas es de alrededor de 60 minutos y de 30

en multiparas.

3° Periodo. Alumbramiento,

transcurre entre el nacimiento del feto y la

separacion o desprendimiento de los anejos ovulares (placenta, cordon umbilical

y membranas amnidtica, corial y parte de la decidua) y su expulsién al exterior
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Figura 5: Contractilidad uterina durante el embarazo, el parto. El drea bajo la curva muestra los valores de la
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actividad uterina en unidades Montevideo. (Caldeyro Barcia y Poseiro, 1960)
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Stage 1

Initial (Latent) Phase Active Phase

Uterus Fetus

FEtS Uterus

Cervix Effaced Cervix

Vagina
Umbilical Cord Umbilical Cord

Stage 2 Stage 3

Placenta

Uterus

Umbilical
Clamp

Umbilical Cord Crowning
of the Head \fagina

Figura 6: Estados del parto. Licencia bajo Creative Commons CopylLeft.

1.2.9.- Monitorizacion clinica de la actividad uterina

La monitorizacibn materno-fetal tiene como objetivo el registro de las funciones
fisiolégicas vitales del feto y la madre durante la gestacion y el parto. La monitorizacion
de la actividad uterina permite evaluar la relacion entre las contracciones uterinas
maternas y el patrén de ritmo cardiaco fetal, previniendo de esta forma la morbilidad y
la mortalidad fetal debido al alto riego de hipoxia causada por una insuficiencia Utero-

placentaria.

La actividad uterina puede ser monitorizada con varios métodos. Cada método tiene sus
propias ventajas e inconvenientes y es mas o menos aplicable en segun qué
determinada situacion clinica. Los métodos usados en clinica para la monitorizacion de
las contracciones se dividen en técnicas de medida directa (internas) o indirecta

(externa) de la presion intrauterina.

1.2.9.1- Percepcidon materna
Es el método mas simple que proporciona informacién sobre la actividad uterina siendo

enteramente dependiente de la sensacion del paciente. Se requiere un aumento de unos
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15 mmHg para la distension del segmento inferior y del cuello uterino, siendo esa

distension el origen del dolor perceptible por la paciente[23]

No es un método fiable porque la percepcién de las contracciones varia de paciente a
paciente. Las pacientes en riesgo de parto prematuro solo perciben entre el 11y el 54%

de las contracciones detectadas con tocografia externa [24, 25].

La percepcion también depende del indice de masa corporal: las mujeres nuliparas con
un indice de masa corporal (IMC) de 20 kg/m? sienten el doble de contracciones (16.3%
frente al 7%) que pacientes obesas (IMC = 30 kg/m?). Siendo éstas Ultimas las que mas
dificultad tienen para percibir las contracciones[26].

1.2.9.2.- Palpaciéon manual

La percepcion manual de las contracciones requiere que éstas superen los 10 mmHg
de presion interna. Este umbral de percepcion esté influenciado por el grosor y el tono
de la pared abdominal y por la experiencia del obstetra. La evaluacion de la actividad
uterina con este método se ve comprometida por la imposibilidad de determinar
correctamente la duracion de las contracciones. El inicio y el final de la contraccién no
son perceptibles con este método. La intensidad de la misma tampoco puede ser medida
de forma precisa[23]. Por lo tanto, el Gnico parametro evaluable y medible con palpacion

manual es la frecuencia contractil[27].

1.2.9.3.- Tocografia externa

La tocografia externa o TOCO es mucho mas recomendable que la palpaciéon manual.
Es la técnica de monitorizaciobn mas utilizada en la actualidad. La actividad uterina se
detecta con el uso de un tocodinamometro externo. El tocodinamdmetro es un
dispositivo con un boton central sensible a la presién (Ver figura 7). Detecta la
contraccién miometrial por un cambio en la forma del Gtero. Durante la contraccion
uterina, el Utero se torna mas convexo y rota hacia la parte anterior de la pared
abdominal. Para su correcto funcionamiento el tocodinamdmetro requiere constante
recalibrado entre 15 — 20 mmHg de linea basal[28], y debe estar siempre correctamente
colocado: en gestaciones a término debe estar colocado en el fundus uterino, en
gestaciones pretérmino debe estar colocado debajo del obligo[29]. El tocodinamémetro
es sustentado en el lugar deseado mediante una cinta elastica periabdominal.
Proporciona registro continuo y no requiere constante atencién del progreso del parto

por el personal clinico.

La tocografia externa tiene la ventaja de ser totalmente inocua, no invasiva, es de
manejo sencillo y rapido. Puede ser utilizada con cuello uterino cerrado y con

membranas integras. La desventaja es que la monitorizacién con TOCO proporciona
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informacién cualitativa pero no cuantitativa. No provee informacién precisa de la medida
de la presion interna, no permite medir ni el tono ni la intensidad ni la duracién de las
contracciones. El TOCO esté influenciado por la presion intraamni6tica, también por la
tension muscular abdominal local, y por las contracciones abdominales debidas a la
respiraciébn materna, tos, o vomitos. La tensién de la correa, esto es, la fuerza con la
gque se mantiene apoyado, y que sustenta el tocodinamdmetro junto con el espesor de
la capa abdominal también influye en la medida de la intensidad de la contraccion[29]
Ademés el registro obtenido puede variar segin la zona en que se aplica el

tocodinamoémetro.

Figura 7: Tocodinamémetro

La calidad del trazado de la curva de las contracciones del registro proporcionado por
TOCO también esta altamente influenciada por la posicibn materna y por el IMC
materno, siendo de calidad muy baja en las pacientes obesas. Los mejores registros se
obtienen en posicién supina, que es la peor posicién en la que puede estar colocada la
madre, dado que podria provocar hipotension y reducir el flujo sanguineo debido a la
compresion de los grandes vasos[28]. La hipoxemia uterina resultante puede ir
precedida de contracciones débiles y constantes. Una posicion lateral o ladeada
aumenta el flujo sanguineo uterino y aunque puede reducir la frecuencia de las
contracciones uterinas, puede aumentar su duracion e intensidad. Estos cambios de
posicién de la paciente afectan altamente al TOCO provocando grandes cambios en el
tono de linea basal, requiriendo su correcto recalibrado[29]. Durante la fase de expulsivo

del parto, tanto los esfuerzos que conducen a los pujos, como éstos mismos, también
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interfieren en la calidad del trazado de la sefial monitorizada por el TOCO. En
situaciones como partos lentos o inducidos, donde la informacion del tono basal, la
duracion y la frecuencia de las contracciones es fundamental para los obstetras esta
técnica no proporciona la calidad de registro necesaria, por lo que debe considerarse
otras técnicas para poder obtener una correcta vigilancia sobre el estado del conjunto
materno fetal[28]

1.2.9.4.- Tocografia interna

Es la técnica mas precisa para monitorizar las contracciones. Esta técnica permite medir
la presion generada por el miometrio durante el parto y el alumbramiento[30], mediante
el uso de un catéter, con un sensor de presion, insertado en la cavidad uterina. Es
considerada el gold standard, sin embargo su uso no esta extendido: solo entre el 15%
y el 20% de todos los partos en USA durante 1997 usaron catéteres de presion

intrauterina (ver figura 8).

Figura 8: Catéter de presion intrauterina (IUP)

La medida de la presion intrauterina presenta multiples ventajas: permite medir el tono
basal, la amplitud, la duracién, la frecuencia y el tiempo de relajacion de las
contracciones[30], no se ve afectada por la posicion materna, es comoda para el

paciente y permite amniotransfusiones[28].

Al considerar la cavidad uterina como un sistema cerrado, se asume que la presion
hidrostatica deberia ser igual en cualquier punto, sin embargo dos trabajos
independientes cuestionan esta idea. Arulkumaran y colaboradores[31] estudiaron 1429
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contracciones de 90 pacientes divididas en dos grupos. En el grupo 1 se introdujeron
dos catéteres de presion intrauterina (IUPC) atados entre si dentro de la cavidad uterina.
En el grupo 2 se introducen los catéteres en posiciones aleatorias y separadas. Para los
dos grupos se calculo la diferencia de presion contraccion a contraccion y la presion
acumulada de las mismas. En el 86% de las contracciones se produjo una variacion de
menos de 5 mmHg y en 94% una variaciéon de 10 mmHg, para ambos grupos. La
diferencia de la presion acumulada vario menos de un 5%. En el estudio de similares
caracteristicas metodoldgicas realizado por Chua y cols [32] los registros de presion
interna del grupo 1 variaron hasta un maximo de 30 mmHg y en el grupo 2 de hasta 40
mmHg. Todos los catéteres fueron probados in vitro antes de su uso en paciente
obteniendo los mismos resultados para la medida de presién de prueba. Ambos grupos
concluyeron que aunque desconociendo el motivo que origina los diferentes cambios
locales de presion interna, las variaciones en la medida de la presién contraccién a
contraccién y las diferencias en la presién acumulada no son significativas,
considerando la tocografia interna como método mas preciso y el mas confiable para

manejar el parto.

No obstante, la tocografia interna no esta carente de ciertos riesgos, siendo considerada
una técnica altamente invasiva. La colocacion del catéter para la medicion de la presion
intrauterina requiere la ruptura de membranas. Complicaciones asociadas Yy
documentadas aunque infrecuentes son: perforaciones uterinas, hemorragia fetal,
debidas a la puncién de un vaso fetal o a desprendimiento de la placenta. Asimismo, se
ha sugerido que aumenta el riesgo de padecer infecciones intraamnioticas. Un estudio
prospectivo con 408 pacientes llevado a cabo por Soper y cols [33], reflejé que el 97.7%
de las pacientes que desarrollaron infeccién intraamniotica fueron monitorizadas con
catéter de presion intrauterina, frente al 69.6% del grupo que no sufrié infeccion. Ademas
se comprob6 que este factor de riesgo es independiente y no causado por cesarias

previas, por parto prolongado, examenes vaginales o debido a la ruptura de membranas.

Miles y et al[34], demostraron que no existe una buena correlacion entre las medidas de
intensidad y duracion obtenidas por la tocografia externa y por la interna. Sin embargo,
en la guia de actuaciéon de RCOG Green-top Guideline de 2004 se desaconseja el uso
rutinario del catéter de presion interna, reservandose su uso para situaciones de

obesidad materna para evitar hiperestimulaciones uterinas.

Todos los estudios defienden la necesidad de monitorizar la dindmica uterina para evitar

situaciones de riesgo. Como respuesta a esta necesidad y teniendo en cuenta las
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ventajas y limitaciones de las técnicas anteriormente expuestas, se propone la

electromiografia uterina o electrohisterografia como alternativa a éstas.

1.3.- Electrohisterograma

El electrohisterograma (EHG) o electromiograma uterino (EMG) es el resultado de la
captacién en superficie abdominal [10, 16, 35] de la actividad eléctrica resultante de la
despolarizacion y repolarizacion de billones de células de muasculo liso miometrial. Se
ha demostrado que el EHG esté sincronizado en el tiempo con la actividad contractil del
Utero en todas las especies incluyendo humanos[10]. Es una técnica con alta
especificidad y sensibilidad[16] que se postula como una herramienta poderosa para la
caracterizacion del estado del embarazo, dado que proporciona informacion util para
determinar cambios en el miometrio asociados al progreso de la gestacion y al inicio del
parto[10, 16]. También ha demostrado su capacidad para la monitorizacion del parto en
pacientes obesas describiendo un patrén de contracciones mejor correlacionado con el
obtenido por la tocografia interna que el obtenido por la tocografia externa[36]. Tal y
como se ha comentado en apartados anteriores, la actividad mioeléctrica es baja y
descoordinada al comienzo de la gestacion[13], pero se torna intensa y sincronizada
segun ésta va avanzando, alcanzando su pico maximo durante el parto[37]. En la figura
9 se muestra el tipico registro electromiogréafico de ratas embarazadas en diferentes
dias de gestacion. En el dia 18 la actividad eléctrica registrada en el Utero se
corresponde con las pequefias variaciones de la amplitud de la presién de acuerdo con
la carencia de actividad eléctrica detectada en superficie. El dia 21 la actividad eléctrica
del Utero se torna mas coordinada con la actividad eléctrica registrada en superficie. La
presidn se caracteriza por aumento de cambios regulares de baja amplitud que se
producen simultaneamente con las rafagas de actividad eléctrica. El dia 22 se produce
un incremento en la amplitud de la frecuencia de las rafagas eléctricas generadas por el
Utero. Cada rafaga generada en el Utero se acompafia de una rafaga correspondiente

en la superficie abdominal y por el cambio de presion regulares de gran amplitud.
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Figura 9 Registro electromiogréafico de Utero en modelo de rata en diferentes dias de gestacion. Ut: con electrodo
suturado en la pared uterina, AS: con de electrodo en superficie abdominal, IUP: sefial de presion intrauterina.
A) dia 18 de gestacion. B) dia 21 de gestacién. C) dia 22 de gestacion durante el parto. D) dia 19 de gestacion
después de induccion. Extraido de Buhimschi & Garfield 1996.

El EHG puede ser captado en las mujeres embarazadas a partir de la semana 18 de
gestacion[38], esta actividad varia segun sea el tipo de parto. Si comparamos la
actividad eléctrica de las pacientes que tuvieron parto espontaneo a término con las
pacientes con parto pretérmino y postérmino, la maxima actividad uterina fue alcanzada

por las primeras siendo también la mas frecuente[39, 40] y la menos por las
segundas[40]. En los tres tipos de parto expuestos, se produjo un aumento de la
actividad uterina durante los tres dias antes del inicio de trabajo del parto espontaneo.
Otros estudios han demostrado la capacidad del EHG para valorar la eficacia de las
contracciones[41]. Esta eficiencia esta relacionada con la capacidad de los trenes de
picos para propagarse a través del Gtero con el objetivo de reclutar el mayor nimero de
fibras musculares contrayéndose simultdneamente. Esta capacidad de deducir la
eficiencia de las contracciones a partir de las sefales eléctricas del Gtero es una de las
ventajas mas Utiles desde la perspectiva obstétrica[10], puesto que supone una
potencial herramienta para diagnosticar el parto espontaneo con unos dias de

antelacion.

1.3.1.- Andlisis del electrohisterograma

El electrohisterograma en contraccion esta compuesto de dos tipos de ondas: una onda
lenta (slow wave) con un periodo igual a la duracion de la contraccion (figura 10b) y una

onda rapida (fast wave) superpuesta a la onda lenta (figura 10c). La suma de ambas da
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lugar al electromiograma uterino o EHG. De las posibles componentes de sefal entre
contracciones, esto es del tono basal durante el periodo quiescente entre contracciones
poco se sabe. No se ha realizado ningun estudio especifico sobre la posibilidad de

extraer informacién electromiogréafica en esos periodos.

Anteriormente se ha descrito que la contraccién muscular esta asociada a un aumento
de presién en la cavidad intrauterina y tiene una actividad eléctrica también asociada
denominada burst o rafaga. Se han utilizado varios parametros para caracterizar las
rafagas en la sefial eléctrica uterina de EHG y su evolucion a lo largo del periodo de

gestacion.
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Figura 10: Descripcion tedrica del electrohisterograma. IUP: presion intrauterina. Extraido de Devedeux et
al. 1993

Los parametros mas frecuentemente utilizados para describir las rafagas son: su
duracion en segundos (s), la amplitud pico a pico en uV, la frecuencia de ocurrencia de
las rafagas (F1) y su contenido espectral (F2). En las tablas 1 y 2 se resume el valor
medio de estos parametros para diferentes especies proporcionados por autores que
han estudiado la actividad eléctrica durante el embarazo y durante el parto. Como se
puede observar existe una gran variabilidad intra-especie posiblemente debido a las
diferencias morfoldgicas e histoldégicas asociadas a cada una de ellas. Las rafagas
presentan una duracion que varia desde los 0.25 s en ratas hasta los 50 - 100 s [10, 42]
en humanos. La amplitud de las rafagas en las mismas especies varia desde 0.064 mV
hasta los 0.5 mV. Respecto al contenido espectral, algunos autores argumentan que F2
puede variar dentro de una misma rafaga llegando a la conclusién que existe una
relacién compleja entre la eficiencia de la contraccién y el contenido de ésta (F2) [43].

También ha sido documentado que la alimentacion y los periodos de oscuridad pueden
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afectar al contenido espectral del EHG[10]. En lo que respecta a F1 la literatura también

se muestra confusa en cuanto a la cuantificacion de éste parametro. Algunos autores

consideran que tres contracciones por cada 10 minutos durante el embarazo es normal,

mientras que otros consideran que mas de tres también es una situacién normal[10].

Slow
Fast wave
| Posicion Edad F1 wave
Afo Autores Especie ) D (s) )
Electrodo | Gestacional (CT/min)| F2 | Amp | F2 | Amp
(Hz)| (MmV) | (Hz) | (mV)
Cuerno Primer
1989| Legrand et al. | Rata ) ] 0.25| 40 0.064
uterino trimestra
Demianczuk et ] Cuerno ) 0.2-
1984 Conejo ) Termino 5 1-6
al. uterino 0.4
Taverne and Cuerno Tercer 6.2-
1985 Cabra ) ) 0.7-1.1
Scheerboom uterino trimestre | 8.3
Van Der Cuerno Tercer
1989 Perro ) ) 3-10| 2-5
Weyden et al. uterino trimestre
Van Der ) Cuerno Segundo |6.1-
1981 Oveja ) ) 1.3-1.8 <0.15
Weyden et al. uterino trimestre 7
Van Der ) Cuerno ] 7.5-
1981 Oveja ] Termino 0.5-0.9 <0.46
Weyden et al. uterino 9.2
] ) Segundo
1982| Harding etal. | Oveja | Interno ] 6 1
trimestre
i ) i Tercer 0.2-
1983| Toutain etal. | Oveja | Cervix ] 7 1.2
trimestre 0.6
) ) Cuerno Tercer 0.4-
1983| Toutain etal. | Oveja ) ] 8.2
uterino trimestre 0.6
] ) Tercer
1984| Siggeretal. | Oveja | Interno ) 4-10f 14
trimestre
) ) Tejido Tercer
1984| Sigger etal. | Oveja ] ] 4.5 3.5
aislado trimestre
Garcia-Villar et ) Cuerno Segundo
1984 Oveja ] ] 2.45
al. uterino trimestre
Garcia-Villar et ) ) Tercer
1984 Oveja | Cervix ] 6.8
al. trimestre
Garcia-Villar et ) Cuerno Tercer
1984 Oveja ) ] 8.3 | 0.96
al. uterino trimestre
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Segundo
1987| Haluska et al. | Pony | Interno ] >2 3
trimestre
] Tercer 0.1-
1982| Germain et al. | Mono | Interno ] 6 1
trimestre 0.3
Tercer 0.02-
1992| Mansour et al. | Mono | Interno ]
trimestre 4.7
Tercer
1986| Marque et al. |Humano| Externo ] 74 0.2-3
trimestre
Segundo | 30- 0.2-
1992| Gondry et al. |Humano| Externo ]
trimestre | 100 1.2
Tabla 1: Parametros electrohisterograficos durante el embarazo. Extraido de Devedeux et al. 1993
Slow
. wave Fast wave
| Posicién Edad D F1
Afio Autores Especie ) , F2 F2 (Hz)
Electrodo| Gestacional | (s) [(CT/min)
(Hz) Amp (mV)
Amp (mV)
Demianczuk et ]
1984 | Conejo | Interno Parto 30 1
al.
1982| Germain et al. | Mono | Interno Parto 2-4 | 0.06
1946| Dill Maiden |Humano| Int/ext Parto * * * *
Steer and 0.1-
1950 Humano| Externo Parto * 11-5|0.3-2
Hertch 0.5
Levy-Solal et 0.25-
1952 | Humano| Externo Parto <40 1 1-3
al.
0.05-
1954 Steer Humano| Externo Parto 0.2-2 05
5-
1958| Larks etal. |Humano| Externo Parto 0.005 10
0.1-
1958 Honetal. |Humano| Externo Parto * 1<5]0.5-2 0.3
1958, Honetal. |Humano| Externo Parto * 105 * *
40-
1970, Wolfs etal. |Humano| Interno Parto 60 0.6 1
40- 0.05-
1970, Wolfs etal. |Humano| Externo Parto 60 * 0.2
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0.2-
1979| Wolfs etal. |Humano| Interno Parto 40 0.4 0.7 0.4-1
0.1-
1984| Lopesetal. |Humano| Interno Parto * 18
1- |0.03-| 0.02-

1984| Planes et al. |Humano| Externo Parto 60 <0.03

15 1 0.5

1986| Marque et al. |[Humano| Externo Parto 55 * * 10.2-3
. ) 0.1-
1991| Pajntar et al. |Humano| Cervix Parto 05

Tabla 2: Parametros electrohisterograficos durante el parto. Extraido de Devedeux et al. 1993

De los parametros anteriormente citados, el contenido espectral de una rafaga (F2) es
el mas comunmente utilizado para caracterizar la sefial de EHG. El parametro F2 esta
compuesto por una onda lenta y por una onda rapida, siendo la segunda la méas usada
por la mayoria de autores[10] para caracterizar estas sefiales. La onda lenta solo ha
sido registrada en EHG en superficie abdominal y no en electromiografia miometrial, por
lo que se desconoce si esta banda tiene algun significado fisiologico dado que ninguna
actividad equivalente a sido detectada en las células y fibras musculares
miometriales[10]. La onda rapida asi mismo presenta un contenido espectral que se
divide en una banda de baja frecuencia (FW.) y en una banda de alta frecuencia
(FWW)[10]. Existe controversia en el ancho de banda que se definen dichas frecuencias
siendo éste dependiente de la especie. Ambas componentes de frecuencia (FW.y FWy)
se cree que estan relacionadas con dos aspectos del mecanismo de la contraccion
uterina: la componente alta de frecuencia se asocia a la excitabilidad debida a los trenes
de potenciales de accion y la baja a la propagacién de la sefial eléctrica relacionada con

el nimero de fibras contrayéndose simultaneamente[10].

Registros simultaneos de EHG en superficie abdominal y de EMG interno en monos[44]
y ratas[45] han demostrado que existe relacién entre ambos registros. El EHG contiene
tedricamente la misma informacién que la electromiografia interna, excepto en altas
frecuencias que sufren atenuacién debido al efecto de filtrado que provoca el tejido. Esta
atenuacion depende de la distancia entre el masculo y la zona de registro, de las
propiedades conductoras de los tejidos subyacentes y de la impedancia de la piel[10].
Mediante el uso de técnicas espectrales se ha demostrado las similitudes y diferencias
entre el EHG y EMG interno comprobandose asi los efectos de filtrado. En la figura 11
se muestran las densidades medias espectrales de potencia de los dos tipos de

registros. Tanto en el interno como en el externo se pueden observar las componentes
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FW_ y FW4. Se puede comprobar como la potencia relativa de FWy del EHG es menor

debido al efecto de filtrado paso bajo de los tejidos conductores[10].

En registros de EHG realizados en humanos, también han sido identificadas las
componentes de sefial FW. y FW4. Sin embargo, existe controversia respecto al ancho
de banda donde estan identificadas cada una de las componentes. Los primeros
estudios situaron FW_ en el rango de frecuencias [0.1 — 0.6] Hz y FWy en [0.3 - 6] Hz
[10]. Posteriormente Marque Yy cols [41] definieron FW_y FW4 en [0.2 — 0.45] Hz y [0.8
- 3] Hz, respectivamente. Terrien y cols[46] situaron FW_en [0.13 — 0.26] Hz y FWy entre
[0.36 — 0.88] Hz. En términos generales, la mayor parte de los estudias han determinado
que la energia del EHG se distribuye principalmente entre 0.1 y 4 Hz. Sin embargo la
mayor parte de estudios en electrohisterografia estrechan ligeramente el ancho de
banda para reducir el efecto de interferencias de baja frecuencia como respiracion y de

mayor frecuencia como ECG, empleando un rango de [0.34 - 1] Hz.
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Figura 11:Densidad Espectral de Potencia (PSD) de sefial electromiografica uterina interna (traza
superior) y sefial de EHG (traza inferior) en modelo de mono en el ancho de banda [DC - 10] Hz. Extraido
de Devedeux et al. 1993
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1.4.- Registros electrohisterograficos habituales

En las secciones anteriores se ha comentado que la sefial de EHG contiene informacién
util sobre el estado electrofisiolégico del Gtero y sobre la evolucion del parto. En
humanos el electrohisterograma puede ser detectado desde la semana 18 de gestacién
[10]. En la actualidad la actividad mioeléctrica uterina en superficie se capta mediante
registros monopolares o bipolares. Uno de los principales problemas asociados a este
tipo de registros de superficie es que se ven contaminados por otras sefiales bioldgicas.
Las interferencias habituales con las que esta contaminada la sefial de EHG son: la
actividad eléctrica del musculo abdominal, el electrocardiograma (ECG), los
movimientos respiratorios, la interferencia de contacto, y los artefactos debidos a
movimiento fetal o materno. La interferencia debida al musculo abdominal tiene una
distribucion de energia entre los [10 -250] Hz, por su parte como ya ha sido comentado
el EHG se distribuye por debajo de los 3 Hz, por lo que se puede quitar facilmente
usando filtros convencionales. La distribucion de la energia de ECG esta parcialmente
superpuesta en el dominio frecuencia del EHG en torno a la componente de un 1 Hz.
Usando filtros lineales convencionales puede eliminarse esta interferencia, sin embargo,
su uso se desaconseja dado que elimina parte de la sefial de EHG, perdiendo con ello
informacidn sobre nuestra sefial de interés. Por otra parte, la respiracion puede provocar
fluctuaciones lentas en el registro de EHG. Este potencial de fluctuaciéon lenta también
se llama “linea base”. Segun Maner [47], aproximadamente el 95% de los pacientes
mantienen tasas de respiracion por debajo de los 20 eventos por minuto (0.33 Hz). La
linea base en la sefial monopolar de EHG puede ser no estacionaria, generalmente de
alta amplitud, por lo que puede no ser rechazada por los filtros clasicos o filtrado wavelet,
ya que ésta ultima asume que los ruidos son de baja amplitud en comparacién con
nuestra sefial de interés[46]. Finalmente el resto de artefactos de movimiento cubre todo

el espectro del EHG, con una ocurrencia intermitente e impredecible.

Las inferencias son mas acentuadas en los registros monopolares que en los registros
biopolares[10] y se ha demostrado ambos registros tienen una baja resolucién espacial
[48], siendo esta probleméatica especialmente acusada en el caso de los registros
monopolares, empleados en la actualidad para realizar estudios de propagacion de la
actividad eléctrica uterina. Para mejorar el ratio sefial-interferencia de estas sefales, los
electrodos se sitllan tan cerca como es posible del eje medio uterino[46] puesto que en
esta posicion se alcanza la minima distancia en el interfaz masculo-piel-electrodo [4, 10,
49], por lo que su nimero también se ve limitado. Sin embargo la eliminacion de las
interferencias es imprescindible para mejorar la calidad del registro y para identificar las

componentes de EHG. No obstante como anteriormente ha sido comentado, estas

36



interferencias se encuentran solapadas en el dominio espectral de nuestra sefial de
interés por lo que las técnicas habituales de filtrado no pueden ser utilizadas. Por ello

se deben explorar otras alternativas de adquisicion de la sefial de EHG.

1.5.- El laplaciano del potencial como técnica de registro de
potenciales bioeléctricos

1.4.1.- Formulacion matematica de los fend6menos bioeléctricos
Si consideramos que el cuerpo humano se comporta como un conductor homogéneo,

isotrépico y lineal, la intensidad de corriente en el mismo esté definida por [50]

J=c-E+J, (1)

Donde O es la conductividad eléctrica del medio extracelular, E corresponde al

campo eléctrico; o - E es la corriente 6hmica o corriente de retorno, resultado del fuljo

pasivo de cargas en presencias de un campo eléctrico. Esta corriente es necesaria para

evitar la acumulacion de carga debido a las fuentes de corriente; J, es la densidad de

corriente impresa, producida de forma activa por procesos quimicos (corrientes idnicas).
Se trata de una corriente no conservativa que deriva de la actividad bioeléctrica de los
nervios y de las células musculares debido a la conversion de energia quimica en

eléctrica.

La velocidad de desarrollo de los fenédmenos electrofisiolégicos es muy pequefia por lo
gue los efectos electromagnéticos que pudieran originarse pueden despreciarse.
Considerando al cuerpo humano como volumen conductor se considera despreciable la
componente capacitiva de la impedancia del tejido en el espectro de frecuencias de los
sucesos bioldgicos internos [51, 52]. Las corrientes por unidad de volumen de conductor
son corrientes de conduccion [51, 52] y de resistividad debida al tejido, condicion implica
que las corrientes y tensiones variables con el tiempo en el cuerpo humano pueden ser
analizadas en el limite de la cuasiestaticidad [53]. Por lo que todas las corrientes y

campos se comportan en cada momento como si fueran estacionarias.

Por ello, considerando que debido a la condicién de cuasielasticidad puede despreciarse

la variacion temporal de los campos resultantes de las fuentes de corriente en un medio

Gnicamente resistivo, el campo eléctrico E en un instante puede ser descrito como el

menos gradiente de potencial:

J=J-0c-VV 2)
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Asi mismo, podemos definir el campo eléctrico E utilizando la ecuacién de Maxwell:

VE :f 3)

siendo ¢ la constante dieléctrica y p la densidad de carga.

En condiciones cuasiestaticas la divergencia de la corriente total es nula, por lo tanto, la

ecuacion 1 se reduce a;

- v

v =i P (4)
o ¢

siendo V? el operador laplaciano tridimensional. Considerando un sistema de

coordenadas cartesiano (X, Y, Z) local con el origen en un punto P de la superficie y

siendo el eje z ortogonal a ésta, la ecuacion de Laplace puede ser expresada:

Figura 12: Sistema de coordenadas ortogonal.
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De la ecuacién anterior podemos deducir que el laplaciano del potencial de superficie

es negativamente proporcional a la divergencia bidimensional de las componentes
tangenciales de la densidad de corriente en la superficie del cuerpo. La componente
normal de la densidad de corriente se anula en la superficie del cuerpo, pero la derivada
normal no tiene por qué anularse. Asi mismo, el laplaciano superficial es negativamente
proporcional a la densidad de carga equivalente peq en el plano XY. Dado que la
densidad de carga equivalente es la segunda derivada espacial del portencial, es posible
considerar que la densidad de carga equivalente proporcione mas informacion delas

fuentes de potencial, que el potencial de superficie solo. Por lo que el efecto de

38



emborronamiento o “blurring effect” del volumen de conductor tendria un efecto mucho
menor en el registros del laplaciano superficial que en el obtenido de la distribucion del
potencial. Por lo tanto, puede considerarse el laplaciano del potencial de superficie (Ls)

como una medida dela densidad de corriente ortogonal a la superficie del cuerpo.

Como anteriormente ha sido comentado, el registro de la sefial electromiografica
monopolar o bipolar presenta interferencias bioeléctricas, tedricamente si se obtuviera
el laplaciano de la sefial de EHG mediante registros en superficie, se podrian atenuar
las interferencias bioeléctricas que se propagan tangencialmente por la superficie del

mismo modo, como es el caso del ECG materno.

1.4.2.- Técnicas de estimacion del laplaciano de una sefal bioeléctrica

1.4.2.1.- Técnicas indirectas

El efecto de emborronamiento o “blurring effect” es debido a la alternancia de capas de
diferente conductividad y es uno de los principales problemas en el registro de sefiales
bioeléctricas en superficie[54-57]. La primera estimacion del laplaciano de una sefial de
bioeléctrica fue realizada por Hjorth en 1975, con el objetivo de mejorar la resolucion
espacial de registros electroencefalograficos (EEG). La estimacion del EEG se realiz6 a
partir de la discretizacién del operador laplaciano definido sobre la superficie plana de

cinco electrodos equiespaciados dispuestos en forma de cruz (figura 13).

y
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Figura 13: Disposicién de los electrodos para la estimacion del laplaciano segun la técnica de los 5

Esta configuracién es conocida como la Técnica de los cinco puntos de Hjorth, segun la

cual el laplaciano del potencial en el punto central puede expresarse como:

Av, =%(Z4:vi—4voj+0(r)2 (6)

r o
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siendo V; el potencial en los electrodos i = 1...4, V, el potencial en el electrodo central

y donde H(r)2 es el error de truncado definido por

e(r)z:r_za_"\/+a_"\/+r_28_6v+8_6v+ (7
a1\ ox* oy* ) 41 ox° oyt )

Usando técnicas de correlaciéon temporal, Hjorth demostré que la estimacion del
laplaciano del EEG en superficie poseia mejor resolucion espacial que los registros

encefalogréficos bipolares 0 monopolares en superficie.

El laplaciano de superficie también ha sido aplicado en el registro de
electrocardiogramas[58, 59]. He y colaboradores han utilizado el método de los cinco
puntos de Hjorth y han desarrollado el algoritmo de la estimacion circular[60] del
laplaciano, esta técnica establece que el laplaciano del potencial en el punto central
puede obtenerse a partir de electrodos monopolares dispuestos siguiendo una
circunferencia de radio r tal (figura 14). Esta técnica reduce los problemas relativos a la

disposicién de los electrodos y a la orientacién de los dipolos bioeléctricos.

aY

Figura 14: Estimacion circular de laplaciano (He 1998)
4 18
L.o Y VO__ZVi (7)
r n =

siendo |—.o el laplaciano del potencial en el punto central, r es el radio de la circunferencia,

n es el niumero de electrodos y V; es el potencial en el electrodo i.

Una de las principales limitaciones de las técnicas indirectas es tener que partir de una
hipotesis sobre la superficie donde se discretiza el operador laplaciano. Inicialmente se
partia de la hipétesis de suponer las superficies corporales planas de manera que el

laplaciano estimado se aproximaba mas al laplaciano del potencial en superficie, en
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tanto en cuanto la superficie de registro se acercara a dicha hipotesis, aumentando las

discrepancias si no se cumplia[61].

Estas técnicas son llamadas “indirectas locales” debido a que para la estimacion del
laplaciano se parte de registros de potencial (indirectas) y se utiliza la informacién
aportada por un cierto nimero de electrodos monopolares (locales). Sin embargo, la
principal limitacidon de estas técnicas es que se parte de la hipétesis de suponer las
superficies corporales planas de manera que el laplaciano estimado se aproximaba mas
al laplaciano del potencial en superficie, en tanto en cuanto la superficie de registro se

acercara a dicha hip6tesis, aumentando las discrepancias si no se cumple[61].

1.4.2.2.- Técnicas directas

Las técnicas directas se fundamentan en un sistema de captacion que proporciona una
sefal directamente proporcional al laplaciano del potencial, para ello se utilizan
electrodos anillares concéntricos o coaxiales (figura 15). En el trabajo de Fattorusso y
cols[62] de registro de ECG se demuestra que lo electrodos coaxiales en comparacion
con los electrodos unipolares son mas sensibles a los eventos cercanos al electrodo.
Para calcular el descenso de sensibilidad entre el electrodo anillar y la distancia al dipolo
Van Oosterom y cols, calcularon el campo de accion de un electrodo coaxial situado en
la superficie de un espacio semi-inifinico y demostraron que desde el punto de vista de
un observador lejano la sensibilidad de los electrodos anillares desciende con un factor
de R#, siendo R la distancia entre la fuente del dipolo y el punto de observacion [63]. He
y Cohen utilizaron electrodos bipolares concéntricos para la obtencién de un mapa del
laplaciano del potencial cardiaco, llegando a la conclusién de que la resolucién espacial

obtenida con el electrodo coaxial es superior a la ofrecida por los mapas de potencial.

Figura 15: A la izquierda de la figura se muestra el esquema de un electrodo bipolar anillar, a la derecha
esquema de un electrodo tripolar anillar en configuracion bipolar (Besio et al 2006a).

El uso de electrodos anulares para la obtencién del laplaciano se denominan técnicas
“directas locales”, dado que la sefial del salida del electrodo es directamente el
laplaciano del potencial (directa) y este se estima en el punto central del electrodo
(local). Los electrodos anulares concéntricos (CRE) aportan la ventaja de eliminar los

problemas derivados del electrodo de referencia, pudiendo utilizar uno de los anillos
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para ese cometido, actuando como registros bipolares muy primos entre si. Tienen un
comportamiento de filtrado espacial que con el resultante de un incremento de la
selectividad espacial [64, 65], incluso el CRE bipolar consistente solo en dos elementos:
un solo anillo y disco central, mejora la atenuacion radial del electrodo de disco

convencional[63].

Los CRE han demostrado tener un buen comportamiento en la captacién de sefales
débiles como son el electroenterograma (EEnG) [48] y la sefial electromiogréfica del
musculo del diafragmatico [66]. En ambos casos sefial obtenida por este tipo de
electrodos mostro mejor calidad de sefial que los electrodos convencionales de disco,
reduciendo significativamente las interferencias debidas al ECG y a la respiracion. Asi
mismo, en las sefiales bioeléctricas intestinales (EEnG) se ha podido identificar de forma

mas sencilla la onda lenta intestinal que con electrodos de disco convencionales[67].
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2.- Justificacion y objetivos

2.1.- Problemética asociada al registro de la actividad uterina

La actividad uterina se monitoriza durante la gestacion y parto para obtener informacién
sobre el bienestar del conjunto materno fetal. La practica obstétrica habitual incluye
monitorizacién de la frecuencia cardiaca fetal (FHR) y de la actividad uterina. El registro
de la actividad contractil uterina se obtiene normalmente de dos formas distintas:
posicionando un tocotransductor (TOCO) sujeto con una banda elastica sobre el

abdomen uterino [41], o con un catéter de medida de presion intrauterina [68].

La actividad uterina cambia gradualmente desde los ultimos meses del embarazo hasta
el parto. Estos cambios son debidos a cambios en la excitabilidad y propagabilidad
bioeléctrica, que se manifiesta en cambios en la sefial mioeléctrica uterina y que termina
desembocando en la generacién de contracciones coordinadas de alta intensidad que

dan lugar al parto[6, 16]

Estudios previos han establecido que la sefial mioeléctrica uterina puede ser captada
en superficie abdominal (EHG) y que estd temporalmente correlacionada con las
contracciones uterinas[10, 69]. Sin embargo, actualmente las técnicas de registro
mioeléctrico en superficie de la actividad uterina se encuentran limitadas por la baja
calidad de las sefiales y la asociada falta de robustez de los parametros derivados de
dichas sefiales. Ademas los sistemas de registro de EHG habitual no son Uutiles en la
praxis clinica, para que el EHG pueda ser herramienta de uso en clinica se tiene que
desarrollar un sistema que sea facil de usar por los facultativos y que permita obtener

sefiales de calidad y que sean facilmente interpretables por ellos.
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2.2.- Objetivos
2.2.1.- Objetivo general

El objetivo principal de la presente tesis es desarrollar nuevas técnicas de captacion,
procesado y andlisis de la sefial electrohisterografica con objeto de acercar la
aplicabilidad de esta técnica al uso clinico, centrandose en la monitorizacién de

gestantes a término.

2.2.2.- Objetivos secundarios

El objetivo general se desglosa en los siguientes objetivos secundarios:

1. Comparar la capacidad para la deteccion de contracciones de EHG, TOCO e
IUP

2. Buscar la mejor configuracién de registro y localizacion de electrodos para la
captacién del EHG

3. Acercar el EHG a la aplicacion clinica mediante - el desarrollo de sistemas de
monitorizacion de EHG de facil uso en entorno clinico y - el desarrollo sistemas

de ayuda al diagnéstico en base al analisis automatico de EHG
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3.- Resultados

3.1.- Capitulo 1: Configuracion y localizacion de registro de la seiial
de EHG y comparacién con TOCO e IUP

3.1.1.- Articulo: Registro del potencial laplaciano del electrohisterograma

Titulo: Recording of electrohysterogram laplacian potential

Autores: Alberola-Rubio, J., Garcia-Casado, J., Ye-Lin, Y., Prats-Boluda, G. and

Perales, A.

Afio publicacion: 2011

Revista: Conf Proc IEEE Eng Med Biol Soc
Tipo publicacién: Journal Article
Volumen: 2011

Paginas: 2510-3

ISSN: 1557-170X (Print)

1557-170X (Linking)

DOI: 10.1109/iembs.2011.6090695

45



33rd Annual International Conference of the IEEE EMBS
Boston, Massachusetts USA, August 30 - September 3, 2011

Recording of Electrohysterogram Laplacian Potential
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Abstract—Preterm birth is the main cause of the neonatal
morbidity. Noninvasive recording of uterine myoelectrical
activity (electrohysterogram, EHG) could be an alternative to
the monitoring of uterine dynamics which are currently based
on tocodynamometers (TOCO). The analysis of uterine
electromyogram characteristics could help the early diagnosis
of preterm birth. Laplacian recordings of other bioelectrical
signals have proved to enhance spatial selectivity and to reduce
interferences in comparison to monopolar and bipolar surface
recordings. The main objective of this paper is to check the
feasibility of the noninvasive recording of uterine myoelectrical
activity by means of laplacian techniques. Four bhipolar EHG
signals, discrete laplacian obtained from five monopolar
electrodes and the signals picked up by two active concentric-
ringed-electrodes were recorded on 5 women with spontaneous
or induced labor. Intrauterine pressure (IUP) and TOCO were
also simultaneously recorded. To evaluate the uterine
contraction detectability of the different noninvasive methods
in comparison to IUP the contractions consistency index (CCI)
was calculated. Results show that TOCO is less consistent
(83%) than most EHG bipolar recording channels (91%, 83%,
87%, and 76%) to detect the uterine contractions identified in
IUP. Moreover laplacian EHG signals picked up by ringed-
electrodes proved to be as consistent (91%) as the best bipolar
recordings in addition to significantly reduce ECG
interference.

I. INTRODUCTION

Preterm birth and its associated complications is one of
the most important problems in perninatology, since it
represents about 7% of the total number of babies born each
year and contributes to about 85% of all perinatal deaths [1].
The complications of preterm birth include significant
neurological, mental, behavioral and pulmonary problems in
later life [1]. One of the determining factors of tocolytic
treatments effectiveness and therefore for the prolongation
of fetal development in uterus is the early detection of
preterm birth which depends upon the understanding of the
mechanisms that initiate labor [2].

While a few of the currently used techniques can identify
some of the signs of oncoming labor, none of them offer
objective data that accurately predicts labor over a broad
range of patients. To date, intrauterine pressure (TUP) is used
as the gold standard for monitoring the uterine contractions.
It has been shown to provide reliable information of uterine
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contractions [2]. However, its clinical application for early
detection of preterm birth 1s limited since membrane rupture
1s required for the placement of the intrauterine pressure
catheter, which might increase the incidence of intrapartum
infection and has been reported to cause uterine perforation
or placental abruption in rare cases [2].

Instead of using intrauterine pressure catheters, uterine
activity 1s typically monitored with a strain-gauge-based
sensor on abdominal surface (Tocodynamometer, TOCO).
TOCO provides frequency and approximate duration of
contractions [2]. However TOCO has been shown to be
unreliable as a predictor {or preterm or even term labor since
the measurements obtained are inaccurate and depend on the
subjectivity of the examiner [2]. Moreover, no additional
information about contraction efficiency, 1.e. whether they
lead to true labor or not, can be deduced from this
measurement.

The measurement of uterine electromyogram has been
proposed as an alternative for monitoring the uterine
contractions. Moreover uterine electrical activity can also be
detected on abdominal surface (electrohysterogram, EHG),
and this latter is temporally correlated with both internal
uterine electromyogram and with the contractile activity [3].

To date, many efforts have been attended to the analysis of
contraction strength which seems to be related to the action
potentials frequency of EHG [2, 3]. Latest studies have
focused on the analysis of EHG signal propagation during a
contraction to study the synchronization mechanisms which
is a crucial factor for deducing contraction efficiency. For
this purpose, a multi-lead EHG recording is usually
performed by placing an array of monopolar cutaneous
electrodes at abdominal surface. Nevertheless, monopolar
and even bipolar recording have been shown to have low
spatial selectivity of the current dipoles because of the
volume conduction effect [4]. In this sense, laplacian
potential recording has been proposed in order to increase
the spatial resolution of surface recording of other biosignals
[4, 5]. Moreover, cardiac interference is also present in EHG
recording; and previous studies on external intestinal
myoelectrical recordings have shown that laplacian potential
recording permits to reduce this interference [6].

The aim of this paper is to examine the feasibility of non-
invasive recording of laplacian potential of the EHG signal,
and to compare the uterine contraction detectability of
TOCO, bipolar and laplacian recordings of EHG.

II. MATERIAL AND METHODS
A.  Signal acquisition
Parturition recordings were made on 5 women admitted to

the Hospital Universitario y Politécnico La Fe de Valencia
for spontaneous or induced labor. All subjects provided
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written, informed consent. The subjects were healthy women
in the first stage of labor having uneventful singleton
pregnancies, and their estimated gestational age was 37-41
weeks. The duration of each recording session ranged from
30 minutes to 2 hours. A recording system was developed
with Labview ® to obtain the simultaneous recording of
EHG signals, Tocographic and Intrauterine pressure.

For each recording session, the skin was carefully prepared
using an abrasive paste in order to reduce the contact
impedance. Five monopolar Ag/AgCl electrodes arranged in
the form of a cross were used for obtaining monopolar EHG
signals, being 25 mm the inter-electrode distance. Two
laplacian potential recordings of EHG were directly obtained
using active concentric rings electrodes. The ringed-
electrode characteristics can be found in a previous work [6].
All monopolar electrodes and the active concentric ring
electrodes were placed on abdominal surface according to
Fig. 1. The electrodes 1, 3 and 5 were placed on the uterine
median axis and the 1-5 electrode pair on the middle of the
uterus (fundus to symphysis). Reference electrodes were
placed on each hip of the woman. Both monopolar EHG
signal and laplacian potential of EHG were band-pass
filtered at [0.05, 35] Hz and sampled at 500 Hz.

At the same time, a tocodynamometer placed on abdominal
surface and the ACCU-Trace intrauterine pressure catheter
were used to obtain Tocographic and IUP signals
respectively. These signals were conditioned using the
maternal —fetal monitor (Corometrics 170 series, GE
Medical systemas) and acquired at 4 Hz sampling frequency.
All the collected data were displayed in real time and stored
digitally for subsequent analysis.

B. Data analysis

Firstly four bipolar EHG signals and the discrete laplacian
signal were digitally computed from the five monopolar
EHG recording and then resampled at 50 Hz Bipolar and
discrete Laplacian EHG signals were obtained as follows:

B =V,~Vy B,=V.—Vy, B,=V,~Va B,=V,~V, (1)

4 1
L=t o)) ¢

Fig 1. Configuration of surface electrodes for obtaining simultaneously five
monopolar EHG recordings (M1-M5) and two laplacian potential
recordings using active concentric-ringed-electrodes (L1 and L2).

where V; are the surface potentials at electrode 1 (i=1,...,5).
B; is the estimated bipolar EHG signal (j=1.....4). Lp is the
discrete Laplacian estimation at electrode 5 (central
electrode) [5].

Uterine contractions were visually identified on the different
recordings by experts. To evaluate contraction consistency,
it was obtained the contractions consistency index (CCI),
also used by [7], for both electrohysterographic and
Tocographic signals.

N,
CCT = =

(3)

E(NT+NE)

where Ny is the number of contractions detected by IUP
{considered the Gold standard for monitoring uterine
activity), Ng is the number of contractions detected in the
bipolar EHG, Laplacian potential of EHG, or Tocographic
signals and N¢ is the number of consistent contractions.
Contractions were considered to be consistent when the peak
of a contraction from the EHG or Tocographic signal was
found within plus or minus 10 seconds of the peak of a
contraction from the TUP recording.

III. RESULTS AND DDISCUSSION

Figure 2 shows an example of monopolar, bipolar and
laplacian recordings of EHG in rest state (without
contraction). It can be observed that maternal ECG
interference strongly affects monopolar EHG recordings.
This interference 1s weaker in bipolar recording; still it can
also be easily identified; whereas it 1s significantly reduced
in the signal acquired by the ringed-electrode. These results
are in agreement with previous studies that used active
concentrig rings electrodes for the recording of
myoelectrical signals of intestinal origin on abdominal
surface [6]. In that study, signals from nnged-electrodes
presented significantly higher signal-to-ECG interference
ratio than simultaneous bipolar recordings.

Figure 3 shows an example of EHG recordings (bipolar,
discrete laplacian and active concentric ring laplacian)
acqured simultanecusly with [UP and TOCO during a
contractile activity period.
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Fig 2. Signals (descending order): M1: monopolar 1, MS5: monopolar 5, Bl:
Bipolarl, Lap: active concentric ring laplacian, mECG: Maternal ECG.
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Fig. 3. Signals (descending order). IUP (intrauterine pressure), TOCO
{Tocodynamometer), Bipolar (Bs), LD (discrete laplacian), Lap (laplacian
potential using ringed-electrode).

It should be clarified that in order to compare the discrete
laplacian potential amplitude estimated from the five
monopolar electrodes with the recorded using ringed-
electrodes, both laplacian potentials were expressed in mV
instead of in mV/em® This figure shows that a uterine
contraction is associated to a pressure rise in [UP and TOCO
recordings and to a burst, i.e. rise of amplitude and
frequency, in the different EHG recordings. The detected
contractions coincide in time with patient’s pain symptoms.
Contractions’ duration is around 60 seconds and amplitude
is about £1mV in bipolar recordings which agrees the
literature [3].

However, not all the contractions could be detected by the 3
different monitoring techniques (IUP, TOCO and EHG)
tested in this work. The number of contractions identified in
each recording technique and the CCI that values the
consistency of the contractions detected by TOCO and by
the different EHG recordings in comparison to IUP, is
shown in table L

The TUP detected a total of 127 contractions, whereas only
98 contractions were detected by the tocodynamometer. On
the other hand, bipolar 1 and active concentric ring laplacian
1 were the EHG recording channels that detected most
uterine contractions; 113 and 112 respectively.

The number of contractions detected and the contractions
consistency index in TOCO are minor than IUP. The
literature has reported that TOCO is a limited mecthod that
does not provide accurate information about the parameters
of interest in monitoring uterine dynamics, such as intensity
and contraction duration [2]. Moreover, there i1s not a
standard placement for TOCO transducer and some uterine
contractions can be missed. Figure 4 shows 250 seconds of
signals during recording session 3. In this period TOCO
does not detect two uterine contractions that are easily
identified in ITUP and EHG recordings. This failure may be
due to poor positioning of the TOCO transducer.

On the other hand, IUP which is considered to be the gold
standard to monitor uterine contractions may also miss some
contractions and this also affects CCI. Figure 5 shows that in
this period of session 1, IUP fails to detect a contraction that
can be identified both in TOCO and EHG recordings
between seconds 250 and 400. This can probably be because
EHG recordings can be more sensitive to local contractions
of minor amplitude than TUP.

Regarding the results of EHG recordings, the difference
between the number of contractions identified and CCI by
bipolar 1 and bipolar 4 is probably due to electrodes
location. Electrodes associated to bipolar 1 signal are located
on the lower vertical median line of the abdomen, in
particular on the region immediately below the umbilicus,
where according to [8] the highest SNR is obtained, whereas
clectrodes of bipolar 4 signal are placed on the horizontal
line. The discrete laplacian (LLD) presents slightly better
results than the worst bipolar channel, probably because it
has lineal dependency with the four bipolar recordings.
Finally, it should be highlighted that the signals from
concentric ring electrodes (L1 and L.2) present better results
than TOCO and similar results to bipolar 1. Considering
ringed electrodes location, the results of laplacian

TABLE I: NUMBER OF DETECTED CONTRACTIONS (DC) AND CCT FOR EACH RECORDING SESSION AND GLOBAL RESULTS

Session Time Param IUP TOCO Bl B2 B3 B4 L1 L2 LD
(min)
: . DC 41 35 8 36 36 36 8 30 36
ocl - 92% 96% 94% 94% 94% 96% 98% 94%
DC. 11 3 11 6 10 9 10 3 3
2 38 oCl - 57% 85% 67% 91% 86% 80% 73% 70%
2 07 DC. 33 18 30 28 30 26 32 2% 22
oCl - 67% 94% 83% 929 87% 96% 87% 79%
A & DC 21 18 15 9 15 3 12 11 11
oCl . 84% 75% 55% 79% 50% 78% 65% 65%
DC 21 21 19 13 10 2 18 18 13
5 70 CClI - 100% 95% 92% 65% 17% 92% 92% 76%
DC. 127 o8 113 93 01 81 112 102 90
Global 398 cct - 83% 01% 83% 87% 76% 91% 87% 80%

* TUP (intrauterine pressure), TOCO (Tocodynamometer), B; (Bipolar), L1 and L2 (laplacian potential using ringed electrodes), LD (discrete laplacian).
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Fig 4: Signals (descending order): IUP (intrauterine pressure), TOCO

(Tocodynamometer), Bipolar (B;), LD (discrete laplacian), Lap (laplacian

potential using active concentric rings). TOCO fails to detect two

contractions between seconds 0 — 250.
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Fig 5. Signals (descending order): IUP (intrauterine pressure), TOCO

(Tocodynamometer), Bipolar (By), LD (discrete laplacian), Lap (laplacian

potential using active concentric rings). IUP fails to detect a contraction

between seconds 250 — 400

recordings could even be better if these clectrodes were
placed immediately below the umbilicus.

Euliano et af also calculated the CCI between TOCO and
IUP, and between bipolar recordings of EHG with IUP [7].
In that study they obtained similar results (94% for EHG,
and 88% for TOCO) to those obtained in the present work.
However the conditions to consider that the detected
contractions are consistent are less severe in Euliano’s work.
Precisely, they consider that contractions were consistent
when the peak of a contraction from the EHG signal was
within plus or minus 1 minute of the peak of a contraction
from the IUP [7]. In this study we considered a 10-seconds-
interval between peaks of contractions detected in EHG and

IUP signal. Although wider time intervals can yield higher
CCI values, we consider that this condition is more realistic
according to physiological conditions and propagation
veloeity of contractions.

This is the first time ringed electrodes are successfully used
to record the laplacian potential of EGG signal and to non-
invasively detect uterine contractions. In respect to this, it
should be mentioned that Li et al. published a work about
the design of an active laplacian electrode for EHG
recordings [9]. However, the signals recorded by that
electrode were not shown in that paper and, to the authors’
knowledge, subsequent studics on this issue have not been
reported.

IV. CONCLUSION

Our results suggest that EHG recordings are more reliable to
identify uterine contractions that tocodynamometers
(TOCO). Laplacian recordings of EHG by means of active-
ringed-clectrodes are less affected by cardiac interference
while keeping reliability to detect uterine contractions.
Nevertheless a more comprehensive database should be
analyzed to corroborate the results of this work.
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ABSTRACT

Non-invasive recording of uterine myoelectric activity {electrohysterogram, EHG) could provide an
alternative to monitoring uterine dynamics by systems based on tocodynamometers (TOCO). Laplacian
recording of bioelectric signals has been shown to give better spatial resolution and less interference
than mono- and bipolar surface recordings. The aim of this work was to study the signal quality obtained
from monopolar, bipolar and Laplacian techniques in EHG recordings, as well as to assess their ability
to detect uterine contractions. Twenty-two recording sessions were carried out on singleton pregnant
women during the active phase of labour. In each session the following simultaneous recordings were
obtained: internal uterine pressure ([UP), external tension of abdominal wall (TOCO) and EHG signals
(5 monopolar and 4 bipolar recordings, 1 discrete approximation to the Laplacian of the potential and 2
estimates of the Laplacian from two active annular electrodes). The results obtained show that EHG is
able to detect a higher number of uterine contractions than TOCO. Laplacian recordings give improved
signal quality over monopolar and bipolar techniques, reduce maternal cardiac interference and improve
the signal-to-noise ratio. The optimal position for recording EHG was found to be the uterine median axis

and the lower centre-right umbilical zone.

© 2013 IPEM. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Uterine activity is monitored during pregnancy and childbirth
to obtain information on uterine contractions to assist in estimat-
ing the start and the progress of labour and to assess the state of
health of both mother and child. It can also play a vitally important
role in diagnosing cases of distocia due to defective, inefficient or
inappropriate uterine activity [1-3]. Measuring intrauterine pres-
sure (IUP) is the present gold standard in uterine dynamics. Since it
indicates the overall pressure in the uterine cavity [4], it has been
shown to give reliable information on all the parameters associ-
ated with uterine dynamics. However, its application is limited,
since placing the pressure catheter in the uterine cavity requires
rupturing membranes, which means it cannot be used during preg-
nancy but only during the final stages of labour. It also tends to
increase the incidence of intrapartum infection and there have even
been cases of perforation of the uterus and placental abruption
[5]. Tocography is the technique most often used at the present
time to determine uterine dynamics. Tocodynamometers (TOCO)
are external force measurement devices that detect changes in
abdominal contour, which is as an indirect indication of uterine

* Corresponding author. Tel.: +34 963577007x76027; fax: +34 963877609,
E-mail address: palberola@gbio.i3bh.es (J. Alberola-Rubio).

contraction [4]. This method does not provide highly reliable infor-
mation as it depends to a large extent on the subjective judgement
of the examiner [4,6,7]. This is due to the fact that it records vari-
ations in local pressures and not, as in 1UP, the overall pressure,
thus making it highly dependent on the position of the tocody-
namometer. It is also influenced by the movements of the foetus
within the intrauterine cavity, by maternal parameters (such as
the fat tissue or the body mass index, BMI), artefacts (respiratory or
maternal movements) and by the elastic strap tension used to fas-
ten the tocodynamometer. Therefore, the TOCO must be constantly
recalibrated and re-positioned to work correctly [8].

Another technique for monitoring uterine dynamics consists of
measuring the myoelectric activity of the uterus on the abdominal
surface, known as the electrohysterogrant (EHG). Previous studies
have established that EHG can be recorded on the abdominal sur-
face and that it is temporally related to the contractions of the
uterus|[9,10]. The EHG consists of intermittent burst of spike action-
potentials; single spikes can initiate contractions, but multiple,
higher-frequency, coordinated spikes are needed for forceful and
maintained contractions [11]. Electrical activity in the myometrium
is low and uncoordinated during the early stages of pregnancy, but
intense and synchronized as delivery approaches [12].

Conventional mono- and bipolar recordings have certain dis-
advantages; bipolar and especially monopolar EHG recordings
capture interference from other physiological signals, including:

1350-4533/$ - see front matter © 2013 IPEM. Published by Elsevier Ltd. All rights reserved.
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abdominal muscle electrical activity, the electrocardiogram, respi-
ratory movements, electrode-skin contact potential fluctuation,
and movement artefacts from both mother and foetus. Both mono-
and bipolar recordings have also been shown to have low spa-
tial resolution when localizing and differentiating multiple dipole
sources, due to the blurring effect of the different conductivities
of the volume conductor [13], which can limit their use in signal
propagation studies which seems to contain relevant information
on the delivery-time horizon [14,15].

Laplacian potential recordings have thus been proposed to
improve the spatial resolution of surface biosignal recordings
[16,17]. The Laplacian is the second spatial derivative of the poten-
tial picked up on the body surface and enhances the electrical
activity near the observation point, reducing the smoothing effects
of the volume conductor and providing further information on the
location and differentiation of the multiple sources of the current
dipoles [17,18]. The Laplacian of a bioelectric potential can be esti-
mated by measurements on the surface by monopolar electrodes
and then applying discretization techniques, such as five-point
finite difference algorithm or spline surface Laplacian estimator
functions [16,18-20], (discrete Laplacian). The Laplacian of the sur-
face potential can also be estimated directly by specially designed
concentric annular electrodes. These electrodes have been used
to estimate the Laplacian of bioelectric signal potentials such as
the ECG [21,22] and the intestinal myoelectrical activity, the elec-
troenterogram (EEnG) [23]. The use of these techniques to EHG
recordings, which have similar characteristics to those of intestinal
signals, could significantly improve the quality of EHG recordings
as compared to conventional mono- and bipolar recordings and
contribute to broadening the scope of EHG clinical applications.

The aim of this study is thus to compare the TOCO and EHG
recording techniques with [UP in terms of detecting contractions as
well as analyzing different EHG recording techniques (monopolar,
bipolar, and Laplacian estimation by discretization and by specially
designed active annular electrodes) in order to identify the one
that provides the best signal quality and best able to detect uterine
contractions. The study also includes an analysis of the optimum
location for the electrodes to acquire EHG on the body surface.

2, Materials and methods
2.1, Data recording

Twenty-two recording sessions were performed on women
hospitalized for spontaneous or induced labour at the Hospital Uni-
versitario y Politécnico La Fe in Valencia (Spain) The study adheres to
the Declaration of Helsinki and was approved by the Institutional
Review Board. The criteria for inclusion in the study were: women
in a good state of health, in the first stage of labour of a singleton
pregnancy and estimated gestation time between 37 and 41 weeks.
Table 1 gives details of the demographic and clinical characteristics
of the participants. All the volunteers were informed of the nature
of the study, briefed on the recording protocol and signed the con-
sent form. The recording sessions lasted between 30 min and 3 h,
depending on the time of the start of the second stage of labour and
the requirements of clinical staff.

Before each recording session the subjects’ abdominal area
was thoroughly treated with clinical exfoliating cream in order
to reduce skin-electrode contact impedance. Five monopolar EHG
recordings were obtained from five monopolar 8 mm in diameter
Ag/AgCl cup wet electrodes, which correspond to M1-M5 in Fig. 1.
They were arranged in the shape of a cross over the subumbili-
cal uterine median axis, with an inter-electrode distance of 25 mm,
as can be seen in Fig. 1. This electrode configuration also allows
to estimate the Laplacian of the potential in the central electrode,
according to Hjorth's five-point technique [16]. In addition, two

Fig. 1. Configuration of surface electrodes for obtaining simultanecusly five
monopolar EHG recordings (M1-M5) and two Laplacian potential recordings using
active concentric-ringed-electrodes (L1 and L2).

37 mm external diameter active dry annular electrodes, named L1
and L2, were placed to theleft and right of the supraumbilical uter-
inemedian axis as shown in Fig. 1. These active electrodes consisted
of 3 conductors (1 inner disc and 2 concentric rings) connected
in bipolar configuration (short-circuited internal disc and external
ring) that incorporated a signal preconditioning circuit, powered
by onboard batteries embedded in the sensor itself that permit to
obtain a direct estimation of the Laplacian potential of the EHG
[24]. The characteristics of these electrodes have been described in
previous studies [23]. A silicone matrix was developed to hold and
put the electrodes in position (see Fig. 1). Two 8 mm AgfAgCl cup
electrodes were also placed on each of the subjects’ thighs as ref-
erence and ground similar to [25]. All EHG signals were amplified
and filtered between [0.05, 35] Hz by commercial biosignal ampli-
fiers Biopac ECG100C (Biopac Systems Inc., USA) and acquired at a
sampling frequency of 500 Hz.

Simultaneously with the EHG signals, intrauterine pressure,
tocographic signal and maternal ECG (mECG) were monitored and
recorded. IUP was recorded by an ACCU-Trace (Accutrace, Inc.,
USA) intrauterine pressure catheter connected to a Corometrics
170 Series maternal (GE Healthcare, General Electric Company,
USA) foetal monitor. The tocographic signal was recorded by toco-
dynamometer placed on the abdominal surface connected to a
Corometrics 250cx Series monitor { GE Healthcare, General Electric
Company, USA). Both mechanical activity signals were acquired at
a sampling frequency of 4 Hz. Maternal ECG was recorded to study
its influence in EHG recordings. It was acquired in reduced Lead 1
by using disposable electrodes. This signal was amplified and fil-
tered between [0.05, 35] Hz by Biopac ECG100C (Biopac Systems
Inc., USA) and acquired at a sampling frequency of 500 Hz.

In order to obtain simultaneous synchronized EHG, mECG, toco-
graphic and [UP signals, an acquisition programme was developed
on LabView® (National Instruments Corporation, USA). All the data
recorded were shown onscreen in real time and digitally stored for
further analysis.

2.2. Data analysis
2.2.1. Obtaining bipolar recordings and EHG discrete Laplacian

The four bipolar EHG and discrete Laplacian signals are calcu-
lated digitally from the five monopolar recordings as follows:

By =My —Ms; Bp=Ms—Ms; B3=My—Ms; By=Ms—M(1)
4 1
Lpm i {Vs - Z(M] + My + M3 +M4)} (2)

where M; is the potential acquired by electrode i, wheni=1...5. B;
is the measured bipolar recording of the EHG signal, whenj=1.. .4
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Table 1

Demographic and clinical characteristics of pardcipants.
Parameter Range Average + 5D
Maternal BMI 23-36kg/m? 30.8 + 4kg/m?
Parity 0-2 05+08
Gestation 37wk+0d+ 41 wk+6d 39wk+2d:Twk+1d
Initial cervical dilatation, cm 2-8cm 35+15cm
Mode of delivery No. of parturients Percentage
Normal vaginal delivery 17 771.28%
Cesareansection 5 22.72%
Vacuum-assisted vaginal delivery 1] a
Augmentation of labour with oxytocin 22 100%

and b is the inter-electrode distance (25mm). Lp is the estimated
discrete Laplacian in accordance with Hjorth’s five-point technique
[16]. In this work we preferred to work out Ly amplitude in mV so
as to compare it to that of conventional bipolar ECG recordings and
ringed electrodes. Therefore, Eq. (2) has been calculated without
multiplying by 4/b2.

2.2.2. Identifying uterine contractions

The uterine contractions present in the different recordings
(TOCO, IUP, EHG) were identified by three experts with appro-
priate electrophysiological training to perform the task, working
independently of each other and using the following criteria:

+ Significant rise in signal amplitude with respect to the basal
period.

¢ Duration longer than 30s.

+ Signal morphology typical of electrophysiological changes. Sig-
nalswith over-abrupt changes, saturation, or coincidental in time
with movements of the patient during the recording session are
discarded.

At least two of the three experts had to classify the signal as a
contraction for it to be considered valid.

2.2.3. Consistency contraction index

In order to assess the temporal correlation between the con-
tractions detected by [UP (gold standard) as compared to the other
techniques (EHG and TOCO), the contraction consistency index
used (CCI) by Jezewski and Euliano [8,26,27| was calculated:

~ 1/2(Nr +Ng)

where N7 is the number of contractions detected by IUP. Ng is the
number of contractions detected by the channel under study, i.e.
monopolar, bipolar, discrete Laplacian, active annular EHG elec-
trodes, and the TOCO. N-is the number of consistent contractions. A
contraction was considered consistent when the distance between
the maximum peak of the contraction in the channel under study
and the same contraction detected by IUP were within +£10s of
each other. To determine the maximum peak in the EHG signal, the
TOCO-like signal was generated using the unnormalized first statis-
tical moment of the Time Frequency representation (spectrogram)
in aselected frequency band [0.3-0.8] Hz [25].

ccl (3)

2.2.4. Quality parameters of the EHG signals

EHG signals are contaminated by other biological signals. The
most commonly encountered interferences are caused by: the
maternal and foetal electrocardiogram, electrical activity of the
abdominal muscle, maternal breathing movements, contact inter-
ference, and maternal and foetal movement artefacts. Various
estimators have been defined to evaluate the quality of the signals
obtained in the presence of interference from these sources.

2241, Interference from maternal ECG. In order to quantify the
maternal ECG interference present in the EHG recordings for each
of the surface channels (termed as x(t)) ten 60-s baseline sections
are extracted and the mECG R-wave is detected by the algorithm
proposed by Hamilton and Tompkins (1986) [ 28]. The average beat
ECG of mECG interference present in the surface signals is then
computed, considering a window from 275ms before to 450 ms
after each Rwavedetected in the mECGrecording and subsequently
taking the average of all the windows of the identified beats. An
estimate of the mECG interference signal (Ihpcc(2)) present in this
interval is then made by assigning the average beat, with the win-
dow size indicated above, to each R wave detection instant and
giving 0 value outside the window. At this point, the m@) signal
isestimated by subtracting the estimated mECG interference signal
Imecc(t) from the surface signal x(t). The signal-to-mECG interfer-
ence (S/Impce) is thus calculated as:

> 10 log (—power(m) > dB (4)

ImEcG power(Igcg)

power(EHG) being the power content of the signal under study and
power(Imecg) being the power content of the mECG interference
signal.

2242 Signal-to-noise ratio. In order to assess the quality of the
EHG signal in the contractile period, the signal is filtered in the
bandwidth of interest [0.1,4] Hz and decimated at 20 Hz. The signal-
to-noise ratio (5/N), that values the increase on the signal power
during contraction with respect to the basal state, is then computed
by a method similar to that used by other authors [29-31]:

5 power(CT) — power(basal)
N~ 101og ( power(basal) ) dB (5)

power(CT) being the power content of the EHG signal during
the contraction and power{basal) the power content of the base-
line near the contraction. An algorithm was designed for this that
selected the nearest non-artefacted 30-s baseline section before
and after the contraction analyzed.

3. Results
3.1. Consistency of contractions

Fig. 2 shows an example of EHG signals (bipolar, monopolar,
discrete Laplacian and Laplacian estimated by active annular elec-
trode) recorded simultaneously with intrauterine pressure (IUP)
and abdominal distension (TOCO) during a period of contractile
activity. It can be seen that a uterine contraction is associated
with increased pressure in the [UP and TOCO recordings and with
a spike burst containing a rise in amplitude and frequency in
the bioelectric signal in the different EHG recordings. The ampli-
tude of the monopolar, bipolar and discrete Laplacian signals is
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Fig. 2. Abdominal surface recording during contractile period. Signals (descending order): [UP: intrauterine pressure, TOCO: Tocodynamometer, Monopolar: M1, bipolar:

B1, discrete Laplacian: Lp, Laplacian: anular active electrode 2.

in the order of hundreds of microvolts, and that of the signals
captured by the active annular electrode are around 20 times
lower.

The total number of contractions identified by each technique
and the value of the CCI index that assessed the consistency of
the contractions detected by TOCO and EHG in comparison with
IUP are given in Table 2. [UP detected a total of 479 contractions,
while only 289 were detected by the tocodynamometer. All EHG
channels present higher consistency values than TOCO. In addition,
except for L1 and L2, this difference is significant (ANOVA, p=0.05)
if CCI values are analyzed for each of the 22 recording sessions
(individual values are not given for reasons of space). Monopolar
and bipolar EHG signals considerably improve on the consistency
indices obtained by TOCO, with values between 88% and 94%. In the
set of EHG signals, the B1 recording channel has the best detected

Table 2

Contractions consistency index to compare TOCO, [UP and EHG.
Channel Nr Ng CCI(%)
Contractions consistency index (CCI)
M1 479 417 93.39
M2 479 384 89.30
M3 479 399 91.20
M4 479 382 89.04
M5 479 392 90.32
Bl 479 423 94,10
B2 479 397 90.95
B3 479 404 91.82
B4 479 379 88.65
LD 479 384 89.30
L1 479 336 82.76
12 479 288 75.39
TOCO 479 289 63.77

NE, number of detected contractions in EHG or TOCO signal; NC, number of con-
sistent contractions; monopolar: M1, M2, M3, M4, and M5; bipolar: B1, B2, B3, B4;
discrete Laplacian: LD, annular ringed electrode: L1, L2.

CCL. In the monopolar EHG recordings, the best results were
given by those supplied by the electrodes placed over the median
uterine axis (M1, M3 and M5). As for Laplacian EHG recordings,
discrete Laplacian Lp presents a CCI value of 89.3%, similar to that
of monopolar and bipolar EHG recordings meanwhile the signals
captured by the active annular electrodes show lower contraction
consistency index values than the other channels, the CCI value
associated with the L1 recording (82.76%) being better than that
of the L2 recording (75.39%).

3.2. Resting ECG interference

Fig. 3 shows an example of the simultaneous recording of signals
captured on the abdominal surface during a period without uter-
ine contractions. Strong interference from maternal cardiac activity
can be observed under these conditions in the monopolar recor-
ding, which is attenuated in the bipolar recording, while it is not
apparent in the Laplacian recordings.

The diagram in Fig. 4 gives details, in terms of electrode
arrangements and recording techniques, of the signal-to-mECG
interference ratios. The results are a reflection of the behaviour
shown in Fig. 3. The monopolar recordings are strongly affected
by mECG interference, with the M2 recordings on the patient’s
left-hand side giving the worst results (3.4 +7.1 dB). The best are
given by the M4 recording (on the right-hand side) at 8.7+ 7.6 dB.
Maternal ECG interference is significantly lower in bipolar than
monopolar recordings, although it can be easily identified, with
the B1 recording being the most affected (14.5+3.9dB), and B3,
on the patient’s right-hand side, the least (20.5 £ 6.4 dB). Laplacian
recordings obtained the highest values of this parameter (discrete
Laplacian 21.2+4.1dB, L125.9+5.1dB and L2 26.9 + 4.8 dB).
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Fig. 3. Abdominal surface recording during a period without uterine contractions, Signals (descending order): monopolar: M1, bipolar: B1, discrete Laplacian: Lp, Laplacian:
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Fig. 4. Signal-to-mECG interference ratio in rest state for the different electrode
arrangements and recording techniques.

3.3. Signal-to-noise ratio

Fig. 5 presents the values of the signal-to-noise ratio obtained
during the contractile period according to location and the tech-
nique employed to obtain the EHG recordings. It can be seen that
the ratios obtained are low, with mean values between 5.1 and
7.6 dB.In general the monopolar recordings have the lowest values,
followed by the bipolar and Laplacian. It can also be seen that the
channels on the patient’s right-hand side present signal-to-noise
ratios slightly higher than those on the left. However, all the val-
ues show wide variations, both between contractions on the same
channel and session and among subjects, as discussed below,

4. Discussion
4.1. EHG vs. TOCO for detecting uterine contractions

Researchers in the field of obstetrics are aware of the limitations
of the tocodynamometer-based methods of monitoring uterine
dynamics at present in use, These devices have comparatively low
sensitivity, which can affect the accuracy of contraction amplitude
and duration, and it restricts their use in obese parturients, They
may even fail to detect contractions altogether due to misalign-
ments of the toco probe caused by maternal movements [3,4,7,27].
In addition, the toco probe needs to be held tight by a strap that
applies pressure on the mother’s abdomen, which can be uncom-
fortable and may even be the cause of the appearance of uterine
contractions. Many studies point out that EHG recordings could
make a large contribution to solving this problem [8,25,27,32]. In
fact, previous studies carried out by other research groups have
found that monopolar or bipolar EHG recording techniques are
more consistent in detecting the contractions recorded by [UP than
the TOCO signal (contraction detection correlated better with IUP
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(0.94+0.06) than with TOCO 0.77 £0.25 [8]). In the present work
not only these findings that have been confirmed but also the
fact that Laplacian recordings can detect more uterine contractions
than TOCO. It should also be noted that Euliano only worked with
monopolar recordings and to determine contraction consistency
used the single monopolar EHG recording channel with the best
signal-to-noise ratio of the four monopolar channels used. Simi-
larly, Jezeweski selected the bipolar channel with the best results
in the parametric identification of contractions [26]. Whereas in
this work we presented the results of all the recording channels,
showing that all of them presented better behaviour than TOCO in
terms of detecting uterine contractions.

Although other parameters from pressure and EHG recordings
may be used to further characterize uterine dynamics, such as dura-
tion of contractions and maximum peak and have been considered
by other authors [4,6,9,10,32,33], they are outside the scope of the
present work.

4.2, EHG recording technique and electrode position

One of the most important limitations to the wider application
of EHG recordings is the quality of the signals captured on the body
surface, These signals are very weak and are subject to interference
such as the mECG and baseline oscillations.

Diverse methods have been proposed to date to reduce mater-
nal cardiacinterference in electrohysterographic signals, including:
methods of identifying mECG interference by generating PQRST
templates of the maternal complex for its suppression during the
maternal cardiac cycles [34], techniques based on dynamic mECG
segmentation for subsequent linear prediction and elimination of
the mECG segments [35,36] wavelets [31,37] and empirical mode
decomposition [31]. This type of methods in general give sat-
isfactory results, although they do require extensive computing

power which, when combined with other factors makes their use
difficult in real time monitoring and diagnostic systems. Adap-
tive filters may be used for such applications [38] but still they
have to be applied to digitalised signals, and require computing
power. In the present study, the Laplacian EHG signals (dis-
crete estimation and signals from the active annular electrodes)
present a higher signal-to-mECG interference ratio than the simul-
taneously acquired monopolar and bipolar recordings. Specifically,
the highest S/lihpcq values correspond to signals captured by the
active concentric annular electrodes, which agrees with previously
published findings on the use of active annular electrodes for esti-
mating the Laplacian of the electroenterographic potential on the
abdominal surface [23]. Moreover, Laplacian recordings present
signal-to-mECG interference ratios similar to those obtained from
the above-mentioned signal processing techniques, but in this case
without the need to digitalise and post-process the signal, which
facilitates their direct application in real time monitoring systems.

On the other hand, the values obtained for the signal-to-noise
ratio (S/N) agree with those presented in previous studies [31,39]
for bipolar recordings. This parameter was found to vary widely
not only between patients but also between contractions in the
same patient, This is primarily due to the fact that the contractions
detected can vary in intensity, and also to baseline changes caused,
for example, by contact impedance variations when the patient
changes position, in addition to variations in the intrinsic charac-
teristics of individual patients, such as their BMI, week of gestation,
etc. In any case, higher signal-to-noise ratios can be expected from
bipolar than from monopolar recordings, given their capability to
reduce common mode interferences (e.g. in the signal-to-mECG
interference ratios). However, bearing in mind that the EHG sig-
nal propagation speed is approximately 8 cm/s during labour [40]
and the interelectrode distance is 2.5 cm, some components of the
signal under study can be cancelled in bipolar signals due to dips
in the frequency spectrum which also depend on the main prop-
agation direction, In the case of annular electrodes these dips also
appear, but they are only affected by electrode’s dimensions and
conduction velocity, but not by propagation direction as reported
by Farina et al. [41]. The annular electrodes tested in this study
proved to be suitable to detect uterine contractions. Furthermore,
in spite of the wide variations observed in S/N parameters, the
recordings from the active annular sensors again performed best
in this aspect, suggesting that this technique also reduces com-
mon mode interferences while not cancelling much information of
interest.

Regarding the optimum recording position, the literature
favours the subumbilical uterine median axis because of a closer
contact and a more constant position of the uterus relative to the
abdominal wall during contractions [9,25,33]. Our CCI results also
indicate that the highest numbers of contractions are detected by
both mono- and bipolar EHG recordings in this zone. It should
be pointed out that the annular electrodes were placed in the
supraumbilical zone for reasons of space and not above the uter-
ine median but on either side of it. This factor, besides the fact
that these electrodes are dry (no electrolytic gel is used provid-
ing higher skin electrode impedance about 1 kOhm) Seems to be
the reason for the lower CCl values obtained from recordings made
with this type of electrodes. It would therefore be of interest to
create an additional database on the different locations for active
annular electrodes. In addition considering that the tested annu-
lar electrodes were developed on rigid substrate which limits its
adaptation to the body surface contours, the development of new
versions of these electrodes on flexible substrates could yield better
performance. Nevertheless, the proven capability of annular elec-
trodes to detect uterine contractions is of great importance since
this type of electrodes provides better spatial resolution recordings
in comparison to monopolar and bipolar recordings carried out by
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conventional disc electrodes [17]. This can be a great advantage
in electrohysterographic propagation analysis, which has recently
proven to provide very valuable information for predicting preterm
delivery [1542].

Another interesting question derived from the analysis of the
results obtained is that the zone to the right of the uterine median
axis seems to offer advantages as regards both signal quality indi-
cators and detecting uterine contractions. This is in line with
electrophysiological and anatomical studies that have shown that
the uterus moves slightly to the right throughout pregnancy [43].

4.3. Limitations of the study

The present study focused on the active stage of labour in
singleton pregnancies and the results should be compared with
recordings taken in the final stages of pregnancies before the onset
of labour, even though the intrauterine pressure recording (IUP)
may not be available, and also with recordings from multiple preg-
nancies. In fact, recordings in the last weeks of pregnancy are now
being performed. Also, the patients in the database used in this
study are limited in number and should be increased in future work.

The electrodes used in the EHG recording techniques studied
were placed in different locations and the fact that those situated
over the uterine subumbilical median axis probably had an unfair
advantage could affect the interpretation of the results to some
extent. In this regard, it would be interesting to obtain and analyze
recorded signals from different positions (in our case turning the
silicon template used to place the electrodes). The capacity to detect
contractions of recordings taken from annular electrodesis likely to
increase in other positions, especially when placed over the uterine
median axis.

It should also be pointed out - as mentioned before — that the
annular electrodes used to obtain the Laplacian estimation of the
EHG surface potential were developed on rigid substrates, with a
limited ability to adapt to the curves on the surface of the body,
being difficult to ensure good skin-electrode contact and causing
certain degree of discomfort to the patient. At the present time
our research group is involved in the task of developing similar
electrodes over flexible substrates, which are expected to further
improve both signal quality and the overall performance of this
recording technique.

5. Conclusions

This paper presents different techniques and electrode place-
ments for recording EHG signals as an alternative to TOCO for
non-invasive monitoring of uterine activity. The results show that
all the EHG-based techniques are able to detect a higher number of
uterine contractions than TOCO, especially from recordings taken
over the uterine median axis.

Concerning the technology for EHG signal recordings, those
from Laplacian recording techniques provide better quality sig-
nals than those obtained from the traditional mono- and bipolar
techniques in terms of both reducing cardiac interference and
enhancing the signal-to-noise ratio. The best position for placing
EHG recording electrodes was found to be the uterine median axis
and the centre-right subumbilical zone.
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Abstract—The conduction velocity and propagation patterns
of the electrohysterogram (EHG) provide fundamental
information on the electrophysiological condition of the
uterus. However, the accuracy of these measurements can be
impaired by both the poor spatial selectivity and sensitivity
te the relative direction of the comftraction propagation
associated with conventional disc electrodes. Concentric ring
electrodes could overcome these limitations. The aim of this
study was to examine the feasibility of picking up surface
EHG signals using a new flexible tripolar concentric ring
electrode {TCRE), and to compare these signals with
conventional bipolar recordings. Simultaneous recording of
conventional bipolar signals and bipolar concentric EHG
{BC-EHG) were carried out on 22 pregnant women. Signal
bursts were characterized and compared. No significant
differences were found between the channels in either
duration or dominant frequency in the Fast Wave High
frequency range. Nonetheless, the high pass filtering effect of
the BC-EHG recordings gave lower frequency content
between (0.1 and 0.2 Hz. Although the BC-EHG signal
amplitude was about 5-7 times smaller than that of bipeolar
recordings, a similar signal-to-noise ratio was obtained.
These results snggest that the flexible TCRE is able to pick up
uterine electrical activity and could provide additional
information for deducing the uterine electrophysiological
condition.

Keywords—Concentric ring electrode, Flexible electrode,
Electrohysterogram.
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INTRODUCTION

Preterm births and associated complications are
among the most important problems in perinatology,
since they represent about 7% of total births and
contribute to about 85% of all perinatal deaths.* The
complications of preterm births include significant
neurological, mental, behavioral and pulmonary
problems in later life.*” One of the determining factors
of the effectiveness of tocolytic treatments, and there-
fore of the prolongation of fetal development in the
uterus, is the early detection of preterm birth, which
depends upon understanding the mechanisms that
initiate labor.™

Uterine activity is usually monitored during preg-
nancy and childbirth in order to estimate parturition
onset as well as to appraise maternal and fetal well-
being. Tocography (TOCO), the technique most com-
monly used at the present time to determine uterine
dynamics, consists of detecting changes in the
abdominal contour by using external force measure-
ment devices and is an indirect indication of uterine
contractions.>” However TOCO is not a reliable tech-
nique, since it mostly depends on the position of the
tocodynamometer and on the subjective judgment of
the examiner.”** Nor does it provide information on
the efficiency and synchronization of uterine contrac-
tions, which seem decisive in predicting the delivery
time horizon and so in identifying the risk of preterm
birth.'? Despite these drawbacks, TOCO is widely used
in maternity clinics due to its non-invasive nature.

Abdominal surface electrohysterogram (EHG)
recording has emerged as an alternative technique for
assessing uterine activity non-invasively.*!"' The
EHG consists of intermittent bursts of spike action
potentials which can be initiated in any myometrial

© 2014 Biomedical Engineering Society
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muscle cell (pacemaker) and then excite the sur-
rounding cells.”!! Uterine electrical activity is low and
uncoordinated during early pregnancy, but becomes
intense and synchronized as delivery approaches.*'"
Previous studies have shown that the EHG burst
energy is mainly distributed between 0.1 and 4 Hz”' and
is made up of two components: Fast Wave Low (FWL)
and Fast Wave High (FWH), with dominant fre-
quencies between [0.13 0.26] Hz and [0.36 0.88] Hz,
respectively. It has been suggested that FWL is
related to the propagation and FWH to the excitability
of uterus electrical activity, respectively, which are the
main issues in determining uterine contractility,*
however this hypothesis still has to be proven. Most
EHG studies have focused on changes occurring in the
“uterine-dominant™ range, i.e., within the 0.34 1 Hz
frequency range, so as to reduce baseline wander and
respiration artifacts, which are typically below
0.34 Hz, and to nullify cardiac components, generally
found at above 1 Hz.!®!

Conventional or high density arrays of monopolar
electrodes are usually emploved for non-invasive EHG
recordings. Applying linear and nonlinear methods in
both time and frequency domains, it has been proven
that EHG features could contain relevant information
for the prediction of both term and preterm births and
so for the improvement of the perinatal accomplish-
ment,*'"'* being specially promising for the estima-
tion of conduction velocity'®* and the study of
propagation patterns related to contraction synchro-
nization.® However, estimating the conduction velocity
depends on the direction of the contraction propaga-
tion in relation to the electrode arrangement,*® and its
accuracy can also be affected by the poor spatial res-
olution associated with conventional disc electrodes,
due to the blurring effect of the volume conductor. In
this context, concentric ring electrodes have been
proposed in the literature to improve the spatial reso-
lution of surface biosignal recordings™'*! and to
reduce different types of physiological interference.”
Theoretical studies of the spatial transfer function of
the different configurations of disc and concentric-ring
electrodes have also found that higher frequency con-
tent and lower amplitudes could be expected from
bipolar concentric recordings than from bipolar
recording with conventional disc electrodes.®’

Concentric ring electrodes have already been used
for EHG monitoring.! The configuration of these
electrodes permitted the attenuation of cardiac inter-
ference in EHG recordings. However, the ring elec-
trodes used were implemented on rigid substrates,
which limited their adaptation to the curvature of the
abdominal surface of pregnant women, making it dif-
ficult to ensure good skin electrode contact, which was
reflected in lower detectability of uterine contraction
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than in conventional bipolar recordings. Disc elec-
trodes also cause a certain degree of discomfort to the
patient. In addition, no differences have been reported
between the frequency content of EHG  signals
recorded from concentric ring electrodes and that of
recordings from disc electrodes.

As a necessary next step towards the possible clini-
cal use of concentric ring electrodes, the objective of
the present work was therefore to develop and test
active flexible ring electrodes for EHG recording, and
to compare the temporal and spectral parameters of
these signals with those of conventional bipolar EHG
recording from disc electrodes. For this purpose, signal
bursts were identified and characterized from simul-
taneous bipolar EHG recordings with conventional
disc electrodes and from the proposed concentric ring
electrodes (BC-EHG). It was observed that although
the BC-EHG bursts presented smaller amplitude,
similar results were obtained in parameters such as
signal-to-noise ratio, duration and dominant frequency
in the Fast Wave High frequency range. The main
differences were found in the frequency range from 0.1
to 0.2 Hz due to the high pass filtering effect of con-
centric ring electrodes. The detectability of uterine
contractions was similar in both BC-EHG and bipolar
signals, suggesting the feasibility of the proposed flex-
ible ring electrode for the monitoring and analysis of
uterine electrical activity.

MATERIALS AND METHODS

Concentric Ring Electrode

The proposed active electrode is made up of two
parts: a disposable sensing tripolar concentric ring
electrode (TCRE) printed on flexible substrate, and a
reusable battery-powered signal-conditioning circuit
that filters and preamplifies the biosignals before
transmission.

The sensor unit consists of two hook-shaped elec-
trodes and an inner circular electrode (see Fig. 1) so as
to be implemented using a monolayer design (no vias
are needed). This kind of electrode is able to pick up
bioelectric dipoles located at depths approximately
equal to the ring diameter."* Considering the expected
depth of uterine muscle from the abdominal surface,
and as a compromise between signal amplitude and
spatial resolution, the external diameters of the outer
and middle rings were set to 36 and 24 mum, respec-
tively. Other technical and physiological issues for
electrode dimension design can be found in a previous
work by the present research group.?*

The flexible electrodes were implemented by screen
printing technology with a 200 mesh screen. The
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FIGURE 1. Tripolar concentric electrode for monolayer
implementation.

serigraphy was performed by an AUREL 900 high-
precision screen stencil printer. The ink curing period
was 130 °C for 10 min. A Dupont 5064 silver bio-
compatible conductor was printed onto polvester film
(MelinexST506, Dupont).

Signal Conditioning Circuit

Two ultra-high input impedance amplifiers were
designed for the TCRE to perform the differential
potential between the middle ring and inner disc (U,
U;) and between the outer ring and inner disc (U5 Uy).
Each amplifier consisted of a differential input, quasi
high-pass instrumentation amplifier to provide unity
gain for the DC component generated from the half-
cell potentials between the skin and electrode while
amplifying the differential potential sensed by the
TCRE." Specifically, a single resistor capacitor set,
connected in series serves as a high-pass filter for both
input leads, so as to obtain a preamplifier gain of
14.74, the cut-off frequency being 0.1 Hz. The dual-
channel AD8222 (Analog Devices, Norwood, MA,
USA) high performance instrumentation amplifier was
chosen for its implementation. In this way, two bipolar
concentric EHG (BC-EHG) recordings can be
obtained from the TCRE as follows®:

BC, = Uy — U (1)

BC, = U — U) (2)

where Uy, U,, Us are the biopotentials picked up by the
inner disc, middle ring and outer ring of the TCRE,
respectively.

EHG Signal Acquisition

In this study 22 pregnant women underwent 30-min
recording sessions under physiological conditions (no
drug was administered) at the Hospital Universitario y
Politécnico La Fe, in Valencia. All the subjects pro-
vided written informed consent forms. The Hospital
Ethics Committee approved the study protocol, which
adhered to the Declaration of Helsinki. The subjects
were healthy women with uneventful singleton preg-
nancies and their estimated gestational age was
between 37 and 41 weeks. The maternal ages were
within the 21 42 year-old range and the body mass
index ranged from 20.8 to 40 kg/m’.

For each recording session the abdominal skin was
carefully prepared using an abrasive paste to reduce
skin electrode contact impedance. Two disposable
monopolar Ag/AgCl electrodes (EL501, Biopac Sys-
tems Inc, Santa Barbara, CA, USA)were used to obtain
one conventional bipelar EHG signal, placed on the
uterine median axis at the center of the uterus (fundus to
symphysis), the inter-electrode distance being 25 mm.
Two bipolar concentric EHG recordings were directly
obtained using the developed flexible active TCRE,
which was positioned over the uterine median axis 4 cm
above the umbilicus. A thin layer of electrolytic gel
(Signa Gel, Parker Laboratories, Inc., Fairfield, NIJ,
USA) was carefully applied to the flexible TCRE to
ensure good contact between electrode and skin. This
electrode arrangement was due to the fact that in the
vertical median line of the abdomen, the distance
between the recording site on the skin and the signal
source in the myometrium is reduced with respect to the
lateral sides.”® On the other hand, in the region sur-
rounding theumbilicus the position of the uterus relative
to the abdominal wall is constant, even during con-
tractions,* resulting in a better signal-to-noise ratio.
Monopolar disposable reference and ground electrodes
were placed on the subjects” hips. All recorded EHG
signals were band-pass filtered at [0.05, 35] Hz by
Biopac ECG100C commercial biosignal amplifiers
(Biopac Systems Inc., USA) and sampled at 500 Hz.

A tocodynamometer placed on the abdominal sur-
face was used to obtain simultaneous non-invasive
pressure recordings. This latter was conditioned using
a maternal fetal monitor (Corometrics 170 series, GE
Medical systems) acquired at a 4 Hz sampling fre-
quency. All the collected data were displayed in real
time and digitally stored for subsequent analysis.

Data Processing

Since EHG signals mainly distribute their energy
from 0.1 to 4 Hz,”! a Sth order Butterworth bandpass
digital filter between 0.1 and 4 Hz was used to elimi-
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nate undesired components, after which the EHG
signal was resampled at 20 Hz.

All the EHG bursts were then segmented manually
according to the rules specified below. The EHG bursts
had to correspond in time to the contractions detected
in the uterine pressure record, and no artifact evidence
should have been observed during contraction. In this
work only the consistent EHG bursts in bipolar EHG
and both BC-EHG records were considered for the
subsequent analysis, i.e., the differences among the
different channels at the onset and offset of the EHG
burst had to be within +30 s.

Subsequently, the signal characteristics of the con-
sistent EHG bursts were computed to compare bipolar
and BC-EHG records. For both bipelar and BC-EHG
signals, a set of parameters was computed to charac-
terize the EHG bursts used in different previous
works™!"*: duration, peak-to-peak amplitude, mean
frequency (MF) in the frequency range 0.1 1 Hz,
dominant frequency calculated in frequency range
0.1 1 Hz (DF;) and in 0.34 1 Hz (DF,) and subband
energies normalized with respect to total energy. This
latter was defined as follows:
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where PSDy,qlf] 1s the power spectral density using
Welch averaged modified periodograms of bipolar and/
or BC-EHG signal bursts with a window length of 60 s,
1. and f3; are the considered frequency limit to compute
the subband energies. The next subband energies were
then computed: NE;: 0.1 0.2 Hz, NE, 0.2 0.34 Hz,
NE;: 1.34 0.6 Hz, NE4: 0.6 1 Hz, NEs: 1 4 Hz.

The signal-to-noise ratio of the EHG bursts was
worked outin order to compare the quality of bipolar and
BC-EHG signals. Assuming that the baseline activity did
not vary significantly throughout the 30-min recording,
the same segment of baseline activity for both bipolar and
BC-EHG records was manually identified with the help of
TOCO in each recording session. The signal-to-noise
ratio was then calculated as the ratio between the power
of the EHG bursts and that of baseline activity,'” calcu-
lated using Welch averaged modified periodograms
(window length 60 s), which has been proposed for esti-
mating the SNR of electromyografic signals.’
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where PSDgywlf] and PSDyg|f] are the power spectral
density of the EHG burst and that of the baseline
activity under analysis, respectively, /1 and fy are the
considered frequency limits for the subband SNR
analysis, respectively. Specifically, the SNR was ana-
lyzed in the next sub-bands of the signal spectrum for
bipolar and both BC-EHG records (SNR;: 0.1 0.2 Hz,
SNR;: 0.2 0.34 Hz, SNR5: 0.34 0.6 Hz, SNRy4: 0.6
1 Hz, SNRs: 1 4 Hz, SNR1: 0.1 4 Hz).

Finally, all these parameters obtained from bipolar
and BC-EHG signals were statistically compared using
the paired ¢ test (« = 0.03).

RESULTS

Figure 2 shows a simultaneous recording of the
TOCO, the bipolar EHG obtained from two mono-
polar disc electrodes and two BC-EHG signals picked
up using the flexible TCRE. Two contractions can be
easily identified in the three EHG channels. The bursts
in BC-EHG signals are of the order of tens of micro-
volts in amplitude, which is smaller than that obtained
from the bipolar EHG signal (hundreds of microvolts).
In addition, the signal amplitude of BC, is, in general,
smaller than that obtained from the BC, channel. As
for the power spectral distributions (PSDs) of the two
EHG bursts, shown in Fig. 3, it can be observed that
both BC-EHGs contained similar spectral content in
the FWL and FWH frequency range. In contrast,
bipolar EHG bursts seem to contain strong low fre-
quency content (from 0.1 to 0.2 Hz), whereas this
component seems to have less influence in both BC-
EHG signals.

Figure 4 shows another trace of simultaneous
recording of the TOCO, bipelar and the two BC-EHG
signals in which non-consistent contraction was
recorded. Firstly, it can be clearly observed that the
contraction around 150 s was simultaneously recorded
in all TOCO, bipolar and the two BC-EHG signals,
with the difference that the EHG burst in the bipolar
channel lasted longer than in both BC-EHG channels.
Moreover, a second contraction of low intensity
extending from 250 to 400 s appeared in the TOCO
recording, which was also reflected as an increase of
signal amplitude in the bipolar EHG record. In con-
trast, in both BC-EHG records this latter seems to be
two independent bursts clearly differentiated in the
time window. Since the onset or offset of the EHG
burst differ by more than 30 s in the bipolar and BC-
EHG channels, it was considered as a non-consistent
contraction.

Table 1 shows the total number of uterine contrac-
tions identified in each recording channel. A total of 71
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FIGURE 2. Bipelar and two BC-EHG recordings acquired simultaneously with TOCO in antepartum.
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FIGURE 3. PSD of the EHG bursts shown in Fig. 2 correspending to: (a)—(c) Contraction extending from 30 to 178 s.
{d)}—(f) Contraction extending from 480 to 550 s.

and 78 consistent contractions with bipolar recordings sistent in the bipolar and both BC-EHG channels. The
were detected in BC; and BC,-EHG recordings, features of the bipolar and the two BC-EHG records
respectively. Of these, only 69 contractions were con- for the total of consistent contractions are shown in
OBMES_
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FIGURE 4. Bipolar and two BC-EHG recordings acquired simultaneously with TOCO in antepartum.

TABLE 1. Total number of uterine contractions detected in TOCOQ, and the corresponding consistent contractions in bipelar and
BC-EHG records.

Nross ~ NGTOCO-BIP  NcTOCO-BG1  NeTOCO-BG2

NeTOCO-BIP-BCAH

NeTOCO-BIP-BCZ NeTOCO-BIP-BC1-BC2

97 90 81 86

71 78 69

Table 2. Firstly, no statistical difference was observed
in uterine contraction duration and DF, (correspond-
ing to the FWH frequency) values from the bipolar
and the two BC-EHG channels. On the other hand,
mean frequency, NE,, NEj;, NE; and DF; values
obtained from bipolar EHG bursts were significantly
smaller than those of the BC-EHG bursts. The de-
crease of NE, and NE; is related to the increase of INE;
which was significantly higher in bipolar EHG. Con-
cerning the signal amplitude, for the bipolar signals it
was in the order of hundreds of microvolts, ranging
from 90.5 to 948 uV, which was significantly higher
than that picked up by the flexible TCRE, which varied
from 13.1 to 153.9 uV.

The mean and standard deviation of the SNR in
different subbands of the signal spectrum derived from
the bipolar and the two BC-EHG records are given in
Table 3. In general, for all EHG signals, the SNR
value was higher in both the FWL and FWH range
(see SNR, and SNR3) and started to decrease above
0.6 Hz, being the lowest value obtained in the fre-
quency range 1 4 Hz (see SNR5). The statistical ana-
lysis indicated that no significant difference was found
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in the SNR values of bipolar and BC,-EHG channels,
except in the SNRs. In contrast, the SNR, and the
SNR; value derived from the BC;-EHG channel was
significantly lower than that of the bipelar channels;
resulting in a smaller SNR in the whole frequency
range of the signal (SNRy: 9.6 &+ 3.2 dB bipolar vs.
8.4 £ 3.0dB BC,-EHG, being 9.8 + 3.6 for BC2-
EHG).

DISCUSSION

Electrohysterography could benefit from the
advantages of concentric ring electrodes over conven-
tional disc electrodes, such as enhanced spatial selec-
tivity and independence of the direction of signal
propagation. This could be of great importance in the
study of propagation patterns and the estimation of
conduction velocity. Nonetheless, concentric ring
electrodes present a greater high-pass filtering effect
than disc electrodes, which could affect the ability to
pick up uterine myoelectrical activity, especially the
lower frequency components. Our research group has
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TABLE 2. Mean and standard deviation of the EHG charac-
teristics of bipolar and twe BC-EHG records for the total of 69
consistent contractions.

Bipolar BC, BC.
Duration (s) 81.6 £ 295 80.4 £ 29.7 80.6 +£ 29.6
Amplitude (zV) 19254+ 1405 283+ 224* 4204217
MF (Hz) 0.25 £ 0.05 0.30 £ 0.06© 0.30+0.06"
DF, (Hz) 017 £ 0.06 022+ 009" 0244011
DF2 (Hz) 0.39 £ 0.04 0.40 £ 0.06 0.41 £ 0.06
NE1 047 £ 019 0.31 £ 015 0331017
NE2 031+ 013 035+ 012" 035+012*
NE3 017 £ 012 024+ 013 025+ 014"
NE4 003+ 002 0.06 £ 0.04~ 0.06 +0.04*
NES 0.01+001 0.03 £ 002 0.02+0.01"

* Statistical difference was found in this parameter between bipolar
and each of BC-EHG (x = 0.05).

TABLE 3. Mean and standard deviation of the SNR of bipolar
and the two BC-EHG records for the total of 69 consistent
contractions.

Bipolar BC, BC.
SNRy (dB) 96 +32 8.4 4+ 3.0 984 36
SNR; (dB) 82+40 82+ 37 9.7+ 33
SNR; (dB) 113 +45 87+ 3.7 104+ 4.7
SNRz (dB) 117 £ 46 9.6 + 4.3 115+ 55
SNR, (dB) 851+42 79143 96+ 46
SNR; (dB) 454+ 34 534135 6.5 + 3.2*

* Statistical difference was found in this parameter between bipolar
and each of BC-EHG (x = 0.05).

already proved it is possible to identify uterine con-
tractions in EHG recordings with rigid concentric ring
electrodes. In the present work it was intended to work
towards the possible clinical application of this type of
electrode by studying the effects of this concentric ring
configuration on temporal and spectral EHG param-
eters for two different ring dimensions and by
enhancing their usability with a new design imple-
mented on a flexible substrate.

Firstly, the BC-EHG signals acquired from the
flexible TCRE identified a slightly lower number of the
uterine contractions detected by TOCO than those
identified in bipolar signals Uterine contraction
detectability by flexible wet TCRE is about 83.5 and
88.6% for BC, and BC, channels, respectively, which
is only slightly less than that of bipolar signals
(92.7%). This higher detectability of conventional
bipolar recordings could be attributed to the electrode
location, since it has been reported that the best loca-
tion for capturing uterine electromyographic activity is
over the median axis below the umbilicus,*?” where the
conventional disc electrodes were placed. Regarding
signal amplitude, on average that of BC; and BC; was
6.5 times and 4.6 times inferior to that obtained m
bipolar signals, respectively. These experimental results

are consistent with theoretical ones and are probably
associated with the smaller inter-pole distance in the
TCRE than in bipolar recording by conventional disc
electrodes (bipolar: 25 mm; BC;: 5.31 mm; BCy:
11.94 mm). Despite the differences in signal amplitude,
similar signal quality was obtained for bipolar EHG
and BC-EHG recordings; with SNR values of: bipolar:
9.6 dB; BC1: 8.4 dB; BC2: 9.8 dB, which are slightly
higher than the values reported by other authors for
EHG  recordings with conventional disc elec-
trodes."!7?"3 For both recording techniques, the
frequency content over 1 Hz was almost negligible
(<3%) and no significant differences in the duration,
or DF,,were found, all these values being consistent
with those reported by other authors for subjects with
similar gestational ages.'™!”"'%%° The main differences
were in the signal energy in the low frequency content
(from 0.1 to 0.2 Hz) of the signal spectrum. This was
significantly smaller in BC-EHG channels than in
bipolar EHG recordings, thus obtaining higher values
of mean frequency and dominant frequency between
0.1 and 1 Hz. This finding could be due to various
factors: firstly, according to the theory, the BC con-
figuration has a greater high-pass filtering effect than
conventional bipolar recording.®’ This effect is
emphasized when the size of the TCRE is reduced.
Secondly, the flexible TCRE was connected to a quasi-
high pass instrumentation amplifier that reduced the
DC component in bioelectrical recording. Thirdly, the
three rings of the flexible TCRE were implemented on
the same substrate, which probably provides more
similar electrode skin contact potential and a more
synchronized response to abdominal surface stretching
during contractions than that of the two independent
monopolar electrodes. If this energy reduction at lower
frequencies was associated to an attenuation of specific
uterine components, the proposed TCRE electrode
would not be suitable to study the basal tone or the
FWL component of the EHG, which would require the
development of larger TCRE electrodes or conven-
tional disc electrodes for monopolar recordings.
However it is noteworthy that most of the parameters
used to estimate the onset of labor are worked out in
the FWH bandwidth.'™"’

With reference to the dumensions of the proposed
electrode, no noticeable differences were found in the
features of both BC-EHG records, which may be
related to the relatively small TCRE sensing area.
Nonetheless, in accordance with the theoretical stud-
ies, >’ the EHG bursts of BC, were seen to present a
higher amplitude and better SNR than those of BC,,
which may be associated with the greater inter-elec-
trode distance of BC,. From these results, despite the
attenuation and the high-pass filtering effect, it can be
considered that bipolar concentric ring electrodes with
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an external diameter of 24 mm could be used for high-
density body-surface potential mapping for studying
velocity and patterns of EHG signal propagation. It
should be highlighted that although the higher spatial
resolution of concentric ring electrodes over conven-
tional disc electrodes has not been specifically quanti-
fied in this work, this enhanced capability to record
more localized myoelectrical activity seems to be the
reason why in the example shown in Fig. 3, two sep-
arate signal bursts could be identified in BC-EHG,
whereas only one longer one could be observed in the
conventional bipolar EHG recording which picks up a
more global activity. In fact, the reverse phenomenon,
i.e., a uterine contraction that appeared as two inde-
pendent EHG bursts in the bipolar channel but as a
single longer contraction in the BC-EHG channel, was
not observed during the entire study.

In comparison to previous studies with rigid con-
centric ring electrodes (24 mm equivalent diameter),"
the new flexible electrode provided enhanced signals in
terms of signal amplitude (flexible: 30,40 pV; rigid:
~10 uV), quality (SNR flexible: 8.4 dB, 9.8 dB; rigid:
7.6 dB) and contraction detectability (flexible: 83.5,
88%:; rigid: ~70%). This enhancement is due to several
factors. A flexible substrate adapts better to the body
curvature and provides better electrode skin contact
potential than rigid substrates, as has been demon-
strated in electrocardiographic applications.” Also,
unlike the rigid electrode, the new TCRE is used with
gel. Dry electrodes may cause poor electrode skin
potential contact, giving rise to surface recording with
a low signal-to-noise ratio, high baseline wander and
high sensitivity to motion artifacts." This latter effect
may be of special relevance when recording uterine
electrical activity, since a uterine contraction may also
induce movement artifacts from the abdemen, forced
respiration patterns or response to pain.

Finally, although the ability of the flexible TCRE to
pick up uterine electrical activity has been demonstrated,
the present study is not exempt from certain limitations.
Firstly, only two BC-EHG records from a relatively small
region were obtained using a flexible TCRE, which makes
it difficult to estimate the conduction velocity and study
propagation patterns in these recordings. Nevertheless,
the results of this work make it possible to obtain body
surface potential mapping from an array of flexible con-
centric ring electrodes for the measurement of conduction
velocity and to compare it with those obtained from
conventional disc electrodes. Secondly the number of
patients involved is small and should be increased in
future studies. In addition, the disc electrodes that per-
formed the conventional bipolar recordings and the
flexible TCRE used to obtain the BC-EHG signals were
placed in different locations, which could affect the
interpretation of the results to some extent. Also, our
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study was focused on the last weeks of singleton preg-
nancies. The results should be compared with recordings
at different gestational ages and in obese patients in order
to assess the utility of the proposed flexible TCRE to
predict labor and assess the preterm birth risk. As the
signal amplitude is low during the early stages of preg-
nancy, the poor signal-to-neoise ratio could make
recording the BC-EHG still more of a challenge. The
development of ultra-low noise bioamplifiers that could
acquire biosignals of a few microvolts and the application
of more sophisticated signal-processing techniques would
make a large contribution to the clinical application of
this non-invasive myoelectric technique.

CONCLUSIONS

The experimental results showed that uterine electrical
activity can be picked up by the new flexible wet TCRE,
with uterine contraction detectability at about 85% . When
compared with bipolar recordings, no significant differ-
ence was found for BC-EHG burst duration and domi-
nant frequency in the Fast Wave High Frequency range.
However, the signal amplitude was about 5 7 times lower
than that of bipolar recordings. It has also been shown that
BC-EHG bursts presented similar signal energy distribu-
tion to that of bipolar recordings, with the difference that
the latter had a smaller low-frequency content (between
0.1and 0.2 Hz). The BC-EHG signal quality sensed by this
type of electrode was comparable to that of bipolar ones.
Therefore, BC-EHG recordings, which acquire more
localized electrical activity, could be used for body surface
potential mapping to study the velocity and patterns of
EHG signal propagation in order to obtain additional
information on uterine contraction efficiency.
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Abstract—Uterine activity monitoring is used to assess
pregnancy and labor progress and to evaluate maternal and fetal
wellbeing. In this work we present a novel EHG recording
system which aims to simplify recording protocol conditions so
as to provide a clinically friendly use of this promising technique.

I. INTRODUCTION

Labor is defined as regular uterine contractions, cervical
effacement and dilatation and it is the physiologic process by
which a fetus is expelled from the uterus. Intrauterine pressure
(IUP) measurement is the actual gold standard for contraction
monitoring. Electrohysterography (EHG) has been emerged
as a non-invasive method for assessing uterine activity since
electrical signal generated by the myometrial smooth muscle
is temporally related to the contractions of the uterus.
Temporal, spectral and non-linear characteristics of EHG
signals have been shown to provide reliable information about
the onset of term and even preterm labor [1]. However, EHG
techniques are still not used in clinical practice due to the fact
that they require extensive wiring and a time consuming
preparation [1]. In order to promote their clinical application,
EHG recording systems should be simplified. In this work we
propose the use of a multi-ring electrode and a custom-made
compact high precision acquisition system, for a more friendly
clinical use of EHG recordings.

II. MATERIAL AND METHODS

The developed system is made up of a disposable tripolar
concentric ring electrode (CRE, SPEs Medica, Italy)
implemented onto a flexible substrate (radii: inner disc 10
mm, middle 30 mm and outer ring 35 mm), see figure 1 rigth,
which is connected to an ad hoc compact (80x42x10 mm’) and
easy-use high precision signal conditioning and recording
system for acquiring low-level amplitude bioelectrical signals,
allowing to reduce the inconveniences of benchtop
equipment. The sensed bioelectric signals are amplified
(Gain: 2059 V/V) and bandpass filtered between 0.1 and 150
Hz, and then digitized at 500 Hz with 24-bit resolution.
Signals can be internally stored or transmitted wirelessly.

So as to test the developed system, 5 recording sessions of
at least 1 hour of duration were performed in 5 women in
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Figure 1. Left: Simultancous recording of IUP (top trace) and the two
BC-EHGgs obtained from the CRE Right: Concentric ring electrode (CRE)
and ad hoc signal conditioning and recording module.

active labor at the Hospital Universitario y Politécnico La Fe
de Valencia. Ethics Committee approved this study, women
signed written consent forms. Gestational ages were between
39 and 41 weeks, and body mass indexes between 24 and 31
kg/m’. For each recording, the CRE electrode was placed on
the uterine median axis below the umbilicus; reference and
ground monopolar disc electrodes were placed on the left and
right hips respectively. Two bipolar concentric EHG signals
were digitally obtained: BC,-EHG= U, — U, and BC,-EHG=
U; — Uy, being U, U,, Us the monopolar biopotentials picked
up by the inner disc, middle ring and outer ring of the CRE
respectively.

III. RESULTS AND CONCLUSIONS

Figure 1 (left) shows simultaneous recordings of IUP and
two BC-EHGs signals during contractile activity period. This
figure shows that the rise in amplitude and frequency in
BC-EHG signals entails an increase of pressure in IUP
recording. For the total of 5 recording sessions, the number of
contractions detected in IUP, BC-EHG and BC,-EHG were
179, 140 and 162 respectively. Only few contractions were
discarded from the analysis due to the presence of motion
artifacts in EHG recording. This detection rates are higher
than traditional tocodynamometer measurements and similar
to conventional EHG methods with benchtop equipments [2].
Further EHG parameters could be derived and studied. These
results suggest that the proposed recording system could be
used for non-invasive highly accurate and at ease uterine
dynamic monitoring, enhancing the potential clinical use of
this technique.
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Hlectrohysterography (EHG) is a noninvasive technique for monitoring uterine electrical activity. However, the presence of artifacts
in the EHG signal may give rise to erroneous interpretations and make it difficult to extract useful information from these
recordings. The aim of this work was to develop an automatic system of segmenting EHG recordings that distinguishes between
uterine coutractions and artifacts, Fustly, the segmentation is performed using an algorithm that generates the TOCO-like signal
derived from the EHG and detects windows with significant changes in amplitude. After that, these segments are classified in two
gronps: artifacted and nonartifacted signals. To develop a dlassifier, atotal of eleven spectral, teroporal, and nonlinear features were
caleulated from EHG signal windows from 12 women in the first stage of labor that had previously been classified by experts. The
combination of characteristics that led to the highest degree of accuracy in detecting artifacts was then determined. The results
showed that it is possible to obtain automatic detection of motion artifacts in segmented EHG recordings with a precision of 92.2%
using only seven features. The proposed algorithro and classifier together compose a useful tool for analyzing BHG signals and
would help to promote clinical applications of this technique.

1. Introduction

Monitoring uterine contractions is commonly used to esti-
mate the time of an approaching labour. In spite of the
fact that intrauterine pressure (IUP] is regarded as the gold
standard in roonitoring these contractions, its use in clinical
practice is limited since it requires rupturing the membranes
to place a catheter inside the uterus. This not only leads
to delivery but may akso increase the risk of intrapartum
infection [1]. Hospitals often use a pressure fransducer
(TOCOdynamometer or TOCO)Y placed on the mothers
abdomen for basic noninvasive monitoring of uterine activity,
thus obtaining the frequency and duration of contractions.
However, the TOCO iy not a reliable technique, as the
measurements oblained are by no means precise and depend
0 a large extent on the subjective criteria of the operator

[2-4]. Neither do they provide much additional information
on the efficiency of contractions in order to decide whether
parturition is near. However, in spite of these disadvaniages,
the technique is widely used in maternity clinics due to its
non-invasive nature.

The electrohysterogram (EHG) is the recording of uterine
electrical activity from the abdominal surface. Farlier studies
bave shown thet the EHG signal is synchronized in time
with the efectrical signal generated by the myometrial smooth
muscle, which is also related in time with uterine contractions
inall animal species, including humans [2, 5, 6. In addition,
the EHG also provides relevant information for assessing the
efficiency of contractions, due to the fact that as pregnancy
advances and the time of birth approaches uterine electrical
activity undergoes changes which are reflected in EHG
signals ternporal and spectral characteristics |2, 3, 5, 7, 8.
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Moreover, recent studies have shown that conduction velocity
and direction are associated with the contractions efficiency
(8-11].

However, due to the difficulties involved in interpreting
the information contained in EHG recordings, this non-
invasive technique is still not used in clinical practice. In
order to promote its clinical application different methods
have been applied to extract from EHG record a signal which
is similar to pressure recordings (TOCO-like signal), with
which clinical staff are familiar [3, 12-16], and algorithms
have been developed to allow contractions to be detected
automatically in the TOCO-like signals [12, 14, 16]. The main
problem associated with the extensive application of these
algorithms lies in the fact that EHG recordings contain not
only uterine electrical activity but also a series of physiologi-
cal interference elements (maternal and fetal ECG, abdom-
inal muscle activity, and baseline fluctuations) and motion
artifacts [3, 12, 17]. The presence of the latter phenomena can
completely distort the spectral power density [18-21] which
could lead to misinterpretation of the results. In addition, the
presence of such artifacts makes the automatic identification
of contractions based on TOCO-like signals generated from
the EHG signal extremely difficult [12]. This is the reason why
so many authors consider it necessary to have the recordings
segmented manually prior to data analysis by experts in
identifying signal windows containing contractions [7, 22—
24]. This is a crucial task as it has repercussions on the
information that may subsequently be extracted. However, it
is also laborious and costly, not to mention the fact that the
results are partially dependent on the subjective criteria of
the operator. The aim of this work was therefore to develop
a tool that would provide automatic segmentation of EHG
recordings while distinguishing between uterine contractions
and artifacts, to promote the future clinical use of this
non-invasive technique for dynamic uterine monitoring and
predicting premature births.

2. Materials and Methods

2.1. Data Acquisition. Twelve recording sessions were carried
out at the Hospital Universitario y Politécnico la Fe in Valencia
(Spain) on twelve healthy women in the first stages of
labor having uneventful singleton pregnancies. Estimated
gestational period was 37-41 weeks. The study adheres to
the Declaration of Helsinki and was approved by the Ethical
Committee of the hospital. All the volunteers were informed
of the nature of the study, briefed on the recording protocol,
and signed the consent form. The duration of the sessions was
between 30 minutes and two hours. Patients were asked to
report about fetal movements they could identify. Maternal
movements were written down by the examiner.

The subjects were prepared by applying abrasive paste
to the skin surface to reduce electrode contact impedance.
In each session, 5 monopolar EHG signals were acquired
through 5 unshielded Ag/AgCl electrodes with 8 mm in
recording diameter placed in the form of a cross in the
subumbilical zone, as shown in Figure 1. This arrangement
was chosen since the best EHG signal/noise ratio is obtained
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F1GURE 1: Configuration of contact electrodes for EHG recording.

close to the abdominal vertical midline, especially in the
region immediately below the umbilicus [15]. Similar to other
studies interelectrode distance was 25mm [7, 8, 25] and
the reference electrode was placed on the subjects’ right hip
[15, 24]. A third electrode was placed on the subjects’ left hip
and it was connected to the commercial bioamplifiers’ ground
terminal. All the monopolar EHG signals were amplified,
analog bandpass filtered between 0.05 and 35Hz (Biopac
ECGI100C), and acquired at a sampling frequency of 500 Hz.

At the same time a TOCOdynamometer was positioned
on the abdominal surface together with an intrauterine
pressure catheter (ACCU-Trace) to obtain the TOCO and
TUP readings, respectively. The signals were conditioned in a
commercial maternal/fetal monitor (Corometrics 170 Series,
GE Medical Systems) and acquired at a sampling frequency
of 4Hz. All data were simultaneously stored in a PC for
subsequent analysis.

2.2. Signal Preprocessing. Since EHG signal energy basically
ranges from 0.1 to 3-5 Hz [5, 15, 26], a 5th order Butterworth
bandpass digital filter between 0.1 and 4 Hz was used to elim-
inate undesirable components. Then monopolar EHG signals
were downsampled at 20 Hz to reduce the computational cost
of the data analysis. This sampling frequency is enough to
compute the spectral parameters later described and showed
no significant effects in the distribution of the nonlinear
parameters studied in the next section. In this study, only the
4 bipolar EHG signals obtained from monopolar recordings
were analyzed, since this configuration largely reduces the
amount of interference present in monopolar EHG record-
ings [5, 15, 24, 27]:
B,=M,-M;  B,=M,- M,
1
B,=M,-M;;  B,=M,-M,, w
where M; are the preprocessed EHG signals acquired by
electrode i (i = 1,...,5) and B; (j = 1,...,4) are the
estimated bipolar signals.

As has been mentioned above, identifying uterine con-
tractions in EHG recordings is usually performed by means
of the TOCO-like signals derived from them [12, 14]. In the
present study, in order to exclude from the analysis most
of the artifact components due to motion, respiration, and
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cardiac electrical signals, only frequency components in the
0.34-1 Hz {(“uterine specific” rangje) {3. 22, 28] were used for
generating the TOCO-like signal of the four bipolar signals.
Concretely, two TOCO-Tke signals from bandpass hitered
EHG bipolar signal were obtained by calculating the RMS
value [12, 29] and the unnormalized first statistical moment
of the frequency spectrum [15] of 30s moving windows
displaced every 0.25s.

The TOCO-like signal segments with an amplitude sig-
nificantly different to that of the baseline were then identified
following a criteria similar to other authors proposals for
automatic detection of conftractions {12, 22]. The baseline
activity of each TOCO-like signal was obtained with a 4-
minute moving window displaced every 0.25s, ordering
the TOCO-like signal from highest to lowest values and
calculaling the average of the lowest 10% of values. The signal
segments with an amplitude significantly diflerent to that of
the baseline were then identified when the TGCO-like signal
amplitude remained at > 2x, the mean baseline activity, and
at »>25%, signal amplitude of each window for more than 30 s.
A rise in amplitude in these segments could possibly have
uterine origin, and would thus be due 1o a contraction, or
could alternatively be caused by artifacts.

The corresponding segments in the EHG signal were
classified as artifacted or non-artifacted signals by two
experts (1 bioengineer and 1 clinician} with the help of the
simultaneous TOCO and [UP recordings and the previously
annotated events. Segments classified as artifacted signals
should correspond in time to annotated events of mother
or fetal moverments, except for visually identifiable abrupt
variations of the biosignals which were also considered
artifacted signals since this behavior does not have an uterine
physiological origin, and these episodes could bave been
missed in the annotated events. The segments classified
as coniractions (non-artifacted signals) had to correspond
in time to uterine pressure events as measured by [UP
and TOCO, In this study a segment of signals with both
contraction and artifacts is considered to be an artifacted
signal. We decided to work in this manner since when an
artifact is present during a coniraction it affects the signal
parameters which could lead to misinterpretation of the
EHG characteristics associated to that contraction. Only the
segments in which the classification of both experts agreed
were included in the design and testof the automatic classifier.
A total of 277 EHG artifacted and 422 non-artifacted signal
windows were used.

2.3. Feature Analysis. Motion artifacts in surface myoelectric
recordings come in a wide range of waveforms according to
the type of motion and the subject characteristics. Besides
their presence is intermittent and unpredictable [18, 19].
For example, pulse-type motion artifacts often cause abrupt
variations in the potential measured on the abdominal
surface, while others are associated with a considerable rise
in the potential amplitude. The presence of motion artifacts
also affects the power spectral density (PSD} of the signal,
distributing its energy in the high frequency range [18, 201. In

(]

this study, the following EHG signal features were proposed
to detect their presence.

Spectral Parameters, To determine the energy distribution
within the signal spectrum, the energy was calculated in
certain frequency ranges [23]. Given the amplitude variations
in the EHG signals obtained from the different channels and
subjects during the sessions, this energy was normalized in
refation to total energy. Three frequency ranges were defined
to characterize energy distribution in the signal spectral
domain (E: 0.1-0.3Hz; F;:03-1 Hz By 1-4 Haz):

$1 . PSDIf]
! Z*-:np\’DU]

where PSD [f,] is the bipolar signal PSD obtained frem the
periodogram with a Hamming window and fy; and f,; are
the abovementioned lower and upper limits of the frequency
band considered (§ = 1,2, 3).

Temporal Parameters. As previously mentioned, EHG signals
containing artifacts often present sudden large amplitude
variations. This can be characterized by means of parameters
such as standard deviation (o) relative amplitude (RA);
kurtosis (k) normalized maximum derivative in relation
to standard deviation of the baseline (MD, J; normalized
maximum derivative in relation to standard deviation of the
signal under study (MDD, ) and the ratio between the RMS
value of the segment of the signal under study and the RMS
of the baseline extracted from the same channel and the same
recording (Kgo) :

max {x;} - min{x}

BA = ~, i=1,...,N,
O’.iﬁ
1
max gy - X
MDDy, = e l’, =2,...,N,
Ups
i
max {ix; -~ x4
MD, i - H, i=2,...,N
Gx

(3)

where x; is the ith sample of the bipolar EHG signal, N is the
number of samples in the window length, o is the standard
deviation of the signal under study, and oy, is the standard
deviation of the baseline extracted from the same channel of
the sarne recording session.

Nounlinear Parameters, The presence of artifacts in an LG
signal may affect the signal non-linearity properties, such as
regularity or complexity of finite length time series which can
bemeasured by the sample entropy (E,). This nonlinear tech-
nique seems (o be an appropriate quantitative tool to measure
the variability of underlying physiclogical mechanisms. It
has been shown to discriminate between EHOG signals of
term and preterm deliveries [30], and it has been used for
detection of eve blink artifact in multichannel EEG data [31].
We established a signal pattern dimension s = 3 and a
patiern matches margin v = (.15 to obtain the parameter
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sample entropy. In addition time reversibility of the surrogate
time series {7,) was calculated. Probabilistic properties of
artifacted awn.dh are expected o be more susceptible with
respect to time reversal than non-artifacted signals. The
difference between the tirne reversibility of the original data

and the surrogates was quantified as the measurement of

signal non-linearity. For this the z score value was computed:

T - {T }l
e rorg 3PS , I{d)
OT""SUIL
where T, is the time reversibility of the original data, T,

denotes the time reversibility for the 100 computations of the

surrogate time series, and or_ is the standard deviation.
TR

The definition of the signal time reversibility and the method

for generating surrogate lime series iy described in previous

works 132].

24, Feature Sciection, An important aspect in the design of

a classifier 1s the selection of the features involved in it The
usc of a single or a lmited number of these could adversely
affect the classifier accuracy due to lack of information. On
the cther hand, too many festures could also give rise to an
excess of information and over-training of data, which would
also affect the classifier performance [33]. We opted for first
determining which features contained the best information
for distinguishing between EHG signals with and without
artifacts and thus implemented a single-feature clasgsifier in
order to determine its individual discriminatory capacity
[18]. Then the combination of features that gave maximum
classifier accuracy in detecting artifacts by means of the
sequential forward feature selection algorithm was found.
The latter consists of an iterative process that checks whether
or ot the addition of & new feature will reduce classification
errors and then selects the one with the least errors.

25, Design of the Classifier. In the present study, linear (LDA)
and quadratic discriminant analysis (QDA); and support
vector machine (SVM) classifier using RBF kernel was imple-
mented. In order to determine the generalization capacity
of the new data classifiers, in a first stage signals from ten
palients were used (392 nonartifacted contractions and 253
artifacted segments). Specifically, two-fold cross-validation
was used, with 50% of the data being used for training
and 50% for validation [22]. In the second stage, c}as::iﬁers
were tested using signals from 2 additional patients (30 non
artifacted contractions and 24 artifacted segments). Due to
the random nature of the set of data used for training and
validating, the cross-validation process was carried out 50
fimes to minirmize bias. For each set of training data, various
classifiers based on LDA and QDA and SVM (RBF kernel
with optimized parameters) were implemented to distinguish

between signals with and without artifacts. For each set of

fraining data, optimal parameters for SVM classifier were car-
vied out using the simplex method. All sets of data were then
examined using these classifiers. Finally, classifier accuracy,
sensitivity, specificity, positive predictive value (PPV}, and
negative predictive value (NPV) were analyzed and compared
while using the best combination of features.

Computational and Mathematical Methods in Medicine

3. Results

Figure 2 shows a box and whisker plot of the 11 features of
the EHG signals correspending to Group 1 (no artifacts) and
Group 2 (with artifacts). It can be seen that the presence of
artifacts in the signal significantly raises the spectral content
in the high frequency range (1-4 Hz, E:). By contrast, even
though differences were found in the spectral content in the
0.1-0.3 Hz (E) and 0.3-1 Hz (E,) frequency ranges in both
groups, the distribution of these two features is completely
overlapping. In the temporal parameters, the presence of
artifacts is also associated with a significant rise in the values
of parameters RA, x, MDy,, and MD_. On the other hand,
even though the standard deviation of the signal (v,) and
the Ry feature in BEHG signals with artifacts tends to be
higher than in signals with no artifacts, the distribution of
these parameters shows considerable overlapping between
both groups. As expected, the signals containing artifacts
present a higher degree of nonlinear behavior as evidenced
by the higher time reversibility z-score value, although the
Qampie entropy in both groups is completely overlapping.

Table 1 shows the average accuracy of the single feature
classifier of the three classifiers obtained from the training
and validation set of data. [n general, SVM provided slightly
better results than QDA, and this latter permits to achieve
better accuracy than LIDDA. Tt can be seen that an accuracy
higher then 75% can be cbtained with the By, RA, &, MDDy,
and MD | features for the three classifiers. The sequential for-
ward feature selection algorithm provided a set of 7 features
as the best combination of featurss for both QDA and SVM,
5 of them being common for both classifiers which provide
complementary information among them. Table 2 gives the
classifiers’ accuracy for artifact detection in EHG signal using
the best combination of features for QDA classifier, which are:
By RA x, MDDy, MDD, E L and T 'The optimal combination
of specific features for LA and SVM provided similar resulits
to those shown in Table 2, with a difference less than 1%. It can
be seen that LDA classifier presents the lowest accuracy values
whereas similar results were obtained for QDA and SVM
mean accuracy for the training and validation data set (92.1%
ancd 93.3%, regp.). Nevertheless, for the test data set QDA
clearly provided the highest accuracy values. Tables 3 and 4
show the values of additional prediction parameters for the
training and validation and for the test data sets, respectively.
Again it can be observed that LDA provides the worst results
and that S5V M and QDA present similar performance for the
training and validation data set, In genieral it can be observed
that the classifiers obtained higher PPV and specificity than
NPV and sensitivity. This is probably due to the unbalanced
database which contains 2 higher number of non-artifacted
windows than of artifacted windows. Finally, it should be
pointed out that the poorer performance of SVM in the test
data set in comparison to DA is also manifested in Table 4.
This will be discussed in the next section.

Figure 3(a) shows a bipolar signal fromn an EHG register
taken during the early stages of labor; the other three bipolar
signals are not shown due to space issues. Figure 3(b) shows
the corresponding TOCO-like signals using the RMS-based
algorithin (grey line) and the unnormalized first statistical
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F16URE 2: Influence of motion artifacts on EHG features. 1: non-artifacted EHG signal windows. 2: artifacted EHG signal windows. The feature
E, upper quartile value for artifacted EHG signals (Group 2) is out of scale.

TaBre I: Mean accuracy (%) of classifiers using a single feature for detecting motion artifacts (training and validation data set, 392

nonartifacted contractions versus 253 artifacted segments).

E, E, E, o RA

i MD,, MD E T,

X X Ims el T
LDA 70.6 6l.2 785 55.7 80.9 76.9 76.0 853 66.2 54.6 674
QDA 714 6L.6 78.8 59.0 80.8 787 781 86.2 65.5 69.6 69.5
SVM 70.9 62.6 82.1 63.6 80.9 79.9 83.4 87.6 66.0 70.9 69.3

moment of the frequency spectrum (black line). The auto-
matic detector of possible contractions identified 9 signal
segments with a significant rise in amplitude in relation to
baseline in both TOCO-like signals. Slight differences in the
onset and the end of these segments can be observed. The
waveforms in these 9 signal segments are given in greater
detail in Figure 4. They were later evaluated by the classifiers
designed to determine whether they were associated with

uterine contractions or were simply due to the presence of
motion artifacts. The results suggest that the signal windows
{6) and (8) identified in the two TOCO-like signals contained
artifacts, while the remainder could be considered as artifact-
free uterine contractions. These conclusions coincide with
visual observations and the previous classification carried out
by the experts. Moreover the simultaneously recorded TUP
and TOCO recording corroborate this finding. In this case,
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F15URE 3: (a) EHG signal. (b) TOCO-like signal generated from EHG signal using RMS-based algorithm (grey line) and the unnormalized
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baseline identified by the automatic contraction detector are marked by grey triangle and black point, respectively. (¢)-(d) IUP and TOCO

were acquired simultaneously.
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Fioure 4: Waveform of 9 EHG signal windows identified by automatic contraction detector extracted from the recording session shown in

Figure 3 using RMS-based algorithm.

TaBLE 22 Comparison of the classifiers’” accuracy using the best
combination of features for motion artifact detection in EHG

signals.

TaBLE 3: Comparison of the classifiers’ performance for the training
and validation set of data (392 nonartifacted contractions versus 253
artifacted segments).

LDA QDA SVM N =645 Sensitivity Specificity PPV NPV

Training + validation  86.1 + 0.8%  92.1 £ 0.3%  93.3 + 0.6% LDA 69.4% 97.0% 93.7% 83.1%
Test 704 +3.5% 922+ 18%  83.6 +3.5% QDA 84.3% 97.0% 94.8% 90.6%
SVM 871% 97.3% 95.5% 92.1%

contractions situated around 800 and 930 s (which coincide
with windows (6) and (8), classified as containing artifacts)
can be identified in the IUP. Nevertheless, these contractions

cannot be correctly identified in the TOCO recording. This
was possibly due to movements made by the patient at this
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F1GURE 5: (a) EHG signal. (b) TOCO-like signal generated from EHG signal using RMS-based algorithm (grey line) and the unnormalized
first statistical moment of the frequency spectrum algorithm (black line). The signal windows with amplitude significantly different from the
baseline identified by the automatic contraction detector are marked by grey triangle and black point, respectively. (¢)-(d) IUP and TOCO

were acquired simultaneously.

TaBLE 4: Comparison of the classifiers’ performance for the test data
set (30 nonartifacted contractions versus 24 artifacted segments).

N =154 Sensitivity Specificity PPV NPV
LDA 58.0% 96.5% 92.9% 74.2%
QDA 90.7% 93.5% 91.7% 92.6%
SVM 777% 88.4% 84.3% 83.2%

time, which would have given rise to incorrect readings
not only in the EHG recording but also in the TOCO.
In such cases, even though simultaneous contractions have
occurred, no robust information about the characteristics of
these contractions can be obtained from either noninvasive
recording,

Another example of the application of the algorithm
designed to automatically segment and classify EHG record-
ings is shown in Figure 5. A total of 7 signal windows were
identified with a significant increase in amplitude in both the
TOCO-like signal generated using the RMS-based algorithm
and that obtained from time-frequency-based algorithm,
showing again some minor difference in the onsetand theend
of these segments. Subsequent analysis of the corresponding
EHG signal segments with the classifiers showed that only
the signal window (4) was associated with artifacts, while
the other & signals windows would be of artifact-free uterine
contractions. In contrast to the previous example, in this case
the artifacted window does not coincide with a simultanecus
uterine contraction. The comparison of the TOCO-like signal
with the [UP and TOCO recordings acquired simultaneously
corroborates this result. The sudden amplitude rise that
occurs around the second 450 was observed in both non-
invasive TOCO recordingand EHG recording, but no uterine
contraction was recorded by [UP recording.

4, Discussion

Motion artifacts detection is a common problem in bioelec-
trical signal analysis and is extremely challenging as their
characteristics show an extremely large variability depending
on the specific source, making it hard to distinguish between
target signal and artifacts. Although previous works have
been made in this respect [18, 20, 21, 34-36], to our knowledge
this is the first one in EHG recordings. In this paper, a method
for the automatic detection of motion artifacts in EHG has
been proposed without the need of additional accelerometers.
This method was implemented in two steps: firstly a TOCO-
like signal from the EHG recording was derived and the
segments with amplitude significantly different to that of
the baseline were identified. Subsequently a classifier for
discriminating whether this signal segment is artifacted or
not was implemented.

Concerning the TOCO-like generation from EHG
recording, various methods that have been proposed in the
literature were implemented and compared: RMS-based
approach [12, 29] and the unnormalized first statistical
moment of the frequency spectrum derived from time
trequency analysis [15]. It was observed that similar TOCO-
like signals can be obtained from these two methods. The
latter method may give a better estimation of [UP from EHG
recording [15], nevertheless both methods showed similar
behavior in identifying signal segments with a significant
increase in TOCO-like amplitude. Only, small differences
in the width of the segment were found. In this sense, if the
goal is to quickly identify those signal segments with an
amplitude significantly higher than that of the baseline, the
RMS-based method would be preferred due to its smaller
computational cost.

Moreover, in this work it has been shown that the signal
teatures of artifacted-EHG segments differ significantly from
the non-artifacted ones. Artifacted EHG segments are asso-
ciated with a rise in relative amplitude, maximum derivative,
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and kurtosis valve. These observations agree with other
authors that analyzed noninvasive recordings of other myo-
electric signals {18, 37]. Motion artifacts in EHG recording
are also associated with a rise in relative energy between 1 Hz
and 4 Hz, This is mainly due to the fact that the signal-noise
ratio of EHG component decreases greatly over 1Hz. This
is the reason why several authors reduce the upper Hmit of
signal bandwidth to 1 Hz for EHG signal feature extraction [9,
22, 28]. In addition, nonlinear parameters such as surrogate
time reversibility were also tested, and clear differences were
found between artifacted and non-artifacted FHG segments.
Although it has been shown that the signal length has high
effect on generating the surrogate data [38], we can discard
this fact as the main responsible for the differences that
were found since the average difference in signal length
between artifacted and non-artifacted EHG signal windows
was only about 65. Also, we tested (not shown) enlarging
and reducing such difference with additional 2105, and the
much greater values of time-reversibility parameter for the
artifacted EHG segments remained; suggesting their higher
nonlinearity character in comparison to non-artifacted EHG
segments, 1t should alse be noted that only monovariate
features were analyzed in this work. The use of bivariate
parameters associated to the correlation or synchrenization
between signals could also provide valuable information for
describing and discriminating artifacted and non-artifacted
EHG segments. "This would be further studied in future worle

lin the present wark, the ability of the different single
features for discriminating the target signal and motion arti-
facted signal was further analyzed. Our experimental results
are in partial agreement with another study on the analysis
of parameters for detecting artifacts in surface electrogastro-
gram recordings [18]. In this latter work, neuronal network-
based classifiers were obtained with an accuracy of 94.9%,
96.2%, and 974% for standard deviation, high frequency
energy, and maximum derivative of signals, respectively. In
the present study, the accuracy obtained in nonnormalized
parameters, such as the standard deviation, is about 60%,
which indicates that this type of parameters has a relatively
low capacity to discriminate between artifacted and non-
artifacted vignals. This could possibly be due to the wide
variation in EHG sgnal amplitude between the different
channels and recording sessions. By contrast, the accuracy
achieved by normalized features such as By, MD,, and MD,
ranged {rom 76.0% to 87.6%.

On the other hand, various classifving techniques (LA,
QDA, and SVM) to distinguish the EFG signal segments
with and without artifacts were compared. As it could be
expected, the two nonlinear methods provided superior clas-
sifier accuracy than LDA which may bedueto the fact that the
features distribution for artifacted signal and non-artifacted
signalwas highly overlapped. Regarding SVM and QDA, they
vielded similar results for the training and validation data set.
Theoretically, the SVM should provide lower generalization
error [39]; however, 5V M obtained significant lower accuracy
values in the test data set than in the training and validation
data set. Although the data set used for the design of the
classifier contained more than six hundred signal windows,
the data from the two additional subjects of the test set seemns
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to have compromised the values of the support vectors of the
designed SVM classifier. A database with a higher number of
subjects would help 1o enhance the generalization capability
of this classifier. Nonetheless, the results suggest that the
classifier based on QDA using the best 7 features possesses a
high degree of generalization for detecting artifacts in EHG
signals {extendable to signals not infially included in the
data base), which can therefore be considered suitable for
automatic artifact detection in these signals. Furthermore,
from the computational point of view, discriminant analysis
is much more effective than SVM and it does not need
the optimization of the classifier’s configuration parameters,
which is a crucial part of advanced techniques. Nevertheless,
it should be highlighted that the proposed method has been
tested on measurements performed during the first stage
of term labor, and its feasibility for for preterm/non in
labor measurements should be checked in future studies. On
one hand, the interpretation of the EHG signal of pregnant
patients at earlier gestational ages is more challenging due to
its poorer signal-io-noise ratio, also making the detection of
uterine contractions harder. On the other hand, as pregnancy
progresses the ulerine myoelectrical activity shifts towards
bigher frequencies and becomes more organized {3, 32];
theretore pregnancy contractions would also present some
differences in the characteristic parameters used in this study:
still they would be expected fo remain diffierent enough from
those of artifacted signal windows. 'The inclusion of other
teatures such as the conduction velocity [8] or the non-
linear correlation coefficient k2 {24] that have been shown
to provide additional information in EHG interpretation
could help to fmprove the system's performance under these
circumstances.

With respect to the motion artifacts detection in bioelec-
trical recording, manual identification by experts based on
previous knowledge about both the target signal and motion
artifacts has been often used [18, 34]. Other authors consider
that anmotations or accelerometers [36, 40] are more objec
tive for the detection of motion artifacts. Nevertheless the
autonratic identification of motion artifacts in accelerometers
signal iy still problematic due to its high variability, and on the
other hand annotations are notabsolved of the subjectivity of
each patient or observer. In this work, a method based on the
features ofthe target signal and motion artifacts was proposed
and checked with annotation method. This method could be
of special interest as an incentive for the use of non-invasive
myoeleciric techniques in clinical environments since 0o
additional accelerometers are needed for motion artifacts
detection. On the other hand, a large percentage of motion
artifacted segments in EHG recording were obtained in this
work, Although the subject was asked to be as quite as
possible daring the recording session, motion artifacts in
EHG recordings arc unavoidable. Moreover the occurrence of
a uterine contraction may also induce movementartifacts due
toabdominal deformation, due to forced respiration patterns,
or due to pain. In fact a large percentage of artifacted
segments occurred during a uterine contraction that could be
simultaneously identified in the TUP and TOCO recordings.
This phenomenon can be observed in the segments n°6 and
n°8 in Figure 3 which were associated with an amplitude
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rise in IUP recording, The presence of motion artifact may
impair greatly in temporal and spectral parameters, and also
on the measurement of conduction velocity and direction.
Thus misinterpretation of the results may occur. For this
reason, in this work it was preferred to classify such cases

as artifacted signals not suitable for the characterization of

uterine contractile behaviour.
Finally it should be noticeable that EHG recording is not

only contaminated by motion artifacts but also by a set of

phvsiological interferences, such as fetal and maternal ECG
activity and respiration. Regarding the possible effects of such
interferences in the proposed algorithm, BCG interference is
partially cancelled in bipolar EHG recording, its energy con-
tent is mostly distributed over 1 Hz, and it is almost constant
throughout the recording sessions. Therefore the proposed
algorithm would not be very sensitive to this interference.
Nevertheless, several techniques have been proposed for
removing BCG from EHG recordings and could be used prior
to applying the presented method {17, 41-43]. The respiration
interference is mainly distributed within 0.20 and 0.34 Hz,
which is partially overlapped with uterine elecirical activity
For this reason, many authors prefer to analyze the EHG
signal over 0.34 Hz [3, 22, 23, 28], although it has been shown
that EHG component distributes its energy from 0.1 Hz {17,
26]. This respiration interference usually happens during a
large period of time and does not sufer large variations
in amplitude by contrast to uterine electrical activity, and
theretore it would not be detected as possible contraction
segments in our algorithm.

With respect to the potential use of EHG recordings
and the proposed method in everyday clinjcal practice,
although clinical staff is not accustormed to FHG record-
ings for monitoring uterine contraction, they are familiar
to other bioelectrical recordings such as electrocardiogram
or electroencephalogram. Therefore we consider that the
progressive implementation of these methods would not be
distressing. It would undoubtedly require a training period
for the clinical staft to adapt to and learn about the electrode
arrangement for the recording and elecirode and bioamplifier
wiring and handling. In this context, the TOCO-like signal
generation with which clinicians are accustomed will also
facilitate the introduction of this technique in clinical prac-
tice, Moreover the proposed algorithrns do not require 2 high
computational cost, and, h”om the user point of view, the
applivation could be considered to work on real-time. The
proposed method would greatly facilitate the task of segment-
ing recording sessions and evalualing uterine confractions
based on the EHG recording. After having correctly identified
the contractions, delivery room staff could be provided with
relevant information on their efficiency, such as duration,
frequency, signal amplitude, dominant frequency of the EHG
signal, and the energy distribution in the speciral domain,
among others [2, 5, 7-9, 22, 30].

5, Conclusion

The experimental results show that the most {important
features for detecting artifacts in EHG signals are E,, RA, «,

MDDy . MDD, sample entropy, and surrogate time reversibility,

The proposed classifier, based on QDA with these features,
can be used for the aulomatic detection of artifacts in
the EHG recording, reaching a classification accuracy of
52.29. "this classifier, jointly with the proposed TOCO-like
signal generation and analysis algorithms, provide a tool for
the automatic detection and segmentation of uterine con-
tractions, distinguishing thern from possible artifacts. This
technique could therefore be a valuable aid to the analysis of
surface EHG recordings and could be used by clinical staff
to extract additional information from the habitually used
TOCO recordings.
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Abstract—  Non-invasive  electrohysterogram (EHG)
recordings could be used as an alternative technique for
monitoring uterine dynamics. Bipolar recordings of EHG have
proven to provide valuable information to predict labor.
Recently it has been stated that uterine EHG bursts could also
be identified in Laplacian recordings on abdominal surface.
Taking into account that Laplacian potential technique permits
to acquire more localized electrical activity than conventional
recordings; these recordings could also be helpful for deducing
uterine contraction efficiency. The aim of this paper is to
examine the feasibility of Laplacian potential EHG recording
for labor prediction and to compare it with monopolar
recordings. To this purpose, a total of 42 EHG recordings were
acquired from women of similar gestational age: 29
antepartum patients, and 13 patients in labor. Then linear and
non-linear classifiers have been implemented using EHG burst
parameters as input features. Experimental results show
significant differences in temporal and spectral parameters in
both monopolar and Laplacian potential recordings between
the two groups. In addition, support vector machine based
classifier achieved an accuracy of 93% for labor prediction for
monopolar recordings, 92% for bipolar recordings and 91%
for Laplacian potential.

I. INTRODUCTION

Preterm birth and its associated complications are one of
the most important problems in perinatology, since they
represents about 7% of the total number of babies born each
year and contribute to about 85% of all perinatal deaths [1].
The complications of preterm birth include significant
neurological, mental, behavioral and pulmonary problems in
later life. One of the determining factors of tocolytic
treatments effectiveness and therefore of the prolongation of
fetal development in uterus is the early detection of preterm
birth, which depends upon the understanding of the
mechanisms that initiate labor [2].

The most common and at the same time most difficult
and important task that obstetricians have to face may be the
diagnosis of labor. Accurate prediction of labor in normal
pregnancies may contribute to minimize unnecessary
hospitalizations, interventions and expenses. On the other
hand, diagnosis of preterm labor will also allow clinicians to
start earlier any necessary treatment in women with true
labor; and avert unnecessary treatment in those who are

This work was supported in part by the Ministerio de Ciencia y
Tecnologia de Espaia (TEC2010-16945), and by Universitat Politecnica de
Valencia (PAID 2009/10-2298), Asterisk indicates corresponding author.
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simply having preterm contractions but not leading to labor.
Unfortunately, to date there is no effective technique for
predicting labor [2].

Electrohysterogram (EHG) is the recording of uterine
electrical activity on abdomen surface. It has emerged as an
alternative technique for characterizing the human
parturition state since changes in uterine electrical activity
have been associated with the progression of pregnancy and
the onset of labor. Thus EHG can provide useful information
for deducing contraction efficiency [2, 3]. To date, many
efforts have been devoted to the analysis of contraction
strength which seems to be related to the frequency and
intensity of action potentials in bipolar EHG recording [3:4].
Latest studies have focused on the analysis of EHG signal
propagation since the spreading of electrical activity in the
myometrium is the first trigger of a coordinated and
effective contraction [5-7]. For this purpose, a multi-lead
EHG recording is usually performed by placing monopolar
cutaneous electrodes at abdominal surface. Nevertheless,
monopolar and even bipolar recordings have been shown to
have low spatial selectivity of the charge dipoles covering a
large recording area in the surroundings of the electrode due
to the volume conduction effect [8]. In this sense, Laplacian
potential recording has been shown to acquire more
localized information which may provide additional
information for labor prediction. In a previous work it has
been proven that Laplacian potential of EHG signal can be
detected on abdomen surface of pregnant woman during
labor [9]. Therefore, the aim of this paper is to examine the
feasibility of this non-invasive Laplacian potential EHG
recording for labor prediction and to compare it with
simultaneously recorded monopolar EHG.

II. MATERIAL AND METHODS

A. Signal acquisition

In this study, 42 pregnant women underwent recording
sessions at Hospital Universitario y Politécnico La Fe de
Valencia. All subjects provided written, informed consent.
Hospital ethics committee approved the study protocol. The
subjects were healthy women having uneventful singleton
pregnancies. The recordings were grouped into two set: G1:
labor, with N=13; G2: antepartum (i.e, non-labor), with
N=29. Their gestational age was 39.8+1.4 weeks and
39.7+1.1 weeks for G1 and G2 group respectively. All Gl
patients ultimately delivered spontaneously at term within
24h of EHG recording, while G2 patients delivered

Barrachina , and G. Prats-Boluda are with Grupo de Bioelectrénica (I3BH, spontaneously at term more than 24h from EHG
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Fig 1. Configuration of surface electrodes for obtaining five monopolar
EHG recordings (M1-M5).

For each recording session, the skin was carefully
prepared using an abrasive paste in order to reduce the
contact impedance. Five monopolar Ag/AgCl reusable wet
electrodes arranged in the form of a cross as shown in fig. 1
were used for obtaining monopolar EHG signals, being
25 mm the inter-electrode distance. The electrodes 1, 3 and 5
were placed on the uterine median axis and the 1-5 electrode
pair on the middle of the uterus (fundus to symphysis).
Reference electrodes were placed on each hip of the woman.
All recorded EHG signals were band-pass filtered at
[0.05, 35] Hz and sampled at 500 Hz.

Simultaneous non-invasive pressure recordings (TOCO)
for both G1 and G2 patients were obtained by means of a
tocodynamometer placed on abdominal. Intrauterine
pressure (IUP) recording was also performed using the
ACCU-Trace intrauterine  pressure catheter  during
parturition for Gl group patients. These pressure signals,
which are traditionally used to monitor uterine dynamics,
were conditioned using the maternal —fetal monitor
(Corometrics 170 series, GE Medical systems) and acquired
at 4 Hz sampling frequency. All the collected data were
displayed in real time and stored digitally for subsequent
analysis.

B. Data analysis

In order to remove undesired components and to reduce
the amount of data, signals were digitally bandpass filtered
between 0.1 and 4 Hz and resampled at 20 Hz. Discrete
Laplacian signal was computed from the five monopolar
EHG recording according to equation 1), Hjorths® method
[10].

4 1
L; =b—2{v5 —Z(V, +V,+V, +‘{,)} (1)
where V; are the surface potentials at electrode ‘i’ (i=1.....5),
Lp is the discrete Laplacian estimation at electrode 5 (central
electrode) and b is the interelectrode distance (2.5 cm).

All the EHG bursts were then manually segmented by
experts. The EHG bursts had to correspond in time to
increases in uterine pressure recordings, and no artifact
evidence must have been observed during the contraction. A
total of 108 EHG bursts of G1 and 58 EHG bursts of G2
were involved in the study.

Subsequently, in order to characterize the EHG bursts
from each monopolar and discrete Laplacian signal, the
following parameters were obtained:

- Duration

- Mean frequency

- Median frequency

- Frequency standard deviation (FSD)

- Dominant frequency calculated in frequency range
(DF,: 0.1-3 Hz) and (DF,: 0.34-3 Hz)

- Subband energy (NE,: 0.1-0.34 Hz, NE,: 0.34-0.6 Hz,
NEj;: 0.6-1 Hz) normalized respect to total energy

- Sample entropy (signal pattern length m=5 samples,
pattern matches margin r=0.2).

These parameters have been used in different previous
works to characterize bipolar EHG bursts [11-14]. Spectral
parameters were obtained from unmodified periodogram of
signal bursts.

Linear and quadratic discriminant analyses (QDA) were
then performed and a support vector machine (SVM)
classifier using a radial basis function kernel was
implemented. In order to determine the classifiers
generalization capacity of the new data, two-fold cross-
validation was used. 50% of the data was used for training
and the remaining 50% was used for testing the classifiers.
Due to the random nature of the set of data used for training
and testing, the cross-validation process was carried out 50
times to minimize bias. The combination of features that
gave maximum classifier accuracy for labor prediction was
determined by means of a sequential forward feature
selection algorithm. Then, such combination was used for
the three classifiers in order to compare their performance
for the total of data (training set and test set).
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Fig 2. EHG recordings (Monopolar M1 and discrete Laplacian Lp) acquired
simultaneously with TOCO in antepartum and IUP in labor.
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TABLE I: MEAN AND STANDARD DEVIATION OF EHG BURSTS PARAMETERS FOR ANTEPARTUM PATIENTS AND IN LABOR PATIENTS.

Parameter Group Ml M2 M3 M4 M5 Lp

Difitic (secoids) G2 97.5+39.7 98.6+39.9 103.2+37.4 101.9+£39.8 101.4+£39.2 103.84+34.5

i i Gl 55.8+8.8 53.9+8.7 60.9+8.3 61.0+8.7 54.8+9.6 63.2+8.8

I G2 0.38+0.06 0.37+0.06 0.24+0.05 0.24+0.04 0.24+0.05 0.23+0.04

Gl 0.41+0.09 0.39+0.09 0.33+0.06 0.33+0.06 0.31+0.07 0.33+0.06

Median frequency G2 0.33+0.07 0.32+0.07 0.20+0.05 0.20+0.05 0.21+0.06 0.20+0.05

(Hz) Gl 0.38+0.11 0.37+0.11 0.28+0.08 0.29+0.09 0.28+0.09 0.30+0.09

ESD (Hz) G2 0.20+0.02 0.20+0.03 0.14+0.03 0.13+0.03 0.13+0.03 0.13+0.02

Gl 0.17+0.04 0.17+0.03 0.17+0.03 0.17+0.03 0.15+0.03 0.17+0.03

DF, (Hz) G2 0.25+0.11 0.27+0.11 0.16+0.07 0.16+0.05 0.16+0.07 0.16+0.06

Gl 0.36+0.14 0.35+0.15 0.24+0.11 0.26+0.11 0.24+0.13 0.24+0.11

DF, (Hz) G2 0.44+0.09 0.44+0.08 0.42+0.06 0.39+0.04 0.41+0.04 0.41+0.04

- Gl 0.46+0.08 0.46+0.08 0.50+0.07 0.49+0.06 0.44+0.07 0.48+0.06

NE, G2 0.52+0.15 0.54+0.14 0.82+0.11 0.83+0.10 0.82+0.12 0.84+0.11

Gl 0.41+0.25 0.44+0.25 0.74+0.16 0.73+0.19 0.64+0.19 0.72+0.20

NE, G2 0.33+0.13 0.31+0.12 0.14+0.10 0.14+0.10 0.15+0.11 0.14+0.10

i Gl 0.44+0.21 0.43+0.21 0.31+0.16 0.33+0.17 0.31+0.17 0.33+0.17

NE G2 0.14+0.06 0.14+0.06 0.03+0.02 0.03+0.02 0.03+0.02 0.02+0.02

2 Gl 0.15+0.10 0.13+0.09 0.05+0.03 0.05+0.03 0.05+0.06 0.06+0.04
Sample entropy G2 0.250+0.019 0.256+0.020 0.218+0.025 0.209+0.026 0.211+0.022 0.207+0.022
Gl 0.248+0.026 0.244+0.020 0.252+0.020 0.249+0.024 0.223+0.023 0.246+0.029

Group: G1: Labor; G2: Antepartum. Recordings: M1-M5: Monopolar EHG recordings, Lp.discrete Laplacian EHG recording,

III. RESULTS

Fig 2 shows a typical EHG recording acquired
simultaneously with TOCO in antepartum (left traces) and
with IUP in labor (right traces). Before the contraction
occurs, a slightly lower background noise seems to be
present in the estimated Laplacian potential of EHG than in
monopolar recording. This is probably due to the ability of
Laplacian recordings to reduce ECG interference [9]. It can
be noticed that monopolar and discrete Laplacian EHG
bursts in antepartum present lower amplitude than in labor as
previously reported by other authors [11, 15]. Additionally,
it can be also observed that EHG bursts duration in labor is
lower than in antepartum.

Table 1 summarizes the results of the set of parameters
computed to characterize the EHG bursts of monopolar and
Laplacian signals in antepartum and labor patients. It is
confirmed that for both recording techniques duration of
EHG bursts is considerably smaller and less dispersed in
labor patients than in antepartum patients (97.49+39.66 s vs.
55.84 +8.77s for MI recording). In addition mean
frequency, median frequency, DF,, DF,, and NE, increase as
delivery approaches, whereas NE; tends to decrease.
Moreover, median frequency and DF, (frequency peak
calculated in 0.1-3 Hz) seems to provide greater difference
between antepartum and labor patients than mean frequency
and DF, calculated in 0.34-3 Hz. Nevertheless neither FSD,
nor NE;, nor sample entropy showed clear tendencies as
delivery approaches. It is also noteworthy that the bursts’
median frequency values for monopolar M3, M4, M5 and L
are noticeably lower in both antepartum and labor patients
than that of M1 and M2. This finding may indicate the
presence of a larger baseline fluctuation of the recorded
signal in M3, M4 and M5 recordings due to possible
differences in the recording conditions.

TABLE II: CLASSIFIERS” MEAN ACCURACY FOR THE TEST GROUP USING
THE BEST COMBINATION OF FEATURES (DURATION, DF, AND NE;)

Classifier | M1 (%) | M2 (%) | M3 (%) | M4 (%) | M5 (%) | Lo (%)
LDA 89.03 89.79 92.88 89.78 90.87 89.93
QDA 90.90 93.96 92.77 88.71 89.74 89.37
SVM 92.06 94.30 94.58 89.41 92.84 90.80

Table II shows the classifiers” mean accuracy for the test
group using the best combination of features provided by the
sequential forward feature selection algorithm. They were:
burst duration, DF, and NE,. Firstly it can be seen that, as
expected, non-linear classifiers (QDA and SVM) provide
slightly higher accuracy than the linear one, being the best
result obtained using SVM method. The accuracy of both
monopolar and Lp recording classifier using SVM is about
93% and 91% respectively. This accuracy is to some extent
unbalanced towards sensitivity (sensitivity of around 97%
and specificity of around 80%; not shown). The results for
bipolar recordings using SVM method (not shown) yield a
mean accuracy of 92.4 % with very little differences among
bipolar channels.

IV. DISCUSSION

In this paper, it was intended to examine the feasibility of
monopolar and Laplacian potential of EHG for predicting
labor. To this end, a set of parameters in temporal and
spectral domain and also non-linear properties was
computed from EHG bursts recorded in anterpartum and
labor patients of similar gestational age. This study verifies
that the change from antepartum to labor causes significant
increases in EHG burst dominant frequency and causes
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shifts of signal frequency content towards high frequency.
This latter was reflected in the increase of mean frequency
and median frequency, and the normalized subband energy
in 0.34-0.6 Hz; and also in the decrease of the normalized
subband energy in 0.1-0.34 Hz. This finding agrees with
those reported in the literature for bipolar EHG recordings
[12, 13]. By contrast, sample entropy which has been proven
to provide information for distinguishing term and preterm
delivery groups [13], did not provide the expected results. It
has been reported that as the time of gestation progresses,
the average sample entropy values for term and pre-term
delivery recordings drop indicating higher predictability of
the signals as the delivery approaches [13]. These
controversial results may be due to the fact that in the
present study this parameter was not computed for the whole
EHG recordings but rather for the EHG bursts only.

With respect to the features to be used by the classifier,
the results showed that the best prediction accuracy was
obtained using the burst duration, DF, and NE;, which
suggests that most of the computed EHG frequency
parameters contain redundant information among them. In
addition, the results exhibited the feasibility of both
monopolar and Laplacian potential recordings of EHG for
labor prediction. The prediction accuracy is slightly higher
for monopolar than for bipolar and discrete Laplacian
recording; and similar to that reported for bipolar recordings
when using the signal frequency peak calculated in 0.34-1
Hz (DF,) and burst duration [12]. The fact that even far from
delivery, still about 10% to 20% of the uterine bursts present
higher-frequency activity, and that not all the bursts within
24 hours of delivery but only about 80% to 90% present
higher-frequency activity [16], limits the accuracy of these
classifiers. The combination of the information from
multiple bursts of the same patient, and the inclusion of
additional parameters directly related to propagation velocity
of EHG bursts [5-7] could help to overcome this limitation.

Finally to remark that the accuracy achieved using
Laplacian potential of EHG is slightly higher than the worst
monopolar recording but lower than the best monopolar
recording. This is probably due to the fact that the Laplacian
potential was estimated from the 5 monopolar recordings
and covered a large recording area. In this respect, the use of
concentric ring electrodes of smaller size to estimate
Laplacian potential that have proven to achieve higher
spatial resolution, [8, 9] may provide more information for
labor prediction. Nevertheless this should be confirmed in
future studies.

V. CONCLUSION

Our results suggest that physiological changes from
antepartum to labor causes significant decreases in EHG
burst duration, increases dominant frequency and shifts
signal frequency content towards high frequency in both of
monopolar and discrete Laplacian signals. In addition, it was
developed a SVM classifier using only three parameters that
permits to achieve an accuracy of above 90%, which
suggests the feasibility of these kinds of recordings for
predicting labor.
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3.4.- Resumen de resultados por articulos

En la presente tesis doctoral se han investigado y desarrollado nuevas técnicas para el
registro en superficie de la sefial electromiografica uterina. La capacidad de deteccion
de contracciones ha sido comparada entre el registro EHG y tocografia externa contra
la tocografia interna por ser el estandar de oro actual en la monitorizacion de la dinamica
uterina. Asimismo se ha analizado y comparado distintas técnicas de registro de EHG:
monopolar, bipolar, laplaciano discreto y con electrodos anulares activos implementados
sobre sustratos rigidos y flexibles y que han sido disefiados especificamente para el
registro de EHG. Todo ello con el fin de identificar la técnica que proporciona la mejor
calidad de sefial, y mejores condiciones para detectar las contracciones uterinas asi
como para estudiar de la ubicacion 6ptima de los electrodos para adquirir el EHG sobre
la superficie corporal. Ademas se han desarrollado algoritmos de generacién de nuevas
sefales “toco-like” a partir de los registros de EHG, de facil interpretacién por el personal
clinico y sistemas de deteccion de contracciones y artefactos para facilitar su analisis.
Con el fin de dotar de mejor informacion también se estudiaron y disefiaron algoritmos
basados en maquinas de aprendizaje para la deteccidon automatica de artefactos y para
la prediccion de la posibilidad de parto en 24 horas.

Los trabajos realizados en el marco de la presente tesis doctoral se desglosan en seis

articulos:

Articulo 1: Recording of electrohysterogram laplacian potential

Articulo 2: Comparison of non-invasive electrohysterographic recording techniques
for monitoring uterine dynamics

Articulo 3: Feasibilty and Analysis of Bipolar Concentric Recording of
Electrohysterogram with Flexible Active Electrode

Articulo 4: New Clinically Friendly EHG Recording System

Articulo 5: Automatic Identification of Motion Artifacts in EHG Recording for Robust
Analysis of Uterine Contractions

Articulo 6: Prediction of labor using non-invasive Laplacian EHG recordings
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3.7.1.- Articulo 1: Recording of electrohysterogram laplacian potential

En este primer trabajo preliminar se ha estudiado la viabilidad del registro no invasivo
del potencial laplaciano en superficie de la sefial de EHG y se ha comparado con el
registro de presion externa (TOCO) valorando la capacidad para la deteccién de
contracciones de ambas técnicas en contraposicion con el estandar de oro (IUP). Asi
pues se observé que del total de 127 contracciones detectadas por el estdndar de oro,
TOCO solo detect6 98, y fueron los registros bipolar y del potencial laplaciano de EHG
los que detectaron 113 y 112 respectivamente. En términos de consistencia contractil
entre TOCO y EHG con IUP, TOCO mostr6 ser menos consistente (83%) que el
potencial laplaciano de EHG alcanzando una consistencia del 91% con electrodo anular
concéntrico mismo valor que la sefial tradicional bipolar de EHG. Ademas la sefal del

laplaciano del potencial EHG mostr6é una menor interferencia de ECG materno.
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3.7.2.- Articulo 2: Comparison of non-invasive electrohysterographic
recording techniques for monitoring uterine dynamics

El objetivo del trabajo presentado en este capitulo es comparar la capacidad de
deteccion de las contracciones uterina de todos los métodos actualmente usados tanto
en clinica (TOCO, IUP) como en investigacién (EHG: monopolar, bipolar, y laplaciano).
De estos Ultimos se pretende valorar su calidad de sefial teniendo en cuenta las
interferencias provocadas por otras sefiales fisiol6gicas habituales, y estudiar la posicion

6ptima de registro.

Para ello se han realizado 22 registros el Hospital Universitario y Politécnico de La Fe,
obteniendo simultdneamente la sefial de tocografia interna (IUP), externa (TOCO), y de
EHG comparando su capacidad de deteccion de contracciones uterinas. El registro de
la sefial de EHG en superficie abdominal se realizé con técnica monopolar, bipolar y
laplaciana. Concretamente se obtuvieron cinco sefiales monopolares, cuatro bipolares,
un registro del potencial laplaciano discreto y dos estimaciones del laplaciano directo
realizadas con dos electrodos anulares. Posteriormente se realiz6 una comparativa para
valorar la calidad de sefial obtenida por cada una de ellas midiendo el ratio sefial
interferencia y la inferencia materna recibida, analizando segun estos valores la
ubicacién optima para los electrodos para adquirir la sefial de EHG sobre la superficie

del cuerpo.

Los resultados obtenidos muestran que el EHG es capaz de detectar un mayor numero
de contracciones uterinas que TOCO, dado que este Ultimo de las 479 contracciones
detectadas por la IUP, detect6 289, mientras que el registro bipolar de EHG detecté 429.
Concretamente el registro bipolar 1 detectd 423 con un indice de consistencia (94.10%),
el laplaciano L1 detectdé 336 con un indice de consistencia de 82.76%, mientras que

TOCO present6 una consistencia de 63.77%.

Por otra parte, en cuanto a la interferencia del ECG materno (MECG) sefialar que los
registros monopolares estuvieron altamente interferidos por dicha interferencia, siendo
la sefal M2 la mas afectada (ratio sefal interferencia mECG: 3.4 + 7.1 dB) y la que
menos la seial M4 (8.7 £7.6 dB). Las sefiales bipolares redujeron esta interferencia,
siendo B1 la sefial méas afectada (14.5 + 3.9 dB) y la que menos B3 (20.5 + 6.4 dB). Los
mejores resultados del ratio sefial interferencia mECG fueron obtenidos por las sefiales
laplacianas, tanto las obtenidas a partir de técnicas discretas (21.2 + 4.1 dB) como a
partir de métodos directos (electrodos anulares concéntricos) L1 (26.9 £+ 4.8 dB) y L2
(25.9 £ 5.1 dB). Por otra parte los ratios sefial/ruido relativos a la calidad de sefial fueron

bajos para todas las sefiales y oscilaron entre 5.1 y 7.6 dB. En general los registros
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monopolares tuvieron los resultados mas bajos, seguidos de los bipolares y los

electrodos anulares concreticos que mostraron los valores mas altos.

Estos resultados indican que el registro del potencial laplaciano discreto de EHG, dada
su mayor resolucién espacial en la captacion de la actividad eléctrica préxima al punto
de observacién, proporciona mejor calidad de sefial que las técnicas de registro
monopolar y bipolar, reduciendo la interferencia cardiaca materna y mejorando la

relacién sefial-ruido.

Asi mismo, se evidenci6 que la posicidén 6ptima para la adquisicién de la sefial de EHG
es el eje medio uterino, zona donde se detectd el mayor nimero de contracciones

consistentes con las registradas con el catéter de presion intrauterina.
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3.7.3.- Articulo 3: Feasibility and Analysis of Bipolar Concentric Recording
of Electrohysterogram with Flexible Active Electrode

La velocidad de conduccion y los patrones de propagacion de la sefial del
electrohisterograma (EHG), proporcionan informacion sobre el estado electrofisiolégico
del atero [10]. La precision de estas mediciones puede verse afectada por la escasa
selectividad espacial, y la sensibilidad a la direccién relativa de la propagacion de la
contraccién asociada con electrodos convencionales de disco. Estas limitaciones
podrian ser superadas con uso de varios electrodos anulares concéntricos que
presentan una mejor resolucion espacial, y dada su configuraciébn concéntrica la
velocidad de propagacion detectada seria independiente de la direccién del frente de
contraccion; pero antes debe ser probada su viabilidad para el registro del EHG. En este
estudio se ha examinado la viabilidad de la captacion de sefiales EHG en superficie
utilizando un nuevo electrodo flexible tripolar concéntrico anular (TCRE), comparando
las capacidad de deteccion y las caracteristicas de las sefiales bipolares captadas con
estos electrodos (BC-EHG) con los asociados a los registros bipolares convencionales

con electrodos de disco.

El electrodo activo concéntrico propuesto esta formado por dos partes: sensor impreso
con tinta conductora sobre sustrato flexible que se conecta a un circuito electrénico
desarrollado sobre placa de circuito impreso alimentado con baterias para el
acondicionamiento de sefial, que la filtra y preamplifica antes de su transmision.
Posteriormente a partir de la sefial proporcionada por el sistema sensor se calculan
digitalmente dos sefiales bipolares concéntricas, siendo BC1-EHG la diferencia entre el
potencial captado por anillo central y el captado por el anillo externo, y BC2-EHG la
diferencia entre el potencial captado por el anillo interno y el anillo exterior. De las
sefiales BC-EHG se obtuvieron parametros temporales, como la duracion de las
contracciones, y parametros espectrales a partir del calculo de la densidad espectral de
potencia: la frecuencia media, la frecuencia dominante, y la energia normalizada en

diferentes anchos de banda.

Se realizaron 22 registros de 30 minutos cada uno con edades gestacionales
comprendidas entre la semana 37 y la 41. Las sefiales BC-EHG detectaron menor
namero de contracciones que los registros bipolares convencionales. BC1-EHG y BC2-
EHG mostraron consistencia del 83.5% y del 88.6% frente al 92.7% obtenido por la sefial

bipolar respecto de las contracciones detectadas por TOCO.

En lo que a la caracterizacion de sefal se refiere, aunque la amplitud de la sefial BC-

EHG fue de aproximadamente 5-7 veces menor que la de los registros bipolares
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convencionales, se obtuvo una calidad de sefal similar. Asimismo, los resultados
mostraron que no hay diferencias significativas entre las distintas sefales BC-EHG y las
sefiales de EHG convencionales respecto de la duracion de la contraccion detectada,
asi como tampoco hubo diferencias en la frecuencia dominante en el rango de
frecuencia de la FWH. No obstante, se comprobd que en las sefiales BC-EHG se
producia un efecto de filtrado pasa alto en el ancho de banda entre 0,1y 0,2 Hz. También
destacar que debido a la mayor resolucion espacial del registro del potencial laplaciano
y por tanto al ser mas sensible a los dipolos de corriente locales que las técnicas
convencionales, contracciones que parecian una Unica contraccién en TOCO y en el
registro bipolar, pudieron ser identificadas como dos contracciones en el registro

laplaciano.

93



3.7.6.- Articulo 4: New Clinically Friendly EHG Recording System

El electrohisterograma (EHG) ha demostrado ser un potente método no invasivo para la
evaluacién de la actividad uterina a partir de la sefial eléctrica generada por el musculo
liso miometrial.. Sin embargo el EHG todavia no se utiliza en la practica clinica debido
a que los protocolos y sistemas actuales de registro requieren mucho tiempo para su
preparacion, con equipos con gran cantidad de cables y de considerable tamafio. Por

ello, para que los sistemas de EHG se apliquen en la clinica, deben simplificarse.

En el trabajo expuesto en el presente capitulo se propone un sistema de
electrohisterografia facil de usar en entorno clinico que emplea un electrodo flexible
tripolar concéntrico anular (TCRE) y un sistema de amplificacion y adquisicion de sefial
de altas prestaciones compacto y con minimo cableado.

El sistema propuesto se compone de un electrodo tripolar concéntrico anular desechable
implementado sobre un sustrato flexible (radios: interior del disco 10 mm, medio 30 mm
y anillo exterior 35 mm), éste se conecta a un equipo propio de adquisicién y
acondicionamiento de sefial bioeléctricas de baja amplitud de alta precision facil de usar,
cuyas dimensiones son 80x42x10 mm? y con un peso de 17.9g, alimentado por una
bateria de polimero de litio recargable de 1000 mAh para garantizar la seguridad del
paciente. Las sefales digitalizadas pueden ser almacenadas internamente o pueden ser
trasmitidas inalambricamente via Bluetooth BLE. Su funcionalidad est& orientada al
ambiente clinico, disponiendo solo de dos estados (encendido y apagado), sin requerir
ninguna configuracion extra ni ningun tipo de conexionado o cableado por parte del
usuario final. Las sefiales bioeléctricas adquiridas se amplifican con una ganancia de
2059 V/V y se filtran en ancho de banda [0,1 - 150] Hz, posteriormente se digitalizan con
una frecuencia de muestreo de 500 Hz con una resolucion de 24 bits. Las sefales
digitalizadas pueden ser almacenadas internamente o pueden ser trasmitidas

inalambricamente via Bluetooth BLE.

Para validar el funcionamiento del sistema en cada sesidn de registro se obtuvieron
simultdneamente el registro de presién intrauterina (IUP) y el registro de EHG con el
sistema propuesto, realizadndose un total de 5 sesiones de registro en pacientes en
periodo activo de parto en las salas de dilatacién de la Secciéon de Urgencias de
Maternidad del Hospital Universitario y Politécnico de la Fe. El electrodo del sistema

CRE fue colocado subumbilicalmente en el eje medio uterino.

Los resultados mostraron que de las 179 contracciones detectadas por el gold estandar
(IUP), el electrodo CRE detecto 140 en BC1-EHG y 162 en BC2-EHG. Estos resultados

sugieren que el sistema de monitorizacién de alta precision no invasivo propuesto podria
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ser usado para la monitorizacion de la dindmica uterina, facilitando el uso clinico del
EHG.
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3.7.4.- Articulo 5: Automatic Identification of Motion Artifacts in EHG
Recording for Robust Analysis of Uterine Contractions

Debido a la dificultad en la interpretacién de la sefial de EHG, esta técnica no invasiva
sigue sin estar incluida en la practica clinica habitual. Algunos trabajos se han enfocado
en obtener a partir de la sefial de EHG algoritmos de deteccion automatica de
contracciones y en lograr una sefal parecida o similar a la sefial de presion bien
conocida por el personal clinico (TOCO-Like). Sin embargo, la aplicacion de estos
métodos es limitada dado que la seflal de EHG contiene muchas interferencias
fisiol6gicas, como el ECG materno y fetal, actividad muscular abdominal, fluctuaciones
de la linea basal y artefactos de movimiento. Estos Ultimos pueden distorsionar
completamente el espectro de potencia de la sefal, alterando por completo los
algoritmos de deteccion automéatica de contracciones y la sefial TOCO-Like. Por la tanto
el método de deteccion automatica de artefactos de movimiento se obtuvo cumpliendo
en dos pasos con los objetivos planteados: Primero se obtuvo a partir de los registros
de EHG la sefial TOCO-like, identificando los segmentos con amplitud
significativamente mayor a la basal que fueron seguidamente clasificados por expertos

como contraccién o como artefactos.

3.7.4.1.- Obtencidn de la sefial TOCO-Like

La sefial TOCO-like se gener6 en base a dos métodos que valoraban la energia de la
sefial a lo largo del tiempo (valor RMS) y su desplazamiento hacia mayores frecuencias
(primer momento espectral no normalizado) de ventanas de 30s; ofreciendo ambos
métodos similares resultados. Los segmentos de sefal con amplitud significativamente
mayor a la basal fueron seleccionados para su uso en el algoritmo de clasificacion de

artefactos de movimiento.

3.7.4.2.- Método de deteccion automética de artefactos de movimiento

De los segmentos de sefal seleccionados se obtuvieron los pardmetros espectrales:
frecuencia media, mediana y dominante y la energia normalizada de la sefial, y de los
temporales la duracion de los trenes de impulsos de EHG. Ademas se obtuvo el
parametro no lineal de la entropia muestral. Las caracteristicas fueron seleccionadas
con algoritmos de seleccidon automaticos para buscar la maxima exactitud de los
algoritmos de clasificacion. Las caracteristicas seleccionadas fueron: la energia
normalizada en la banda [1 - 4] Hz, la amplitud relativa de la sefial, la kurtosis, la derivada
méaxima normalizada de la sefial del tono basal, la derivada méaxima normalizada de la
desviacion estandar de la sefial, la entropia muestral, y time reversibility. Finalmente
tres tipos de algoritmos fueron entrenados para distinguir contracciones uterinas reales

de artefactos, dos algoritmos basados en analisis discriminante (LDA, QDA) y uno
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basado en maquinas de vectores de soporte (SVM). Los algoritmos de clasificacion no
lineales (QDA y SVM) obtuvieron mejores resultados que el algoritmo de clasificacién
lineal LDA, permitiendo distinguir con méas exactitud las ventanas de sefial con
artefactos, de las asociadas a contracciones uterinas, sin embargo, SVM obtuvo peores

resultados en la generalizacion.
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3.7.5.- Articulo 6: Prediction of labor using non-invasive Laplacian EHG
recordings

Una de las tareas mas relevantes a las que se tienen que enfrentar los obstetras es el
parto. Conocer en embarazos normales cuando el parto va a tener lugar, poder contribuir
a reducir las hospitalizaciones e intervenciones y por tanto el consumo de los recursos
sanitarios. Desafortunadamente, hasta la fecha no existe una técnica eficaz para la

prediccion de cuando un parto va a tener lugar.

El objetivo del trabajo presentado en este capitulo es valorar la capacidad del potencial
laplaciano del registro de EHG para la prediccion del parto, y compararlo con registros

monopolares de EHG realizados simultaneamente.

Para ello se reclutaron dos grupos de pacientes con la misma edad gestacional,
estratificados en cada grupo segun tuvieron parto espontaneo menor a 24 h (Grupo 1,
G; n = 13) o después de 24 h (Grupo 2, G2; n = 29).

En cada sesion de registro se obtuvieron simultdneamente el registro de presiéon no
invasivo (TOCO), el registro de presion intrauterina (IUP) y el registro de EHG. De este
ultimo se obtuvieron cinco registros monopolares colocados en el eje medio uterino
subumbilical, de los cuales se calculé digitalmente el laplaciano discreto. De las sefiales
de EHG registradas se obtuvieron distintas caracteristicas de sefal utilizadas en
trabajos previos [10, 70-72], como son: la duracion de los trenes de potenciales de
accion, su frecuencia media, mediana y dominante, su energia normalizada y la entropia

muestral.

Se implementaron tres algoritmos maquinas de aprendizaje: dos algoritmos basados en
andlisis discriminante uno lineal (LDA) y otro cuadratico (QDA) y otro basado en
maquina de vectores de soporte (Support Vector machines, SVM) utilizando en su

nucleo funcion de base radial (RBF).

Los resultados mostraron que la duracién de los trenes de potenciales de accién
obtenidos para los pacientes del grupo G1 (55.84 + 8.77 s) fueron considerablemente
mas cortos y menos dispersos que los de los pacientes del G2 (97.49 £ 39.66). Por otra
parte se puso de manifestd que la frecuencia media, mediana y dominate tienden a

aumentar segln se acerca el parto.

La combinacion de caracteristicas proporcionada por el algoritmo SFFS fue: duracién
de tren de impulsos, la frecuencia dominante y la energia normalizada. Utilizando esta
combinacion, la exactitud obtenida por los algoritmos no lineales (QDA y SVM) fue

mayor que la obtenida por el algoritmo lineal (LDA). Siendo la mejor exactitud obtenida
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por el algoritmo SVM. La exactitud de SVM utilizando caracteristicas obtenidas de

registro monopolar fue del 93% y 91% para el laplaciano discreto.
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4.- Discusion
En la presente tesis doctoral se ha estudiado la viabilidad de la sefial

electrohisterografica para uso clinico obstétrico como alternativa a los sistemas actuales

de tocografia interna y externa.

4.1.- Configuraciéon y localizacion de registro de la sefal de EHG vy
comparacion con TOCO e IUP

4.1.1.- Comparacion de la capacidad para la deteccion de contracciones de
EHG, TOCO e IUP

La actividad uterina se monitoriza durante el embarazo y el parto con el objetivo de
obtener informacién sobre las contracciones uterinas, para ayudar a la estimacién del
inicio y el progreso del trabajo de parto y para evaluar el estado de salud de la madre y
del nifio. Los investigadores en el campo de la obstetricia son conscientes de las
limitaciones de los métodos actualmente usados en la clinica para la monitorizacion de

la dinamica uterina.

Como alternativa se ha propuesto el uso de la electrohisterografia (EHG). Muchos
estudios sefalan que los registros de EHG podrian hacer una gran contribucion a la
solucion de los problemas derivados del uso de a tocografia interna o externa [4, 36, 73,
74]. De hecho, estudios previos realizados por otros grupos de investigacion han
encontrado que las técnicas de registro monopolares o bipolares de EHG detectan mas
namero de contracciones, consistentes con las detectadas por IUP que las detectadas
por TOCO. Reinhard et al utilizando 3 electrodos monopolares de los cuales solo analiza
uno, estableciendo que la monitorizacion de la actividad uterina es mucho mas precisa
detectada con EHG que con TOCO[75]. Euliano et al presenta dos trabajos con una
comparativa entre las distintas técnicas tratadas en pacientes con IMC normal y en
pacientes obesas. Sin embargo aunque en superficie abdominal coloca 4 electrodos
monopolares, solo utiliza uno de ellos para comparar la consistencia contractil entre
EHG, TOCO e IUP, siendo el canal seleccionado para el andlisis el que mejor relacion
sefal-ruido presenta. En ambos trabajos la sefal de EHG detecté mayor niumero de
contracciones que TOCO[36, 73]. De la misma manera Jezeweski selecciona y analiza
solo el canal bipolar con los mejores resultados en la identificacién paramétrica de las
contracciones[76]. En la presente tesis doctoral se presentan los resultados de todos los
canales de registro, demostrando que todos ellos presentan un mejor comportamiento

gue TOCO en cuanto a la deteccidn de las contracciones uterinas se refiere; y también
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se ha demostrado que el registro del potencial laplaciano de EHG, no obtenido por
ninguan otro grupo de investigacion hasta la fecha, puede detectar mas contracciones
que TOCO.

4.1.2.- Busqueda de la mejor configuracion y localizacion de registro de
EHG

La calidad de la sefial de EHG registrada es actualmente una de las mayores
limitaciones que presenta la aplicacion clinica de ésta técnica. Las sefiales de EHG son
débiles y estan altamente interferidas por otras sefiales de origen biolégico, como la
sefial cardiaca materna (mMECG) y las oscilaciones de linea base. En este sentido, el
registro monopolar y e incluso el bipolar han demostrado tener baja selectividad espacial
de los dipolos de corriente debido al efecto de volumen conduccion[77]. Por ello, el
registro del potencial laplaciano se ha propuesto con el fin de aumentar la resolucion

espacial en el registro de superficie de otras biosefiales[77, 78].

Los valores obtenidos para la relacion sefial ruido (SNR) para las técnicas monopolares
(6.5 + 7.6 dB) y bipolares (6.7 + 6.6 dB) estudiadas en este trabajo, son concordantes
con los presentados en estudios anteriores (Hassan et al SNR = 6.74 dB y Terrien et al
SNR =8dB) [79, 80]. Los electrodos anulares probados han demostrado ser adecuados
(L1 =76 +7.3dByL2=6.0+75 dB) para detectar la dinamica uterina un SNR.
Encontrandose ademas que esta relacion SNR varia ampliamente no sélo entre los
pacientes, sino también entre las contracciones en el mismo paciente. Esto Ultimo es
principalmente debido a dos factores: - las contracciones detectadas pueden variar en
intensidad y a méas energia de sefial con ruido aproximadamente constante, se tendran
mayores ratio sefal ruido que en contracciones menos intensas, - por otro lado cambios
de posicién del paciente también pueden variarla impedancia de contacto electrodo piel
y por ende la calidad de la sefal captada. Otros factores que afectan a la variabilidad,
en este caso entre distintos pacientes serian las variaciones en las caracteristicas
intrinsecas de cada paciente, tales como su indice de masa corporal, semanas de

gestacion, etc.

Por otra parte, el cociente entre la energia de sefial de origen uterino y la energia de
interferencia del electrocardiograma materno alcanzada por el laplaciano de superficie
con técnica discreta (21.2 + 4.1dB) y con técnica directa (L1 =26.9+4.8dBy L2 =25.9
+ 5.1 dB) es mas alta que la conseguida por los registros monopolares (M4 = 8.7 + 7.6
dB) y bipolares (20.5 £ 5.3 dB) en el mejor caso de cada una de ellas, por lo que la
estimacién del laplaciano proporciona sefiales de mejor calidad que las técnicas

convencionales del registro de EHG, lo que concuerda con los hallazgos publicados
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anteriormente sobre el uso de electrodos anulares activos de estimacion del Laplaciano

del potencial electroenterogréfico en la superficie abdominal en humanos [48].

En lo que respecta a la capacidad de atenuar la interferencia cardiaca materna sobre el
EHG. Existen trabajos previos que tratar de reducirla mediante un posprocesado digital
de la sefial, empleando métodos como la identificaciéon mediante plantillas PQRST del
MECG (SNR = 17.8 dB) para su posterior eliminacién durante los ciclos cardiacos
maternos [81], técnicas basadas en segmentacién dinamica del mECG para su
prediccion lineal y posterior eliminacién[82, 83] (SNR = 10 dB). Aunque estos métodos
en general han dado resultados positivos, su aplicacion para el diagndstico en tiempo
real esta limitado dado que requieren una extensa potencia de calculo. A diferencia de
estas técnicas de postprocesado digital, el uso de las técnicas para la estimacion del
laplaciano del potencial propuesta en esta tesis doctoral permite la practica eliminacién
de la interferencia cardiaca de forma ‘directa’ en la propia captaciéon de la sefal, sin la
necesidad de digitalizar, ni postprocesar la sefial, reduciendo los costes
computacionales y facilitando su aplicacion en sistemas de monitorizacion en tiempo

real.

En lo referido a la posicion éptima de registro, la literatura establece el eje medio uterino
subumbilical como la zona mas favorable. Ello es debido a que en esta posicion durante
las contracciones el contacto entre la pared abdominal y las contracciones es mas
estrecho y constante [4, 10]. En la presente tesis doctoral se ha comprobado que el
mayor indice de consistencia lo obtienen los registros realizados con las técnicas
monopolar y bipolar colocados en la zona 6ptima de registro. Por otra parte, los registros
realizados con los electrodos anulares obtuvieron peores resultados, posiblemente
debido a diversas razones. En primer lugar la localizacion de estos electrodos fue
supraumbulical y la izquierda y derecha del eje medio uterino. Por otra parte, los
primeros electrodos anulares que se implementaron para la estimacion del laplaciano
del potencial de EHG, por su facilidad de implementacion, fueron electrodos rigidos.
Esto limita su adaptacion al contorno abdominal. Ademas el registro se realizaba en
seco, sin empleo de gel electrolitico, lo que aunado produce una impedancia electrodo
piel de alrededor de 1kQ. Tras estas experiencias en la que se comprobé la capacidad
de los registros laplacianos de EHG (registros bipolares obtenidos como diferencia entre
un anillo exterior y un disco central, BC-EHG) de captar la sefial de EHG, obteniendo
valores para el ratio sefial interferencia materna de ECG y de SNR iguales o superiores
a los registros bipolares convencionales captados con electrodos convencionales, se
considero de interés el desarrollo de electrodos anulares sobre sustrato flexible (TCRE)

para su mejor adaptacion al contorno abdominal. Esto permitiria incluso mejorar la
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capacidad de captacion y la calidad de los registros de EHG, aproximéndolo a su vez a

su uso clinico por ser faciles de poner y de mayor confort para el paciente.

4.2 .- Desarrollo de sistemas de monitorizacion de EHG de facil uso

en el entorno clinico.

Una vez comprobada la capacidad para captar la sefial de EHG en superficie mediante
prototipos de electrodos anulares implementados sobre sustratos rigidos, el siguiente
paso de la presente tesis doctoral fue intentar acercar esta técnica a la aplicacién clinica.
Para ello se desarrollaron nuevos electrodos sobre sustratos flexibles, aumentando la
comodidad tanto para pacientes como para facultativos, se generaron sefiales mas
facilmente interpretables por el personal clinico, y se ha implementado un sistema de

registro de sefial de EHG amigable para su aplicacién clinica.

4.2.1.- Electrodos mas coémodos y de mejor contacto

Con el fin de mejorar la aplicacion clinica de los electrodos anulares concéntricos y
facilitar su uso, se implementaron y ensayaron electrodos tripolares anulares sobre
sustrato flexible (TCRE) de mas facil utilizacion y mas cédmodos para el paciente. Se
examind su viabilidad para la captacion de sefiales EHG en superficie comparando las
sefales bipolares concéntricas (BC-EHG) captadas con estos electrodos (BC1 y BC2)
y las correspondientes a registros bipolares convencionales con electrodos de disco.
Sefialar que los TCRE presentan dos diferencias principales respecto los primeros
electrodos anulares usados: estan desarrollados sobre sustrato flexible y ademas son
hamedos, esto es, utilizan gel electrolitico para reducir la impedancia de contacto

electrodo piel.

Los resultados experimentales mostraron que la actividad eléctrica del Gtero puede ser
captada por este tipo de electrodos identificado en ellos la actividad contractil uterina.
Detectaron menos contracciones que los registros bipolares convencionales registrados
de forma simultdnea. De nuevo esta menor capacidad de deteccion puede ser atribuida
a la posicién supraumbilical de los electrodos TCRE y a la posicion subumbilical de los

registros bipolares.

La diferencia en el tamafio de los anillos del BC-EHG no mostr6 diferencias
significativas, excepto en la amplitud de la sefal registrada. En concordancia con
estudios tedricos previos [65, 84] BC1 presenté menor amplitud y ratio sefial ruido que
BC2. Ademas en ambos casos la amplitud fue inferior que la obtenida por los registros
bipolares convencionales. Estos resultados experimentales estan probablemente

asociados a la menor distancia inter-polo en los registros de TCRE en comparacién con
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los electrodos bipolares convencionales de disco. A pesar de las diferencias de amplitud
entre ambas técnicas de registro se obtuvieron medidas similares de calidad en el valor

del ratio sefal ruido en ambos técnicas de registro.

Las caracteristicas de sefial que se obtuvieron fueron similares entre las sefales
bipolares de EHG y de las sefiales de BC-EHG. Para ambas técnicas, la variacion del
contenido en frecuencia por encima de un 1 Hz es casi insignificante (<3%) no
encontrandose diferencias significativas y siendo todos estos valores consistentes con
los aportados por otros autores para los sujetos con edades gestacionales similares [41,
47, 85]. Las diferencias principales fueron en la energia de la sefial de las componentes
bajas del espectro de sefal. Siendo significativamente menor en las sefiales obtenidas
con BC-EHG que las obtenidas por los bipolares convencionales. Esto puede ser debido
a que tedricamente este tipo de electrodos presentan un efecto de filtrado paso alto
mayor que los registros bipolares con electrodos monopolares de disco

convencionales[65].

En comparacién con los electrodos anulares implementados sobre sustrato rigido, los
electrodos implementados sobre sustrato flexible mostraron mejor calidad de sefal
obteniendo un ratio sefial ruido de 9.8 dB en comparacion con los rigidos que presentan
7.6 dB y mejor capacidad para la deteccion de contracciones (flexible: 88% y rigido 75-
80%). Esta mejora puede ser debida a la mejor adaptacion de los TCRE a la superficie
abdominal y como se planted anteriormente a la mejor estabilidad de la sefial durante la
deformaciéon superficial del abdomen durante los periodos contractiles. Como fue
comentado anteriormente los electrodos en seco pueden causar mal contacto electrodo
piel dando lugar a bajos niveles del ratio sefial ruido con alta sensibilidad a artefactos
de movimiento. Siendo este ultimo de especial relevancia dado que las contracciones
uterinas generan deformaciones en la superficie abdominal induciendo este tipo de
artefactos. Por ello, esta nueva version de electrodos humedos seria mas recomendable

para su uso en obstetricia.

Considerando la capacidad probada en los resultados anteriores de los electrodos
anulares para detectar las contracciones uterinas, la electrohisterografia podria
beneficiarse de las ventajas de los electrodos anulares concéntricos: mayor selectividad
espacial e independencia de la direccién de propagacion de la sefial, en comparacion
con los electrodos de disco convencionales usados para el registro de la sefal
monopolar y bipolar de EHG. Estos electrodos anulares permiten el registro de la

actividad eléctrica mas localizada, pudiéndose utilizar para realizar mapeos la superficie
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corporal y estudiar la velocidad y patrones de propagacion de la sefial EHG con el fin de

obtener informacion adicional sobre la eficiencia de la contraccion uterina.

4.2.2.- Generacion de sefales de facil interpretacion clinica (Toco-Like)
Aun considerando las ventajas que puede aportar el uso del EHG respecto de las
técnicas empleadas actualmente en la clinica para la monitorizacién obstétrica, el EHG
sigue sin estar incluido en la practica clinica habitual, posiblemente en gran medida
debido a la dificultad de interpretacién de la informacién contenida en dicha sefial por
parte del personal clinico mas acostumbrado a los tradicionales registros mecanicos
(TOCO e IUP).

Con el objetivo de favorecer su uso clinico se han aplicado diferentes métodos para
extraer de registro de EHG una sefial con morfologia similar a los registros de presion
denominada, sefial TOCO-Like, con la que el personal clinico estd ampliamente

familiarizado.

En la literatura se han propuesto dos métodos para la generacion de sefiales TOCO-
Like: el primero basado en RMS [76, 86] y el segundo en el primer momento no
normalizado del espectro de frecuencia [4]. En la presente tesis doctoral, ambos
métodos fueron implementados y comparados. Se observd que al aplicar dichos
métodos sobre una sefial de EHG se obtienen sefiales TOCO-Like de caracteristicas
similares en los segmentos contractiles en la sefial con un aumento significativo en la
amplitud TOCO-Like. Solo se encontraron pequefias diferencias en la duracion de estos
segmentos. En este sentido, si el objetivo es el de identificar rapidamente los segmentos
contractiles de sefial con una amplitud significativamente mayor que la asociada a la
linea de base, el método basado en RMS seria mas factible puesto que conlleva un
coste computacional menor. Sin embargo Jezewski et al establecen que aunque se
encuentra una alta concordancia entre las contracciones detectadas por el TOCO-like
respecto las detectadas por la tocografia externa, no se pueden establecer como plena

alternativa para la monitorizacién de la dinamica uterina[76].

4.2.3.- Monitor obstétrico de EHG de uso amigable en entorno clinico

Para favorecer el uso de sistemas de EHG en la practica en la clinica éstos deben
simplificarse, facilitando la configuracién de los electrodos para la adquisicién de sefal
y reduciendo el cableado de los mismos. Con ese objetivo se ha desarrollado un sistema
de registro de sefial de EHG con electrodo multi-anillo concéntricos (CRE) junto con un
sistema compacto para la adquisicion y transmisién de sefial. Combinado las ventajas

de un sistema portatil de facil uso y los beneficios de los electrodos concéntricos.
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Para comprobar su viabilidad se realizaron cinco sesiones de registro y se comparé la
capacidad de deteccion de contracciones del sistema propuesto con el gold standard
actual, consiguiendo, un ratio de deteccion superior al tocodinamémetro tradicional y a
sistemas de monitorizacion EHG de sobremesa. Asi mismo, se descartaron muy pocas
contracciones debido a artefactos en la sefial de EHG. Todo ello demuestra el potencial
del sistema desarrollado para el registro del EHG en condiciones mucho mas comodas

y favorables a su uso en la practica clinica.

4.3.- Sistemas de ayuda al diagnéstico en base al analisis automatico
del EHG

La aplicacion médica de los registros de EHG en superficie pasa por dotar de valor
afadido a los equipos de monitorizacion de EHG con sistemas de ayuda al diagnéstico
que simplifiquen su uso clinico y proporcionen mas y nueva informacién para el
desarrollo de practica asistencial. Para ello se desarrollaron sistemas automaticos de
deteccién de contracciones y artefactos y sistemas de ayuda al diagnéstico para la

prediccion del parto antes de 24 horas.

4.3.1- Deteccion automatica de contracciones y artefactos para facilitar el
analisis 'at bedside'

La detecciéon de los segmentos contractiles utilizando la sefial TOCO-Like no esta
carente de ciertas problematicas. Como se comentd anteriormente la sefial de EHG esta
altamente interferida por otras sefales biolégicas, ademas de por artefactos debidos al
movimiento y a la deformacion superficial abdominal durante el periodo contractil. En
esta tesis, se ha demostrado la viabilidad del uso de electrodos anulares para reducir la
interferencia provocadas por dichas sefiales. Ademas mediante la utilizacion de
sustratos flexibles para la impresion de electrodos anulares se reducen los artefactos.
Aun asi la sefial no esta totalmente libre de ellos. La deteccion de artefactos de
movimiento es un problema comun en el analisis de la sefial bioeléctricas en mdltiples
aplicaciones. Se trata de un problema complejo, la morfologia de la sefial artefactada
presentan una gran variabilidad dependiendo de la fuente especifica del artefacto,
resultando que en muchas ocasiones es dificil distinguir entre la sefial objeto de estudio
y sus artefactos. Aunque esta problematica ha sido abordada en trabajos previos [87],
a nuestro entender esta es la primera vez que se desarrolla una herramienta automatica

de identificacién de artefactos al registro de sefiales de EHG.

En la presente tesis se ha demostrado que las caracteristicas espectrales y temporales
de segmentos de EHG artefactados difieren significativamente de los no artefactados.

Los segmentos de EHG artefactados estan asociados con un aumento de la amplitud
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relativa y del valor de kurtosis. Estas observaciones estan de acuerdo con otros autores
gue analizaron registros no invasivas de otras sefiales mioeléctricas[87, 88]. Los
artefactos de movimiento en el registro de EHG también se asocian con un aumento en
la energia relativa entre 1 Hz y 4Hz. Esto se debe principalmente al hecho de que la

relacion sefal-ruido del componente EHG disminuye en gran medida sobre 1Hz.

Se han analizado diversas técnicas clasificadoras (LDA, QDA y SVM) para distinguir los
segmentos de sefial EHG con y sin artefactos. Se estudié la exactitud de diferentes
caracteristicas como entrada Unica a los clasificadores, obteniendo resultados
parcialmente concordantes con trabajos previos sobre otras sefiales [87]. Liang et al
usando un algoritmo de clasificacién de red neuronal para la deteccion de artefactos en
sefal electroenterografica obtuvo una exactitud del 94.9%, 96.2% y del 97.4% para la
desviacion estandar, la energia en alta frecuencia, y para la derivada maxima de la
sefial, respectivamente. En nuestro trabajo utilizando las técnicas clasificadoras
propuestas, la desviacion estandar obtuvo una exactitud de solo el 60%, indicando una
exactitud de clasificacion muy baja. Este resultado puede ser atribuible a la variacion de
amplitud entre los canales de EHG. Por su parte la exactitud alcanzada por la energia
normalizada, la derivada maxima normalizada de la linea basal y la derivada maxima
normalizada de la desviacion estandar de la sefal estuvo en el rango de 76% a 87.6%.
Cabe destacar que la variacion de la exactitud respecto del trabajo de Liang et al también

se puede atribuir al uso de técnicas distintas de clasificacion.

Las siete caracteristicas seleccionadas por el algoritmo de seleccion automatica de
caracteristicas fueron: la energia normalizada en la banda [1 - 4] Hz, la amplitud relativa
de la sefal, la kurtosis, la derivada méaxima normalizada de la sefial del tono basal, la
derivada méaxima normalizada de la desviacion estandar de la sefial, la entropia
muestral, y time reversibility. Como se podria esperar, los dos métodos no lineales
siempre alcanzaron valores superiores de exactitud que el método LDA. Lo cual puede
ser debido al hecho de que la distribucién de las caracteristicas de las sefales
artefactadas y no artefactadas estan altamente superpuestas, requiriendo por tanto
métodos mas complejos de discriminacién. Respecto SVM y QDA, obtuvieron

resultados similares para la formacion y la validacion conjunto de datos.

En teoria, SVM debe proporcionar error menor generalizacion[89] sin embargo, SVM
obtuvo valores significativos menores de exactitud en los datos de test y validacién del
conjunto de datos. Una base de datos con un mayor nimero de sujetos ayudaria a
mejorar la capacidad de generalizacion de este clasificador. Sin embargo, los resultados

sugieren que el clasificador basado en QDA utilizando las 7 mejores caracteristicas
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posee un alto grado de generalizacion para la deteccion de artefactos en sefiales EHG
(extensible a las sefales no incluidas inicialmente en la base de datos), que por lo tanto
puede ser considerado apto para la deteccion automética de los artefactos en estas

sefales.

4.3.2 - Sistema automaético de prediccion de parto en menos de 24 horas
Con el fin predecir el inicio de periodo activo de parto menor a 24 horas, los segmentos
contrictiles detectados en la sefial de EHG se obtuvieron distintas caracteristicas de la
sefal (duracién de las contracciones, amplitud, energia normalizada de la sefal y
frecuencia dominante) de los grupos de pacientes con edad gestacional similar: Grupo
1, parto espontaneo menor a 24 h; Grupo 2, después de 24 h.

Este estudio confirma que se produce un incremento significativo en la frecuencia
dominante de los segmentos contractiles detectados por la sefial de EHG desde el final

de la gestacion al inicio del parto.

Con el fin de valorar la capacidad diagnéstica de la sefial de EHG se ensayaron distintos
clasificadores (LDA, QDA, SVM). Los resultados mostraron que la mejor exactitud para
determinar el inicio del parto fue obtenida por los clasificadores que tuvieron como
pardmetros de entrada la frecuencia dominante en la banda [0.1 - 3] Hz y la energia
normalizada en [0.1 — 0.34] Hz. Lo que podria mostrar que la mayor parte de parametros
de EHG obtenidos presentan informacion redundante entre ellos. En cuanto a la
exactitud obtenida segun la técnica de adquisicién de sefial empleada: la técnica de
registro monopolar obtuvo resultados ligeramente superiores al laplaciano discreto para
todos los clasificadores implementados con una capacidad de generalizacion entre ellos
similar, siendo los mejores resultados obtenidos por el algoritmo SVM, obteniendo una

exactitud del 94.58% para la técnica monopolar y del 90.80% para el laplaciano discreto.
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4.4.- Limitaciones de los estudios realizados

El EHG es un método de registro de la actividad uterina que consideramos que en la
préxima década se pueda implantar como técnica de registro habitual en obstetricia.
Esta tesis profundiza en la blusqueda de nuevas técnicas de registro con las que poder
obtener mejor y mas informacién de sobre el EHG, de cara a mejorar su aplicacion y
usabilidad en la clinica. Sin embargo no esta carente de ciertas limitaciones. En primer
lugar, los electrodos de disco convencionales empleados para efectuar los registros
monopolares y bipolares y los electrodos anulares utilizados para la obtencion del
potencial laplaciano fueron colocados en diferentes lugares sobre la superficie
abdominal, dado que intercambiar la posicién de los mismos a lo largo de una misma
sesion de registro interferia demasiado con la practica clinica. Ademas en ese caso Si
bien la posicién seria la misma, la actividad no se podria registrar de forma simultdnea
correspondiendo a distintos periodos de registro lo que también dificultaria la
comparacion e interpretacion de los resultados. En cualquier caso, en proximos trabajos
se deberia estudiar el efecto del uso de los electrodos anulares en el eje medio

subumbilical, considerada la zona de registro 6ptima.

Otra limitacién es que el nimero de pacientes involucrados en los estudios presentados
es pequefio y se centré en gestantes en las Ultimas semanas de gestacion. Para evaluar
correctamente las capacidades del registro del potencial laplaciano con electrodos
anulares en superficie abdominal se debe aumentar el espacio muestral tanto en nimero
de pacientes como en registros de EHG en distintas semanas de gestacion con el fin de

predecir el trabajo de parto.
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5.- Conclusiones

5.1.- Comparativa de deteccion de contracciones de EHG con TOCO
e I[UP

Los resultados mostraron que todas las técnicas basadas en EHG son capaces de
detectar mayor nimero de contracciones uterinas que TOCO, siendo por tanto dicha
tecnologia mas confiable para la monitorizacién de la dinamica uterina que la técnica

actualmente mas extendida en la clinica.

5.2.- Busqueda de la mejor configuracion y localizacion del registro
de EHG

La localizacion optima de los electrodos de registro para la deteccién de las

contracciones es el eje medio uterino subumbilical.

5.3.- Desarrollo de sistemas de monitorizacion de EHG de facil uso
clinico

5.3.1.- Electrodos mas comodos y de mejor contacto

Los electrodos anulares concéntricos implementados en sustrato flexible mostraron

mejor adaptacién al contorno abdominal y mejor estabilidad para la deteccion de

contracciones que los electrodos anulares implementados sobre sustrato rigido.

5.3.2.- Generacién de sefales de facil interpretacion clinica (TOCO-Like)
Las sefales TOCO-Like generadas a partir del EHG presentan una morfologia similar a
los habituales registros de presién (TOCO); facilitando la interpretacion de las sefales y

la identificacién de las contracciones por parte del personal clinico.

5.3.3- Monitor obstétrico de EHG de uso amigable en entorno clinico

El sistema compacto de registro desarrollado permite, el almacenamiento y transmisién
inalambrica de sefiales de EHG de calidad similar a los equipos comerciales de
sobremesa mas voluminosos y con mayor cableado que dificulta el acceso al paciente.
Ademds posee una mayor capacidad detecciones de contracciones que los sistemas

tocograficos tradicionales de uso clinico.

111



5.3.4.- Sistemas de ayuda al diagnostico en base al analisis automatico del
EHG

5.3.4.1.- Deteccion automéatica de contracciones y artefactos para facilitar el
analisis ‘at bedside’

La herramienta desarrollada permite la deteccién automética de contracciones en los
registros de EHG, siendo ademas capaz de discriminarlas correctamente de posibles
artefactos facilitando asi por una lado la labor del personal clinico en la monitorizacion
de la dinamica uterina, y por otro la aplicacién de técnicas de andlisis automatico para
la caracterizacion del EHG en contraccion.

5.3.4.2- Sistema automatico de prediccidon de parto en menos de 24 horas

Los resultados obtenidos sugieren que se producen cambios electrofisiolégicos
significativos desde antes del parto hasta la situacién de parto activo: reduciéndose la
duracién de los trenes de impulsos de la sefial de EHG, incrementandose la frecuencia
dominante de los mismos y desplazandose su contenido espectral hacia altas
frecuencias. Se desarroll6 un clasificador SVM que a partir de dicha informacién del

EHG, permite predecir si el parto se producira en menos o mas de 24h.
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6.- Lineas futuras de investigacion

La presente tesis doctoral implica un gran avance en la aplicacion de las técnicas
mioeléctricas en el estudio no invasivo de la actividad uterina humana. Los esfuerzos
del presente grupo de investigacion se centran ahora en la mejora en la captacién del
potencial miometrial en superficie abdominal y en la aplicacion de nuevas técnicas de
procesado y de clasificacion que permitan obtener méas informacion para uso clinico de
la sefial de EHG en determinadas situaciones clinicas, como por ejemplo, sistemas
automaticos de deteccion de partos pretérmino, sistemas de caracterizacion de
farmacos para maduracion de ceérvix, desarrollo nuevos algoritmos para la obtencién de
mejores sefiales de interpretacion clinica IUP-Like, que aporten informacion relativa a la
intensidad contractil uterina y nuevos sistemas para deteccion de la sefial EHG para uso

en técnicas de reproduccion asistida humana.
Las principales lineas de investigacion actuales estdn encaminadas en varias tematicas:

e EIl desarrollo y evaluacion de nuevos electrodos flexibles de facil uso y
adaptacion al contorno abdominal

e El desarrollo de nuevos algoritmos que den lugar a sistemas de apoyo a la toma
de decisiones en la practica obstétrica, que aunen los parametros obstétricos
habituales y la informacion electrofisiolégica uterina derivada del EHG.
Actualmente, se trabaja en generar sistemas de interpretacién automatica y
directa del estado del paciente y de prediccién de posibles situaciones, como es
el caso de la prediccion de éxito o fracaso del proceso maduracién con
prostaglandinas, o de partos prematuros.

e La estimacion de la presion intrauterina a partir de los registros de EHG.

e Evaluacion y estudio de nuevas aplicaciones del EHG en técnicas de
reproduccion humana asistida con el fin de evaluar la peristalsis uterina para

buscar el momento éptimo para la implantacion ovérica.
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