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INTRODUCCION

Al comenzar la exposicién seffalaremos que las caracteris-
ticas més importantes de la circulacidn, que deben tenerse
siempr presentes, es que constituyen un cto. En otras pala-
bfas; que la sangre fluye continuamente a través del corazdn
y los vasns una y otra vez, y que si un vflumen de sangre es
impulsado, por erl corazén, este mismo vdlumen debe atravesar
cada una de las partes de la circulac:dn. Adem&s se la sangre
sm estree de un segmento circulatorip otro segmentoc de la cir-
culacién debera aumentar su capacidad.

fn la primera figura (1) se indica el plan general de la
circulacidn, mostrande las subdiviciones importantes; la Eir—

culacidn mayor, y la circulacifn pulmonar o menor,
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Fic. 18-24. Relacién que guardan el circuito mayor y el circuito menor. Segdn indican los
nimeros, la sangre circila de esta manera: hemicardio izquierdo (ventrfculd), arierias, avlerio-
las, capilares, vénulas, venas, hemicardio derecho {desde auvicula haciz ventriculo). pulmanes
¥ hemicardie izquierdo, Jo cual cierra el circuito. Consiliese este esquema al tratar de eslimar
el curso de la sangre a cualquicr parte del cuerpo.
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A su vez cada una de estas divisiones incluye arteias de pe-
quefio calibre, artericlas, capileros, venulas, venas de peque-
Mo calibre y venas de gran clibre.

La sangre circula facilmente por todo el sistema excepto por
las arterinlas y capilares, E£n consecuencia, se dice que fuera
de los pequefios vasos todos los demés ofrecen muy poca resisten-
cia al paso de la sangre, Para gue la sangre pueds atravesar los
pequefios vasos “"resistencia", el corazén manda hacia las arte-
rias a precifn elevada (hasta aproximadasente 120 mm Hg en la
sistole para la gran circulacidn y 26 mm de Hg para la sistole
mn la circulacién pulmaonar). A €sta presién nos enfocaremos

principalmente y & los organos que la generan,

CORAZON

ANATOMIA? |

£l coraz&n humao es un fSrgano muscular gue posee 4 cavidadas
y que tiene la forma vy el tama®o de td mano empuMada. Esta si-
tuado en el mediastino, aproximademente dos tercera partes de
la masa a la izquierda de la lfnea media del cuerpo y la ntra
tercera parte a la derecha,

El borde inferior del corazdn que froma un &ngulo romo llama-
40 vértice o punta, esta sobre el diafragma y orientado hacia
la izquierda. Esto es a la altura del espacio entre la quinta
vy la sexta cnstilla(quinto espacio ihtercostal)}, el borde su-
perior del corazén o base esta inmediatamente por debejo de la
segunda costilla. Los limites o el contorno que desde luego in-
dican el v6lumen del corazén tienen importancia clinica,

Fn consecuencia, al estudiar transtornos cardiacos el mé&dico
annota graficamente el conteeno del corazdn,

ESTRUCTURA

PARED:

{a pared del coraz6n est& formado por tres capas netas de te-
jido, la parte principal de la pares consiste en tejido muscu-
lar especial llamado musculo cardiaco o miocardio el exterior

dm]l miocardio esta cubierto por la hoja viceral del pericardio
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sernsn {0 epicardio) y se adhiere Intimamente a erlla. EFl inte-
rior de la pares miocardiaca esta revestida de una capa delica-
da de tejido endotelial llamada endocardio. En la superficie
interna el miocardio presenta elevaciones notables, los muscu-

los pepilares,

CAVIDADES

Fl interior del corazdn estd dividido en 4 cavidades, dos su-
periores y dos inferiores. lLas cswidades superiores se llaman
rauriculas y las inferiores ventriculos. Los ventr.culos son
hastantes mayores y de pared m&s gruesa que las auriculas, por
que la accién de bomben que desempefan es tambien mayor. DE ma-
nera andloga la pared del ventriculo izquierdo es m&s gruesa qusa
la del derecho, por que dehe impulsar la sangre por todos los
vasos del cuerpao, excepto los gque van a los pulmones y vuelven
de ellns; en cambio, el ventriculn derecho envia solo al circui-

to menor pulmonar.
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Figura 2. Corte frontal del corazén en el cufl se advierten

las cuatro cavidades, las v&lvulas, los orificios y los vasos
principales, 1as flechas indican la dirececién del flujo san-
guineo. Las dos ramas de la vena pulmaonar derecha pasan por de-

trés del corazén para desembocar en el aurfcula izquierda.

VALVULAS Y DRIFICIODS

las vélviilas cardiacas son aditamentos mecanicos que permi-
ten que fluya la sangre protegen los orificios entre los auri-
culos y los ventriculons la del lado derecho consiste en tres
vBlvulas de endocardin unidas a los musculos gapilares del
ventriculoderecho por varias estructuras a manera de cordén
llamadas cuerdas tendinosas. Dado que est8 vélvula posee tres
hojuelas se llama v&lvula tricospide y la v&Slvula del lado iz-
nuierdo tiene estructura semejante sxcepto gue posee dos hojue-
las y en consecuencia se llama v&lvula bicuspide o m&s comun-
mente v&Alvula mitral.

Las otras dos v&lvulas semilunares estan, una dentro de la o-
tra arteria pulmonar la cual se llama v8lvula semilunar o sig-
moidea pulmonar y otro dentro de la aorta la cual se llama vél-
vula semilunar o sigmoidea aortica, en el sitio donde se ori-

ginan los dos ventriculos derecho eizquierdo respectivamente,

FISIOLOGIA
FUNCION:

La funciédn del corazén es bombear sangre en v6lumen suficien-
te para satisfacer las necesidaces variables de las células de

todo el cuerpo en lo gue se refiere a las sustancias que trans-

porta.
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CICLO CTARDIALD

Ciclo cardiaco significa un l4tido completo del corazén

que consiste en contraccién (sistole) y relajacifn(distole)
de ambas auriculas y adem#s de la contraccidén y relajacidn
de las ventriculos, las auriculas se contraen simultaneamen-
te; en seqguida el presentar relajacién, los dos ventriculos
se contiraen y se relajan, de manera que el corafén no se
cantrae globalmente como unidad. {as auriculos permanecen rela-
das durante 1la parte de la relajacién ventricular y después
comienza de nuevo el ciclo.

VAS0S SANGUINEQOS

Hay tres tipns de vasos sanguinens; a saber; arterias, venas
y capilares. Paor definicién la arteria es un vaso que transpor-
ta sangre en direcci6n centrifuga en cuanto al corazén todas
las arterias excepto la pulmonar y sus ramas transportan sangre
oxigenada. las arterias de pequeffo calibre se llaman arteriolas,

line vena por otra parte e&s un vaso que lleva sangre hacia =1
corazdn todas las venas excepto las pulmonares, poseen sangre
desoxigenada, las venas de pequefio calibre s= lLlaman venulas,
las arterias y las venas son estructuras microscopicas.

Los capilaros son vasos mic@f&copicos que conducen sangre de
las arterias de pequefioc calibre a venas de pequefo calibre esto
s : de las arteriolas a las venulas, Fueron el eslavén pérdido
de la pwwebs de la circulacidn durante muchos afios, hasta la
fecha el microscopio permitio descubrir estos vasos de comuni-
cacidn entre arterias y venas, Descubrir los capilares fu#  prue-
ba definitiva e gue la sangre fluye del corazén a las arterias
arterioclas, capilaros, venulas, venas y de nuevo al corazfin,

Dado que la funcidn principal de la sangre es transpnriar ma-
teriales indispensables a las celulas, y extraenotros de las mis-
mas y que la salida y entrada de estos sustancias ocurre en los
capilores estos deben considerarse los easns sanguineos més im-

portantes desde el punto de vista funcional,
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VENAS
Las venas son la prolongacidn dltima de los capilares, al i-
gual gque los capilares son terminacifn de las arterias. Las
arterias se ramifican en vasos de calibre cada vez menor pa-
ra formar arteriolas y por Gltimo los capilares; en cambio los
capilares se unen a vasos de calibre creciente, para formar ve-

nulas y por Gltimo venas,

Las venas situadas en porciones profundas del cuerpo se lla-
man venas profundas, a diferencia de las venas superficiales si-

tuadas cerca de la supexficie y que pueden verse através de la

piel.

PRINCIFIM DE CIRCULACION Y PRESIONES EN LOS DIVERSOS VASOS

Un lfquido circula a causa nue existe un gradiente de presién
en las diferentes partes de su lecho. Este principio primario
del caudal de liquidos se deriva de la primera y segunda Ley
de Newtdn de los movimientos. En esencia estf ley establese los
siguientes principios,

- a) Un lfquido no circula cuando la presifn &s la misma en
todes sus partes,

b)' Un liquido circula cuando su presifn es m&s alta eh una

zona que en otra, y lo hace desde su &rea de presién

més baja. ‘
En pocas palabras, por tanto la sangre circula desde el ventri-
culeo izquierdo hacia la auricula derecha del corazén, por que
existe un gradiente de presién sanguinea entre esta$ dos cavi-
dades,

Conforme el ventriculo izquierdo se contrae y expulse la san-
gre hacia la luz de la arteria aorta se crea una presifin la cufl
como est& acecidn no es constante sino, gue es pulsatfl, entonces
en la aorta la presidén m=s pulsatil. Fluctua entre un valor Sis-
tolfico de 1200 mm Hg y un valor diastolico de 80 mm Hg, con un
valor medio de aproximadamente de 100 mm Hg. Estas pulsaciones
se extienden a las arterias de grande y pegueifo calibre, pero

en las arteriolas ya se han amortiguado.
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t.a presiédn arterial media al comienzo de las grandes ar-
terias es casi igual a la qgue hay en la parte prixima al de
la anrta, quizd entre 100 y 99 mm Hg.

L.a resistencia al curso de la sangre aumenta enormemente en
las pequefias arterinlas, y la presién en el extremo de estos
vasos y al principio de las arteriolas es aproximadamente de
85 mm Hg., La cafda normal de presidn de las arteriolas es
apraoximadamente de 85 mm Hg al principio hasta 35 mm Hg al fi-
nal de las mismas, Asf pués la mitad aproximadamente de la caf-
da de presifn desde el centriculo izquierdo a la auritula de-
recha ocurre normalmente en las arteriolas.

La presidn &l comienzo de las caepxlares es normalmente de
35 mmHg, y en el extremo veposos de los capilares se fndica
en la figura (4), es aproximadamente de 15 mm Hg. La presidén
media a lo largo de los capilares se halla alrrededor de
25 mm Hg en condiciones normales.

Como hay muv paca resistrncia al curso de la sangre en el sis-
tema vernso, la presién cae desde 15 mm Hg en el origen de las
venutas hasta aproxXimadamente 6 mmHg en el origen de las peque-
fas venas, a 2 mm Mg al principio de las venas de gran calibre
a 1 mm Hg al principio de las cavas y finalmente a 0 mm Hg don=-

de las cavas se vacian en la auricula derecha.

El factor determinante primario de la presién es el védlumen
de sangre en las arterias, Esto significe que el aumento de
sangre arterial tiende a aumentar la presifin arterial y, a la
inversa, la disminucién en el vélumen arterial tiende a dismi-
nuir la presidn arterial.

Hay muchoa<factores que juntos establecen de manera indirecta
la presiédn arterial por medioc de su fluencia en el vSlumen ar-

terial dos de las ma# importante son:; Gasto cardiaceo por minuto

y resistencia periferica.

El gasto cardiaco depende tanto de la frecuencia de las con-
tracciones cardiacas por minuto como del vSlumen de sangre im-
pulsado desde los ventriculos en cada latido,

El v6lumen de la sangre impulsado por la contraccién se co-

nace comao descarga sistolitica.
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El vSluen por contraccién refleja la fuerza o poder de 1la
contraccifin ventricular; cuando més poderpcsa la contraccién
mayor el vélumen por contraccifn., El gasto cardiaco por minu-
to se puede calcular por medio de la siguiente ecuacién sen-
cilla,

vélumen por contraccidén X frecuencia casdiaca — gasto-
cardiaco por minuto.

Asumase una frecuencia normal de 72 latido por minuto y un
vBlumen normal por contraccién de 70 ml.

La resistencia periferica ayuda a establecer la presién ar-

terial. Se entiende por resistencia periferice 2 la resisten-
cia al caudal sangufineoc impuesto por la fuerza de friccifn entre
la sangre vy las paredes de los vasos, la friccifn se desarro-
lla en parte por las caracteristicas de la sangre (viscosidad)
y en parte por el diémetro peguefio de las arteriolas y los
capilares, La resistencia periferica ayuda a determinar la
presién arterial al controlar =1 ritmo de "escape arterial" o
cantidad de sangre que corre desde las arterias a las arterio-
las,

En resumén la presién arterial depende del v6Blumen de san-
gre arterial, que es determinado por muchos factores pero es-

pecialmente =)l gasto cardisco y la resistencia periferica

figura (5)
' PRESION ARTERIAL
Volumen
deé sangre arterial \
/ (razdn inversa)
Y
Volumen de sangre que entra Volumen de sangre que sale de las
en las arterias por minuto arterias por minuto ‘‘escape arteriolar”
{razdn inversa)
Gasto cardiaco por minuto Resistancia periférica
Véase texto vy fig. 13-28 Véass fig. 13-36
Fic. 1{86. Esquema que muestra la forma en que el gasto cardiaco minuto y la resistencia

periférica modifican la presién arterial. 5i aumenta el gasto cardiaco por minuto. aumenta el
volumen de sangre que llega a fas arterias y ello tiende a que sea mayor el volumen de sangre
en estos vasos. El aumento resultante de! volumen arterial eleva la presidn de sangre en lax
arterias. $i aumenta la rtesistencia periferica, tiemle a3 distinuir el volumen e sangre que
sale de las artevias, lo cual aumensa of volumen Jde angre que queds en lus oo vl magor
vorumen art rial aumenta fa pres v greenal



El factor mecanico que ayuda a determinar el vdlumen por

contraccidn es la longitud de las cifras miocardias al principio
de la contraccidn ventricular,

ta ley de Starling del corazdn, en esencia dice:; dentro
de 1lfmtes cuento mé&s largas o mAs estiradas las fibras del co-
razén en el principio de la contraccifn, més poderosa seré
est&. La operacidn de la ley de Starlig del corazén garantiza
aque los mismos volumenes aumentados de sangre que vuelven al
corazédn seran expulsados fura del mismo, Esto ajusta de manera
automatica el gasto cardiaco al retorno venoso en condiciones
nrdinarias,

Los reflejos presores constituyen el mecanismo dominante de

controlde la frecuencia cardiaca aunque tambien influye en la
misma muchos ntros factores,

Reflejos presores cardiacos las celulas sensibles a la pre-

s5ifin denominadas bernreceptores (presoreceptores) estan locali-
zados en el arco aortico y el seno carotiden { el seno carotideop
es una dilatacién pequefa situada al principio de la arteries
carotida interna, justamente pon encima de la bifurcacifin de
la arteria carotida primitiva para formar arterias carotidas
interna y externa)., Las fibras sensitivas se extienden desde
los bororeceptores aorticosdel vago para terminar en el bulbo
raquideo y en sus centros,cariiacos y vasomotor.

i la presién arterial que hay en aorta o seno carctideo au-
menta de manera subita, estimula a los baro receptore aorticos
o carotideos, Como se ilustra en la figura {6), esto produce
estimulacién de los centros cardiohinividores e inhivisién
reciproca de los centros aceleradores, los que asu vez envian
mfs impulsos por segundo por las fibras parasimpaticas de los

nervios tcardioaceladnres que van hacia el corazén., Como
resultado, ocurre disminucidn refleja de la frecuencia cardia-

ca, = inversamente el proceso aumenta el ritmo cardiaco.
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DISMINUCION reflejo DE LA FRECUENCIE CARDIACA
(reflejos presores cardiacos oortico y carotideo)

f

Fl(g‘l 3-27) Refiejos presores cardiacos adrtico y warotideo, son mecanismos que tienden a con-
L servar o Testablecer la homeostasia de la presién arterial al regular la frecuencia cardiaca.
Adviértase que por este mecanismo el aumento de la presidn arterial produce de manera re-
fieja disminucién de la frecuencia cardiacy y tende a disminuir Ja piesién arterial; lo inverso
también es valedera. La disminucidn de la presibn artesial produce aumento geflejo de ha
frecuencia del corazén y tiende a elevar la presién hacia cifras normales.

Factores diversos gque influyven en la frecuencia cardiasca inclu-

o idos en esté categoria estan los factores importantes camo emo-

cibnes, esjercicio, hormonas, temperatura de la sangre y sstimu-

. lacion de varips exteroceptores,

- Ansiedad, miedo e ira tambien hacen a menudo que el corazén la-
.- ta con mayor rapidez, el ejercicioc acelera al corazén en condi-
. ciones normales, la estimulacidn intensa y subita de los tecep-
= tormes del dolor .iende & disminuir la frecuencia cardiaca, =n

.- la figura (7).



. Centros en la
Emociones — -

corteza cersbral

+

l?entros hipotulémicc;l

Barorreceptores
en aorta y seno
caratideo
CENTROS CARDIACOS }
EN EL Presién arterial
BULBO RAQUIDEO
| Barorreceptores

en vendas cavas

Presién venosa

Estimulos diversos
p“ . ¥ {calor, frio, dolor)

(Fic. 15-28} Esquema de algunas de las muchas partes del mecanismo que reguia la frecuen.
via cardiaca. Los impulsos de varios receptores son comducidos por fibras sensitivas que term:
nan en sinapsis con ncuronas en los centros cardiacos. Las fibras motoras de los contios role
an impubos a nearonas simpdtias v a) simpiticas, que los transmiten al corazén. Tatibiwa
Cewin a los centros cardiicos impuios Jo0 Nipotalamo, pogblemente como parte de lavie oo
) ios eteede e Inflinen o b Fo s avarhia s

e T

e



Existe resistencia periferica principalmente a causa de la
viscosidad de la sangre y el diémetro pequefio de las arteio-
las, La viscosidad sanguinea se debe principaslemnte a los
eritrocitos,perc en parte tambien a las méleculas proteini-
cas que existen en la sangre. En circunstancias normales la
viscosidad sanguinea cambia muy poco, pero en ciertas anomalias
como anemia notable o hemorragia, la disminucidn de la vis-
cosidad puede ser el factor crucial que disminpuya la resis-
tencia periferica y la presién arterial incluso hasta el pun-
to de insuficiencia circulatoria,

Numerosos factores controlan el didmetro de loas arteriolas,
Podria decirse que constituyen el mecanismo de control vaso
motor. Los cambios de presi“n arterial inician un reflejo
vaso motor presor,

Reflejos presores vasomotrores Un aumento en la presifn

arterial estfrula los procesos receptores aorticos y caorticos
los mismos que inician reflejos cardiacos,

£llos no solo producen estimulacifn de los centros cardio-
hinibidores, sino tambié&n inhivision de los centros vaso cons=-
trictores. €n consecuencia la frecuencia cardiaca disminuye
y las arteriolas y venulas de las reservorins sanguineos se
dilatan (locual se mumstra en la figura B), » inversamente el
proceso si la presiéin arterial baja.

RQuimio reflejos vasomntores |Los quimio receptores situados

en los cuerpos aorticos y carotdideos son particularmente sucep-
tibles a la disminucdén del édxigeno sangufineo (hipoxia) y al=-
go menos suceptibles al exeso de bioxido de carbone{ Ipercapnia)
y & la disminucién del PH arterial. Cuando alguna de estas
circunstancias o varias, estimulan a los quimio receptores sus
fibras transmiten m&s impulsos a los centros vasoconstritotes
del bulbo y pronto sobreviene vaso constriccién de arteriolas
y reservorios venaosos., Este mecanismo actuan como medio de ur-
gencia cuando ocurren, hipoxia o hipercapnia intensa, esto se

mumstra en la figura {9)
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. Fic. 15-29) El mecanismo reflejo presor vasomotor adriico y carotfdec que se mucstra en <l
esquema se pone en marcha cuando algin factor causa aumento brusco de la presion arterial.
Este mecanismo y los reflejos presores cardiacos adrtico y carotideo (fig. 13-21) acutan simul-
tineamente para conservar o festablecer la homeostasia de la piesion anerial.
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quimiorreceptores
carotideos y abrticos

l

Estimula
cenfros

vasoconstrictores

|

Mdas impulsos por
fibras simpéaticas a
los vasos de piel y
visceras abdominales

VASOCONSTRICCION
REFLEJA

Fic. 13-30. El quimiorreflejo vasomotor que se ilustra aqui no funciona bajo condiciones nor-
males. Opera como Ttespuesta a la reaccién general de alarma de hipoxia o hipercapnia gra-
ves, y tiende a restablecer las concentraciones sanguineas normales de O, y CO, Como este
mecanismo desencadena vasoconstriccién  refleja, tiende también a aumentar la resistencia

periférica y la presién arierial. (Viase también la fig. 13-31.)




MARCO MEDICO PATOLOGICO

Al teraciones de la presién arterial,

VARIABILIDAD DE LA PRESION ARTERIAL GENERAL

Un gran ndmero de factores afectan la presidn arterial general

ya sea aumentandola o disminuyendola, pero en ambos casos si ba-
ja o aumenta de cierto valor normal (120/80)pasa a ser de carac-
teristicas anormales y en algunos casos patdlogicos.

A continuacifn se citan varios ejemplos que hacen variar la
presidn arterial, adem&s de las emcsiones expresadcas o no,

Postura, El1 estar de pie produce reduccifin transitoria de la
presifn sistolica y un aumenta sostenido de la presifn distoli-
ca, por lotanto, se reduce la presidn del pulso,

Ejercicio, E1 ejercicio ffsico produce aumento de presién
sistolica como presifn de pulso.

Ingestidn,de alimentos. Una comida abundante va seguida de un
aumento importante de la presidn sistolica.

Temprratura, El tiempo caliente(ejemplo, el verano) tiende a
disminuir la presidn arterial un poco.

Peso, La frecuencia de pacientes de presidn sanguinea alta es
también mayor en grupos donde el excesode peso es gzande,

S5exo. L@ presifin arterial es més baja en mujeres menores de
40 afins y més elevado en las mujeres de 50 affos, que en 1los hom-
bres de la misma edad,

Edad. Tnato la presidn sistolica como distolica aumenta en los
recién nacidos 90/55, adultos, jovenes 120/80, vejes 150/90 en
promedio,

Fn vista de lo anterior el valor normal (120/80), sistolica/
diastnlica, no ms una acaveracidn clara tnmandn &n cuenta los
factores anteriores, por 1ln tantr, se miden irtorvalos de pre-
siféin,

{Nota té&cnica)



Tiempo de llegada del culso como un metodo nora obtener la pre-
aién sistolica y diastolica indirecta.
Un nuevo metodo nuede describir gue se identifique la presién -
sistolice y diastolica indirectamente, el metodo es basado =n -
tuptursa del pulso mas alla del pulio. Lineas directas arteriales
fueron usasdas en esté estudio nara demostr:r el principio., E1l -
mé$odo fue posible aplicarlo usando dos pulsos arteriales, uno
tamado justo mas alla del puilo y el otro en otro sitio convenien
te.
Piezoelectrico, fotoelectrico y deteccion de impedancia del pul-
so son los candidatos para esta aplicacién. (Referencias 9)&
Cuando tenemos que las lecturas de nresién son bajas respecto 4
1imite minimo se dise que es una HIPOTENCION ARTERIAL o PRESION
ARTERIAL BAJA. Analogamente, cusndo las lecturas son altas res-
pecto al limite méAximo se habla de una HIPERTENCION ARTERIAL o
PRY.SION ARTERIAL ALFA y puede ser causada por varios factoreg --
queabeces se interrelacionan y son i

2) Fallas en loc «istemas reguladores

b) Por lecciones trauméticas

¢) Enfermedades

d) Transtornos Psiquiagricos
La Hipertencién en si, se define como ¢l aumento cronico de la
presién arterial y representa una de las cmusas principales de
enfermedad y muerte,
No ¢= ten frecuente la Hipotencién como enfermedad en comparan-
cién con la Hipertencién, y podemos controlar estos cambios me-
diante un control de presidén sanginia.,  terenie
E1l MMPCACPS, es un modelo multiple de procedimiemb¥os de control
adaptado, para controlar presién sanguinia puede ser considerado
paya un sistema computarizade de retroalimentacidén con regulado-
res de rango de infusién de drogas (nitroprussid) para mantener

la rresion ssnguinia,
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Yo que los parsmetros de transferencic funcional son diferentes
pare cads pasiente y mAs fuertes con las variaciones de tiempo
cade uno de los algoritmos se crea para el mantenimiento de ambos
ectedos y las especificaciones del transeunte, parn esos efectos
la simulacién computada vuede mostrar gue el modelo multiple de
mocesos de control adaptado ruede szer suceéscivemente aplicada pera
el control de presién sanguinia.z | pesar del incrementc y 8elude
traso de la const-nte de tiempo y ganancias; el resultzdo de embas
simulaciones y esperimentos animales Indica gue el médelo multi-
ple de control adaptativo (MMEA) como algoritmo tiene el poténs-
cial de ccentrelader ~2utématico de tode presion canguinia mediante
un anclko de parémetrom, siempre en la presién de renpregsentotivi-
dad.
La esperimentacibén de PFurther, con animales sujetos parz varia--
¢cién de funcionalidad de transferencias es remcdelado para un uso
estos e¢studios comparados con otros adaptadores algoritmicos
puede ser interesante. (Referencia 12)
HIPOTENGT ON

Introduccidn,

Los mecanismos de regulacifén que normalmente sostienen la presion
arterinl genersel dentro de 1imites ectrechos a pesar de las =mplias
variacidnes de actividad son necesariamente comnlejas., Rl fracaso
de« larrégulacién gue produce la presién arteri-l baja er un impor-
tante problema clinico, la determinacidén de mechnismos que la in_
volueran y la lccalizan en leciones y enfermedades requieren un -
ur enfocue acertado y razonado-

A continuscién se exponen los mecenismos m&z significetivos bajo
lce cuales se vresenta la lilpoterciédn Arterisl General, las con-
secuenciac devido a esté, con depresién fisice y psiquica subita
{(chiocue) eus verciones méAs comunes vy finalmente c¢frculos viciosos
de la Hipotencion, ademfs se incluye 12 figuras 11 como una men—-
cién de un tipo de hipotencidén trencitoria, por causa de un fuer-

te estimule emogional, en lz figurs ce musstra loc mecenismos que
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FIGLRA 10

MECANIGMO DE LA HIPOTENCION ARTERIAL Y DE CHOQUE

Los diversas factores que determinan la presidn arterial
general pueden ser wutilizados como marco para clasificar
las causas de la disminucién de la presién sanguinea, gue
conduce al estado llamado "choque", los mecanismos puestos =n
liasta en la columna de lado derechn operan por medio de los
mecanismos enumerados se parturban el equilibrio de la pre-
sidn sanguinea, |as adaptaciones de compensacifin pueden ocu=-
rrir tearicamente en cada punto de ramificacidédn, lo que In-
dica la complejidadde las respuestas afin cuando un solo estf-
mulo aislado @ una sola perturbacién haya iniciado la dis-

minucifn de la presifn sanguinea,

CAUSAS DE HIPOTENSION
FACTORES QUE DETERMINAN LA PRESION QUE CONDUCEN AL CHOQUE
ARTERIAL GENERAL
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intervienen desde el estimulo hasts la hipotencibn cue

ca en un desvanecimiento.

(Fog- 1)

ESTIMULO EMOCIONAL |
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cardiovascular buibar

v

N, = ACTIVIDAD DE
\* LOS NERVIOS
SIMPATICOS QUE

¥ VAN A LAS
ARTERIOLAS

¥
i RESISTENCIA
| ARTERIOLAR

v !

v

ACTIVIDAD DE ACTIVIDAD ACTIVIDAD DE
LOS NERVIOS | DE LOS NERVIOS ~ LOS NERVIOS
SIMPATICOS | SIMPATICOS PARASIMPATICOS
QUE VAN A - QUE QUE VAN
LAS VENAS VAN AL CORAZON
AL CORAZON
| CONSTRICCION >
i VENOSA
¥
1 PRESION ¥ v
’ CONTRACTILIDAD | FRECUENCIA
VETSA OCARDMéA . CARDIACA
| RETORNO
! VENDSC
. PRESION
AURICULAR
v
3 VOLUMEN
VOLUMEN i DEL LATIDO .
| VENTRICULAR
v DIASTOLICO ¥

FINAL

DEBITO
CARDIACO

PRESION SANGUINEA
ARTERIAL

FLUJO SANGUINEC
CEREBRAL

l

§ DESVANECIMIENTO

H |

ae sembg_



D
TABLE -2 POSTURAL HYPOTENSION

| fhenieshed Coardiae Owtput 2. Arteriolar vasodilators as nitrites or
A Interference with venous return and cardine nitroprusside
filling at the museular, venous, or cordiue level: . Neurologie dyslunction:
1. Poor musenlar pumping mechamsm. 1. Lesion in afferent imb: Tabes dorsalis,
i Muscular atrophy rarely in polyneuritis
h. Poor postural adjustment in young as- 2, Lesion in central nervous system
thenic persons standing at strict attention a. Some forms of chronie idiopathic hypo-
c. Passive tilting tension; pussible relationship to
2. Venous disease: Shyv-Drager syndrome
a. Incompetent valves b. Parkinsonism either isolated or part of a
b. Varicose veins more extensive degenerative disease
¢. Obstruction (e.g.. late pregnancy) c. Cerebral arteriosclerosis
3. Cardiac; Tamponade, constrictive peri- d. Syringomyetia, various myelopathies,
carditis, atrial myxema, ball valve Wernicke's syndrome, tumors
thrombus e, Drugs (e.g., meprohamate)
H. Absolute or relative depletion of intravascular 3. Lesion in cfferent sympathetic limb
volume: (pirasympathetic may be affected but is not
1. Relative: Due to dilatation of capacitance responsible for hypotension)
vessels by drugs te.g., nitrites) or disease a. Some forms of chronic idiopathic
(e.g., venous angiomatosis) hypotension
2. Absolute: b. Polyneuritis (e.g., diabetes, porphyria)
a. Hemorrhage, internal or external ¢. Myelopathies
b. Excessive loss of fluid by diuresis, d. Tatrogenic:
vomiting, diarrhea (1) Postsympathectomy
¢. Increased capillary permeability with 12) Neural blocking drugs
loss of fluid in interstitial spaces (a) Ganglion blocking agents,
d. Urinary salt wasting due to selective adrenergic blockers
hypoaldosteronism (b} Monoamine oxidase inhibitors
C. Diminished myocardial performance:® {¢) L-dopa
1. Myocarditis, severe coronary arterial disease II1. Undetermined or Mixed Mechanisms
2. Postural arrhythmias with excessively slow A. Adrenocortical insufficiency: Poasibly related
or extremely rapid heart rate to cardiac dvsfunction and aggravated by
3. Outiet obstruction as in aortic or pulmonary fiuid loss; reactions of resistance and
stenosis {usually leads to exercise rather capacitance vessels said to be normal
than orthostatic hypotension) B. Diabetic acidosis
18, Impaired Peripheral Resistance C. Pheochromeoecytoma (distinctly uncommon)

A. Arteriolar;
1. Disease: Relatively rare (e.g., amyloidosis),
and then usually associated with neural
involvement as well
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Mecanismos més significativos que praduden hipotensifin y 1lle-
gan a la conduncién de choque(depresidn fisica y psiquica subi-
ta}:

a} PE&rdida considerabhle de sangre.

h) Deshidremia

c) Sccuestro o estancamiento de liquidos

d} Traumatismos

e} Compresifn cardiaca

f) 1Insuficiencia cardiaca

g) Desequilibrioc awutonomo

h} vasodilatacifin periferica.

PERDIDA CONSIDERABLE DE SAMGRE

£l ser humano puede perder algo de 500 m@ de smmgre sin pre-
sentarse modificaciones cardiovasculares de importancia.

Pero si la pérdida de sangre es de tal magnitud que los meca-
nismo neurales vhormonales fallen para compensar la p&rdida por
completo, entonces la presidn arterial descenderé&,

Aunque la simple pérdida de sangre acompafiada del descenso de
presifn sanguinea es suficiente para definir hipotensién por
(PCS)porque muchas personas sufren hipotimias(pérdida del corno-
cimiento pasajero con debilidad de la respiracién y la circula-
cidn). Con solo ver la sangre para decir gue existe hipotensifn
por (PCS) deben comprender pruebas de cada una de las etapas que
intervienen en la cadena funcional de eventos que conducen a es-
t4, como son disminucidn:

a) especifica del v6lumen de la sangre,

h) valumen diastolico,

c) B&stw capdiaco

Pero el cuerpo comienza activarse generalmente y para fIndicar
aque las mecanismos de compensacifin adecuados entran en activie
dad se presentan,

a) Vasoconstriceidn periferica de compensacidn,

b) Taquicardia,

¢} Aumento de la expulsifdn sitolica,
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Se presenta en la siguiente figura un esqgumsa de reactivacidén

de la presifn sanguinea.

HEMORRAG A
{ver Figura $-41)
Y
N PRESION | |
ARTERIAL DEBITQ . RESISTENCIA
CARDIACO PERIFERICA
S S— ~
FRECUENCIA
CARDIACA VOLUMEN
ﬂ\ DEL LATIDO
VOLUMEN
. DIASTOLICO FINAL
R CONTRACTILIDAD
CARDIACA
4 LLENADO
VENTRICULAR . CONSTRICCION
ARTERIOLAR
¥ RETORNO v
DESCARGA POR PARTE VENOSO -
DE LOS BARORRECEFTORES -
PRESION
VENOSA
TONO
VENOSO DESCARGA
A SIMPATICA
DESCARGA DESCARGA DESCARGAS T QUE VAALAS
PARASIMPATICA SIMPATICA SIMPATICAS ARTERIOLAS
QUE VA QUE VA AL QUE VA A LAS (excluyendo et carebro
Al CORAZON | CORAZON VENAS y €l corazon)
\o.___ reflejos que van a través

de ks centros bulbares

Medicifn de la constante K de la presifn sangufnea sobre un
rangn de presién en la arteria radial canina.
{a evaluacidn de la constante ¥ de presifin sanguinea en la
nueva ecuacidn;
M= D= K {S-D)
Medidas sobre un ancho rango de presifn en la arteria radial

canina.

Esta ecuacifn es usada a estimacifdn de valuaciédn de la pre-
sifn sangufinea media de las valuaciones medidas de las pre-
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siones sangufiness sistolicas y diastolicas. Esto fué fundido
en las multiples variaciones de K, &#sto se concluye con esta
ecuacién €e da una estimacidfn precisa de la presién sanguinea
media de las presiones diastolica vy sistolica reales,
( Referencia 5}.

Estimaciffh del monitor de pulso y presidn sanguinea hitachi
HME-20.

t1 funcionamiento de el monitor de pulso y presién sangufinea
(PS)hitachi y monitoreo electrocardingrafico es descrito alta-
mente significante la (P menor que 0.001) con relacidn fué en-
contrado entre presiones interarteriales sistolica y diastoli-
ca v las presinnes registradas por el monitor hitachi, Simi-
larmente la estimacidn cardiacs electrocardigraficamente compu-
tada. Y el dado por el monitor hitachi fueron significantemen-
te corelacionado (P menor que U.001), La presidn sanguinea fué
desestimada por una medida de -12 mmHg y.tendiendo a ser més
erroneo cuando la presidn arterial fuf mayor 150 mm Hg. Estos
resultados son comparables a los m&s caros monitores de pulso
y presién sanguinea,

Concluimos que el instrumento puede reproducir una satisfac-
torsa estimacion de la razdn- corazén y presifn sangufnea.

Y puede ser de uso particular cuando el cambio de presidén san-
guinea es de importancia primaria, antes que una medicidn ab-
soluta.

(Referencia B).

En si los pacientes y animales en experimento pueden sobre-
vivir muchas horas con una presifn arterial media de 40 a 50~
mm Hg y responder rapidamente a la restauracidn del vSlumen
sanguineo si wmalos efectos,

En si el tiempo hipotensidn por (P[S) como se describio dé-
he reservarse si la presidn snagufnea se estabiliza en un ni-

vel muy bajn (es decir por debajo de 60 mm Hg).
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5i los sitemas de com ensacifin comienzan ha fallar y la pre-
sién arterial no se sostiene, llega ha producirse un estado
patSlogico de hipotensidn llamado "hipotensifin con pérdida
de sannre con descompensacién" y desemboca a un chogue hipovo-

lemico {tratado posteriaormente).

DESHTOREMIA
La perdida en grnades cantidades de los liguidos del organis-
mo ya se debido al célera, guemadurasy enfermedsdes de addison
pérdida de agua etc, conduce a una reducci6n del vélumen de
plasma.
(a hipotensién deshlicremia se caracterize por aumento de la
viscosidad de la sangre, en las cifras hematocrito debido a su

concentracifn de las células.y de los elementos sangufneos,

SECHESTRO 0 ESTANEAMIENTO DE L IZDIDDS

Cas{ tres cuartas partes del totalddel vAlumen sanguineo es-
tan contenidas normalmente dentro de las venulas conductos ve~
nosos y los reservarins virns - s. S1 una granparte del sistema
vennso aumenta su cepacidad repentinamente,Gran cantidad de im-
portancia del vélument tontal de sangre podria ser secuestrado
o pndria estancarse (Secuestrs es enpleado para denntar una umszne
tn «¢e sangre en los conductos vasculares en los cuales podria
flyir n n3 la sangre hacia adelante),

F1 secuestro o estancamientn de sangre probablemente asume
mucha .mpartancia en . a produccidn de esrados semejantes al del
chorue por traumatismo, neritonitis o en sindromes de machaca-
mento.

Aur.cue tambifn el estar de pie mucho tiempo fguieto (formacidén
militer) hace que aumente la acumulacifn de sangr en los vasos
en declive predisponiendo una cafda de la pres.én arterial.
suficiente para producir hinotimia.

N se tienen métodos adecuados para la determinacidén de la

cantidad de sangre en diferentes partes del organismo.
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los datns de la frecuenclia gue ocurre, la importancia y ia
contrihbucién de este mecanismnala hipotensidn son completamente
insuficientes,

TRAUMATISMOS

Traumatismos(heridas, transtornos causados por es’'0s),es un
t&rminn no especifico v los efectos de las lesiones son tan
extenso 8 vy variados que niguln mecanisma funcianal Gnico pue-
de nombrarse como causa inicial de la hipotensién resultante co-
mo se expondra nseguida. Si hay una herida: y la sangre escapa
del sistema vascular a los tejidos o hacia afuera del cuerpo
producey

a) Disminucién del vélumen de sangre,

b} E1 dafio a los capilares puede conducir a perdidas de plas-
ma que se acumula en los tejido.

) Distensifin vascular y la hiperemia (es la congestidn sanguf-
nea en un drgano)en las partes gue han sufrido lesiones que con-
duce a un secuestro o acumulacifn de sangre,

d) E1 hemopericardio puede producir comprensién ventricular
an algunos casos.

#) La regulacidn autédnoma del corazém y los vasos perifericos
pueden transformarse por la descarga masiva de los nervins somé-
ticos y viserales aferentes,

f) vasodilataciof de los tejidos donde se produjo la lesién
pmede tender a reducir la resistencia periferica, y ntros meca-
nismos pueden contribuir =n algo a la hipotensidn después de le-

sinones variadas,

COMPRESTON CARDIACA.

La r&pida acumulacién de sangre o liquido en el saco pericar-
disco puede ser considerada como un fendmeno que nbstaculiza la
distensién ventricular y evita la repleccidn diastolica ventri-
cular normsl,

En tearia la compresifin extrRcardiaca produce;

&) Disminucifin del véflumen ventricular sistolico y diastolico

b)Raddcu vdlumen por latido.

c) Baja =1 gastn cardiaco a pesar de la taquicardia.



La hipotensifn arterial general se presenta cuando la disminu-
cién dei gasto cardiaco no se ve compensada en forma adecuada
por el aumento de resistencia periferica total,

INSUFICIENCTIA COROYARIA

Fl infartn miocardico agude puede producir grave y un mortal
hipertencifn arterial. Los obstaculos agqudos que se presenta a
la irrigacifn en una regién importante del miocardico producen;

#) Reduccifin de la expulsién ventricular y vélumen por l&tido

b) Reduccifn de la eficacia de la parte miocardica no afecta-
da.

c) Reduccidn del ggsto cardiaco a pesar del aumento del volu-
men y la taquicardia.

Aparece un cuadro clinico de choque m&s completo de compensa-
cién es activado a la diswminucifin de la presifin arterial gene-
ral,

DESEUILIRRIO AUTONOMO z

El sistema nervioso autfinomo del simpatica afecta directamen-
te.

a) vBlumen por l&tide (actua sobre el miocardio)
by Frecuencia cardiaca(actua sobre el regulador)

c)tLa resistencia periferica (actua sobre lons vasos perifericos?

&. De crecimiento de la presifn arterial inducido por descarga
del simpatico seg.ido de la administracifin del factor nutriure-
tico, para compensar esta accién nutriuretica.

Ratas consientms SHR yWKY con uma infusién durante 7 dfas con
ANF{Arg 102 -Tyr 126)100ng/hr/rata., por mediode una bomba mini-
osmatica y su przsidén sanguinea basal (BP). Cambien en la excre-
£ién de snodio y cetecolaminas urinarias comparadas con los ulti-.
mos dias de la infu8idn, £l SHR inicial BPde &8l -3 mm Mg se de-
clina gradualmente a 137- 5 mm Hg. Cambio no significativo en la
presifin sangufnea ohservadn en el ANF,infusidn en el grupo de
WKY. Sin embargo las ratas{WKY) exhibieron un incremento de so-
din y la razén dopemina/ norepireprina cuando se cramparmron ra-
tas can infugisn simulada,

(Referencia 15 ).



Fn si el desequilibrio autdnomo se coracteriza por bfadi-
cardia y vasodilatacidn regionalcausando la hipotensidn,

5i el desenuilibrio es transitorio produce pardida breve
de conciencia pero rara vez produce hipotensio prolongada n
sintomas tipicos de choque,

5i el deseguilibrio es grave por ejemplo lesidn craneal pue-
(Je producir estados semejante al choque que se caracteriza por

prolangada y por hipotensidn arterial general.

VASODTULATACION PERIFERICA

La reduceciffn de la resistencia periferica total es la causa
princiapal que produece hipoterncion en gran nbrero de estados
clfnicns (peritonitis, lesiones por machacamientoyanafilaxia)
que se caracteriza por gran vasodilatacidn,

Como actua el cuerpo ®n estns casos, es el aumento de gasto
cardiaca como en el ejercirin, v la vaso contriccifdn en otras
reciones,

La cnntribucidn de las venas, arterias etc, en los cambios de
vB6lumeny cambios de resistencia a la sangre por un pulso de
impedancia electrica.

Un pulso de impedancia, registro no invasivo, tiepe contribu-
ciones para ambos cambios en v6lumen sanguineo, De las arterias
y para 21 cambio de resistencia otros recursos sSon seguros pa-
ra cuantificar lo relative contribucién y tiene otra subestima-
cifn para estimar la contribucifin seguro que no estimula las
candiciones fisiologicas. Nosotros tenemos usado un sistema
de fluido circulatorio, para corndiciones simuladas fisiolngicas
y cuantifirnadas estan dos contribuciones : nosotros hallamos
que el cimbio resistivo enntribuye bastante (21.51% en la con-
tribucifn del cambiode v&lumen arterial para cambiar a la morfo-
logia de un pulso de impedancia. gsto es sismpre una diferencia
entre fases,

Contribuciones. Esto #s el resultsado de la contribucidn de los
cambios de rmsistividad para msos pulsos altos de impedancia

que puede ser un 5.5% .
¢ rRefersncia 13},
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Es decir estos estados clinicos deben ser acompafacdos por
extrema taquicardia y aumento del gasto cardiaco pero la dismi-
nucien de ls resistencia periferica total por vaso dilatacidén
escasa uvaso constriccién compensadora o un aobstaculo can gran

aumento del gasto cardiaco hace la reduccifn sostenida de la

presifn arterial.

CONSECUENCTIAS DE LA HIPOTENRSION

Como e menciono, #n la hipotensién desciende el gasto cardia-
co este disminuye tanto que los tejidos corporales no pueden
recibir riego sanguineo suficientg lo que sign.fica que no se
puemde alimentar suficientem nte ni eliminar adecuadamente los
productos de deshecho. Todoa estado que puede disminuir el gas-
to cardiaco a ntroas muy bajas puede causar chogues circulastorioe

£l choque cardiaco puede ocurrir por debilidad del corazén
0 la disminucién del retorno venoso y se clasiffca en

a) Choque cardiaco.

b} Choque por retorna venoso disminuido,

CHOU'E CARDIALO,

£8 una insuficiencia del gasto cardiaco hajo gque suele ocu-
rrir inmediatamente después de atague cardiaco grave, {(insufi-
ciencia coronaria , con presifn cardiaca),que trae consigo dis-
minucién enorme de la capacidad del corazén de emplear sangre,

rfon frecuencia el paciente muere antes de que el corazén re-
comienze & TeCUpETrAarse,

CHOQUE POR DISMINUCION DE RETORND VENOSO

los factores nue hacen que dis inuya =1 retorno senguineo al
corazén con resultante chogue son:

a)Disminuckdn del vélumen sangufneoc (deshidremia, perdida con-
siderable de sangre), que produce choque hidovolemico.

b) Aumentn del lecho vascular =s decir vasodilatacionperiferi-
ca nue produce chogue por extasis venoso (secuestro o estancamien-
to del lfquido, hipe remia reactiva, hiperemia toxica, vaso

dilatacién periferica, traumatismo,



CHOQUE NEURDLEND degsequilibrioautdnomo

CHOQUE ANAFILAFTICO___ hiperemia alergica.

En i el choque neuroceno y el anafilaftico se incluye dentro
chogque por extasis venosa pero se dividieron para mostrar la c
clasificacifn de la causa.

CHOQUE HIPOVOLEMICOD

Depende de la perdida de sangre que hace disminuir el v8lu-

.....

men sanguines (hemorragfa intensa, perdida de lfquidos o sindro-
me de machacamento)y =l corazén no retorna sufieiente vélumen
sanguineo, produciendo el descenso de presifn y choque,
CHIIUE POR EXTASIS VENDSA
Se susita si los vasos pierden su todo vasomotor, su diame-
tro aumenta, la sangre se estanca, &1 retorno venoso es esSca-
sn, baja la presifin y se sucita chogue,
- CHOOQUE NEUROGEND
£s causado por la supresifn brusca de impulsns simpaticos
- del sistema nervioso central al vascular periferico perdida
- del tano vasomotor, de aumento d+l retorno venos y la presidn
o »n el aparato circulatorio. El desavenimientn emocional es
rijemplo de este tipo de choque,
CHOQUE ANAFILAFTICO
fs la extasis venosa causada por reaccidnes alergicas, si
una persona es alergica a una substancia, la reaccién produ-
ce liberacifn de niras substancias que desencadenan el esta-
do de chogque. Una de estas substancias es la Hislamina que
hace dilatar los vacos sanguineos causando la extasis veno-
sa y disminucién del retornoc sanguineo que conducen rapida-
mente al choque anafilaftico. En la anafilaxia la rapides
del estancamiento venoso ocurre tan rapido gque el paciente
murre antes de iniciar el tratamiento.
fada uno de los anteriores estados de chogue presenta di-
ferentes etapas de gravedad .
l.as etapas del choque song
a) Chogque compensado.- £s cuando es muy ligero, por lo

nue los diversos sistemas de compensacifin puedon mantenar la

Qgesidn sanguinea y el riego de sangre recuperandn rapidamen
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su estabilidad el paciente.

b) Choque praogresivo,- 5i es mas intenso continuara em-
penrando el paciente en este caso de choque,

c) Chogue irreversihle ,- la gravedad es tal que el pa-
ciente si es gque sigue vivo ningun medio terapeutico podra
salvarlo.

Ahora citaremos algunos tratamientos del chooue =n funci-
dn de las etapas antes descritas,

TRATAMIENTOS DEL CHOQUE,

Choque cardiaco.- (onsiste en aumentar la eficiencia pro-
pulsora cardiaca no siendo fecil, muriendo un 85% de las
peRrsaonas,

Una ayuda seria administrar noradrenalina para aumentar la
presifn arterial mediante vasoconstriccién de las arterinlas
perifericas que a su vez fomenta mayor flujo de sangre por
las coronarias hacia el miocardio.

Choque hipovolemico,- el volumen puede aumentarse por
transfucidn de sangre, administracidn de plasma 0 una splu-
cidn salina i1sntonica inclusn, si el paciente esta concien-
te, Puede darsele agua ya que este sufre una sed intensa
que lo obliga a beber, De esta manera aumenta la precién que
auments el retorno venoso y alivia el choque.

Choque neurogeno y anafilaftico .- Como la causa princi-
pal es la extasis venosa se administraran férmacos de esti-
mulo al sistema nervioso simpatico que causen vasoconstric-
cifn con lo que se nobliga a la sangre retornar al corazdn,
aumentando la pzesidfn arterial,

VARIACIONES =N LA EVOLUCION Y TERMINACION DE LA HIPOTENCION
En £i teoricamente la eliminacion eficaz del factor o fac-
tores nue iniciaron la hipotencidn arterial general pueden
volver la presifin arterial a niveles normales y restaurar
la salud normal, sin embargo la experiencia ha demostraco
que la mayor parte :@de los tipos de hipotencidn pueden ser de
suficiente grado y duracidn que pueden presentarse deterioro
y muerte aun despues de la desaparicidn de los factores ini-
ciales .,

fomo un ejemplo los pacientes que sufren hipotencidn por
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perdida de sangre prolongada, mejoran transitoriamente des-
pues de la restauracifén del volumen sanguineo, y despues gra
dualmente cae a pesar de los esfuerzoc por mantener &l volu-
mrn sanguineo por la resistencia periferica y el gasto car-
diaco (choge irreversible}.

ta rapida administracion de medicamentos pospone la posi-
bildad de marir por un mecanismo solamente para ser seguido
de otro diferente, Volviendo al ejemplo de la hipotencifin
por perdida de sangre pueden aparecer ires causas diferen-
tes de rapida sucesién.

a) Progresiva caida de la presién arterial apesar de la
restguracifn del vnolumen sanguineo y agentes vasopresores,

b)) Paro respiratorio

c) Intensa bredicardia

£l paro respiratorio resultaria de upna deprecifin cerebral
grave que son manifestaciones de la difucion cerebral y apa-
recen, la perdida de conciencia, reflejos pupilares,

La bradicardia muy marcada Fs un proceso relativamente
frecuente coma fenomeno terminal.

CIRCULOS VICIOSOS EN EL COLAPSO CTRCULATORID TERMINAL

La reduccién del flujo sanguinen es el resultado natural
del gran desenso de la presifn arterial general, la presifn
arterial reducida disminuye en forma correspondiente el gra_
diente de perfucidn arterovenosa.

£1 flujo sanguineo cerebral puede verse primordialmente
disminuido por este mecanismo, Una de las respuestas compen
sadnras dela hipotencion es la vasoconstriccidn generalizada
producida por los reflejos baroreceptores debido a esto, el
flujo atraves de la red esplenarica {de las viceraes), rifio=
nes , las musculos y la piel es notablemente reoducida,

{.a taquicardia compensadora contribuye a la reduccidn del
flujo coronario, en si ningun tejide es totalmente respeta-
docuando digminuye 81 flujo sanguineo.

La irrigacidn sanguinea del sistema nervioso central es
adversamente afectada por la reduccifn de la presifn arte-
rial por que la circulacidn cerebral no responde mucho a la

didminucidén del flujo sanguineo.
Compo se menciono la pronunciada reduccidn de la presidn
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arterial media debe en consecuencia, producir la correspon-
diente reduccidn del flujo sanguineo cerebral,

El flujo sanguineo cerebral inadecuado produce insuficien-
cia de los centros de regulacidn respiratoria resulta en pa-
rao respiratorio.

La autoreinfucién puede desaparecer el té8no vascconstric-
tor compensatorio, la relajacion venosa aumenta la capacidad
vennosa y entonces disminuye la presidn, de llenado ventricu-
lar y el gasto cardiaco. ! a brusca aparicién de bradicardia
ruede indicar muy serio desequilibrio autonomo o causa de
la deprecifn en el sistema nerviosa.

La combinacion de electos por la haja de presidn mas la ta
quicardia puede conducir insuficiencia mipcardica con caida
nosterior del gasto cardiaco y reduccién todavia de la pre-
sidn arterial.

Al no haber regulacién neural, se expresa esta como relg-
jacifn de la construccifin compensadora, esta disminuye, esta
didminuve directamente la presifn arterial sin mayor reduc-
cifd del gasto cardiaco.

Ahora si la construccidn cumpensadora es muy intensa vy
prolongada paga disminuir drasticamente el flujo atraves de
muchas rerdes vasculares ocurre que los vasodilatadores qui-
micos se acumulan y finalmente aumentan lo suficiente para
vencer el tono constrictor que se parese al de la hipermia
activa.

Con esto se observo que los fenomenos terminales en los
cacsos mortales en los estadns de choque pueden cnnsiderarse
comop un grupo circulo viciosos potenciales aun sin tener
coneccifin evidente con la causa nriginal de la hipotencidn

arterial general
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la figura 12 muestra una ramificacifn de los cicleos vici-
nsos cel colapso circulatorio terminal por causa de la hipo

tencifn grave y prolaongada,

A) EFECTOS OE LA HIPOTENSION 81 CICLOS VICIDSOS DEL LOLAPSD
ARTER{AL GENERAL CIRCULATORIO TERV INAL
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Fig. 12. Hipotencifin arterial general con circulo vicinso

A, algunos efectos funcionales de compensacidn a la hipoten-
cifn arterial general comprenden la reduccién del flujo san-
guineo caronario y cerebral, lo mismo que la reduccidn del
flujo de la sangre periferica por los firganos o viceras
més importantes.

B, la hipotencién grave y prolongada puede producir cir-
culos vicinsos que tiendan a deprimir todavia més el gas-
to cardiaco o a producir vasodilatacifin que hacé la hipo-

tencifn progresivamente mAs impoasible de ser tratada.
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HIPERTENSION
La hipertensifin (alta presifn sanguinea), se define como au-

mento de la presidn arterial, el limite superior comunmente
aceptadn para la presifn arterial normal es de 140/90 mm Hg
debido a-que hay variasiones fisiolagicas presiones sistolicas
superiores a 140 mmHg no se asocian a hipertensién, sin embar-
go la presién diastnlica es el indicador mas importante de la
presidn arterial alta (hipertensidn}),

Como al presidn peneral media, aumenta con la edad el nidmero
de personas que tienen cifras altas de presifn arterial de un
cimsrto nivel (140/90), es indidublemente muy alto, pero solo un
pequeffo porcentaje de estas persnnas, la elevacién de la presidén
arteria va evidentements asociado a algln estado patdlogico.

{a mayoria de los casos, el desarrollo de la hipsrtensién no
puede ser explicado en la actualidad, en este caso la presibn
arterial elevada es denominada bipertensién primaria o esencial
es decir, sin: causa distintiva que haya causado su elevacién
0 que pueda identificarse facilmente,

la presién arterial general no es un estado patflogico si no
un signo { entre varios ) que es comln a gran varieda de estados
fisiologicos y petflogicos. Algunos pacientes pueden ser identi-
ficados en lps que la presién arterial es el resultado directo
de una causa especifica y puede ser aliviada por la supresidén

de esta causa,

La tabla (3) presenta una dosificacién etioclogica (causas de
las enfermedades}de la hipertensién, a continuacidn se enlistan
las diferentes clases de hipertﬁhsiﬁn.

@) Hipertensifn esencial,

b) Hipertensifin renal,

c} Hipertensién endfcrina (Hormonal)

d) Hipertensifn neurogena.

2} Hipertensién cardiovascular,



TABLE & AN ETIOLOGIC CLASSIFICATION OF HYPERTENSION

[ Arterial Hypertension ielevation of svstolic and
digstolic blood pressures)
A, Essential hypertension
. Laubtle tintermittent) |
2, Lstablished ("fixed”)
B. Renal hypertension
1. Kidney disease
4. Glomerulonephritis
. Chronic pyelonephritis
. Congenital polycystic kidneys
. Obstructive uropathy
. Diabetic glomerulosclerosis
. Interstitial nephritis due to analgesics,
pout, hypercalcemia
. Connective tissue diseases, periarteritis
nodosa, scleroderma, lupus erythematosus
. Renal tumor
. Renal amyloidosis
. Radiation nephritis
. Hereditary nephritis
2. Renal arterial disease
a. Fibrous dvsplasias
b. Atheroscierotic disease
c. Embolic obstruction
d. Traumatic arterial dissection or ocelusion
3. Compression of kidney
a. Perinephritis
b. Perirenal hematoma, usually post-
traumatic
C. Endocrine hypertension
1. Catecholamine excess: pheochromocytoma
2. "Steroid” hypertension
a. Mineralocorticoid excess
(1} Primary aidosteronism
(2} Functional enzymatic block leading to
adrenal hyperplasia (e.g., 11-hydrox-
ylase deficiency in adrenogenital
syndrome, 17-hydroxylase deficiency,
androgen-induced hydroxylase de-
ficieney in masculinizing tumors)
{3} Iatrogenic: Excess DOC or fluorinated
steroid administration
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b. Glucocorticoid excess — various causes of
Cushing syndrome iadrenal, pituitary,
ectepic ACTH syndromes, ovarian tumors)

3. Oral contraceptives
4. Condition associated with hypertension

a. Acromegaly

b. Thyroid disorders
11} Myxedema
(2) Thyrotoxicosis, usually a cause of

systolic, not diastolic, hypertension

. Neurogenic hypertension

1. Anxiety states (?)
2. Intracranial disease
a. Increased intracranial pressure
b. Encephalitis
¢. Diencephalic syndrome
d. Lead encephalopathy
3, Disturbances in vasomotor center
a. Bulbar poliomyelitis
b. Disturbances in vascular supply
4. Spinal cord and peripheral nerves
a. Transection of the cord, transverse
myelitis
b. Polyneuritis
c. Porphyria

. Hypertension of coarctation of the aorta
. Hypertension of toxemia of pregnancy

1. Preeclampsia
2. Eclampsia

. Swystolic Hypertension
A. Caused mainly by an increased stroke output

of the left ventricle

. Complete heart block

. Aortic regurgitation

. Patent ductus arteriosus
. Thyrotoxicosis

. Arteriovenous fistula

. Paget’s disease of bone

OO0 b Lo RS

. Caused mainly by a decreased distensibility of

the acrta
1. Arteriosclerosis of aorta
2. Coarctation of aorta

La presién arterial exesiva

por causa de la hipertensifn puede

causar rotura de vasos sanquinenos cerebrales para producir per-

dida subita o total del conocimiento y movimiento( apoplegia),

en £} rifon produciendo insuficiencia renal y en otros partes

para producir ceguera, sordera, ataques cardiacos entre otros

males y entrafando sobre carga en el cnrazfn, usando insuficien-

cia cardiaca.

A continuacidén se describen los tipos de hipertensidn como fun-

cifn enormal de los mecanismos reguladores y otros.



Se hace notar que el 95% de las hipertensiones caen en la lla-

mada hipertensifiin esencial y el resto en los otros tipos.
HIPERTENSION ESENCIAL

Es un té&rmino aplicado a la presién arterial alta que no pue-
de ser atribuida a ninglna lesidn especifica, como esta se eleva
progresivamente con la edad los pacientes que la sufren se encuen-
tran, de las curvas de didtribucidn en el extremo més alte { cur-
vas de frecuencia para cada edad), la herencia, medio ambiente y
sexo pueden alterar la wmagnitud hasta la que llarga & la presifin
arterial, Generalmete entre més elevada sea la presifn arterial
se acorta la posibilidad de sobrevivir, El dolor de cabeza y el
vértigo son sintomas comunes de estos pacientes, y los accidentes
vasculares, cerebrales (Trombosis), son complecasiones frecuentes,

La presifin arterial general elevada conduce a hipertrofia del
ventriculo izquierdo, hasta insuficiencia cardiaca e=n etapas fina-
les, en la hipertensidn benigﬁa, la presién fluctua més amplia-
mente de lo normal pero elevandose progresiva y lentamente con
los afos.

En la hipertensidn maligna { no muy frecuente) la presién al-
ta progresa rapidamente los cambios vasculares caracteristicos
de la retina{ retinopatia hipertensiva) aparece muy temprano
gen esta fase de la enfermendad y, las funciones renales se hacen
rapidamente insuficientes.

La insuficiencia ventricula izquierda o los accidentes vascula-
res cerebrales pueden causar la muerte antes de gue la insuficien-
cia renal llegue a desarrollarse por completo.

HIPERTENSION ESENCIAL ( CAUSAS)

En sf la causa de la hipertensifn esemcial es comparable por
ejemplo a intertar determinar la causa de la fiebre en alg(n
grupo de pacientes antes de que las causas conocidas hayan sido
especificamente elim nadas.,

Grandes esfuerzos se han hecho para determinar los mecanismos
que puedens ser responsables, (Figura 13)‘

Lasos como los siguientes ejemplifican estao:

a) Hipertensidn renal sin enfermedad del rifion.

b) Hipertensifin de orige suprarenal sin distincidn de las
supraresneles, T o it



c) Hipertensifn isomotora en

sistema nervioso central.

anormalidades sin dafoar el

d) Hipertensién vascular sin lesién en el aparato circulato-

rio,

Producen controversias y confucionds semanticas que han arroja-

dos poca luz sobre estos temas,

A) GLANDULA SUPRARRENAL

Tumor cromafin

1 t
ADENOMA {feccromocitoma)

CORTICAL

" M ENEERMEDAD

Aldasterona DE CUSHING

NACL
Nefrosclerosi

B) RINON
a) Hidronefrosls
b} Plelonefritis
¢} Glomerulonefrosk
d} Nefrosls is
e} Amlloidosls
1) Toxemla

RENINA

' +
alfa-2-globulina
Constriccién H

perirrenal angiotensina |

Hipertensibn

-+
enzima de conversion
renopriva +

angiotensinz |11

HIPERTENSION
ESENCIAL

C) CARDIOVASCULAR

(b}

o A} Coartacién
de la aorta

B) Aterosclerosis

C) Hipertiroldismo

D) SISTEMA NERVIOSO
CENTRAL

a) Lesiones
cefilicas o cersbrales
b) Tumores cerebrales
c} Poliomiehtis
d} Porfiria aguds
&) Casos psiquidtricos
f) Hipertension
diencefilica

Figura 13. Hipertensifn esencial la evaluacifn de la presién

arterial general es una caracteristica comun en muchos estados

diferentes de procesos patflogicos que comprenden las suprare-

nales, lns rifones, el cerebro
IDel ndmerc tan elevado de la
arterial general elevada,  solo

distintos

y el aparato cardiovascular,
poblacifin que presenta presién

una pequeMa porcidn sufre estos

procesos de enfermedad. E1 resto, que es tan grande

- es definido como hipertensién esencial, lo que significa que

su causa no ha sido tederminada,



Exclusidn de mecanismos estandar .

En el inicio de la hipertensién esencial de ningdn mecanismo
de l1a figura 1J,puede demostrarse como fendmeno en operacién
paraque el metabolismo y electrolitros estan en su nivel normal
el flujo sanguineo repal y funciones de los riflones son normales
la arteriosclerosis no son mayores entre los pacientes y la
presencis de lesiones neurales no pueden demostrarse,

La angiotesina puede producir estados espontfneos y experimenw~
tales de elevecifin de presifm perp se descarga este mecanismo
por ln siguiente en las fases inicilales de la hipertensién mode-
rada en personas de poca rdad los rifinnes parecen normales dese-
de el punto de vista antomico-funcional y cantidades anormales
renina, no se han encontrado constantemente en casos de hiperte-
sidn primaria,

Por atro lado en pacientes con insuficiencia cardiaca congesti-
va puednn tener alto nivel de renina sin tener hipertensidn
por esto es que se descarta que la renina en consentraciones que
no puedenterminarse sea la causa de la hipertensidén,

A hipertensidn sigue a la hipertensén

Como los pacientes que sufren hipertensién esencial no mues-
tran causas identificables de ella, su terapeutica se ha diri-
gido principalemente hacia la reduccifin de la presidn arterial
por diversos medios, pero la presidén arterial general alta ac-
tua de mndo para producir aumentos todavia'maynres. Teoricamente
la presiéin arterial general elevada producida por cualguier cau-
sa nque sea, se convierte en una enfermedad que se sostiene asi
mismo,

Microprocesador - control de infusifin de droga para control
automatico de presifin sanquinea. (Referencia 7)

tin cantrol - microprocesador de infusifin de bombeo es descri-
to por el contrnl automatico de hipertensi®dn o antihypertensivo
tratado con sodio nitopusicn, el sistema requiere de continuas
moritoreos de presifn sangudénea comn una seffal de entrada a el
microprocesador, el l&tidn regula la presifn sanguinea al nfivel
deseadn, por cambios de peso adecuado de infusiédn frecuente,

El bombeo de infusién probablemente sea muy valiso para cui-
dado intensivo y microcirugia bajo hipertensidn controlada.



Readaptacifn del mecanismo presoregeptor

Si se aumenta la presién arterial por medio de estimulacion se
puede demostrar que los presoreceptores perifericos mismos pue-
den adertarse aun aumento sostenido de la presién arterial.

Si se deja de estimular la frecuencia cardiaca se acelera, lo
nue fndica nque los mecanismo presereceptores se han establecido
a un nivel més alto y actuab para obtener de nuevo estabilidad
al nivel m&s alto de presifn sanguines,

El consepto de readaptacién del mecanismo presereceptor no cons-
tituye una explicacidn satisfactoria de la elevacidn sostenide
de la presidn arterial por que esté tiende a disminuir a cifras
normales después de largos perindes de tiempo cuandn se suprime
el estimulo,

Arteroesclerosis del seno _carotideo

: lLa regifin del seno carotideo ms un lugar de predileccién pars
la esteroesclerosis, El engrnsamiento patSlogico y adn la calci-
ficacifn en esta parte ocurre, cuando en otras porciones del &r-
kol arterial no son afectadas.

- $i la pared del seno carnotideo se hace rigida por este medio
la cantidad demstiramento de la pared #n casos particulares de
la presiénse reduciria limitando un estiramiento de los presepto -
res de deformacién de la pared propia del seno, Adn asi los ner-
vios podrin responder a la compresidn externa y si embargo, mos-
trar frecuencia reducida de:descarga después de cambios de peesién
externa.

Vaspn constricecifin generalizada

Diversnos mecanismos pueden intervenir en una vaso constriccién
generalizada suficiente para producir hipertensifén la elevacién
del tono vascular se atribuye a una fuerza anormal ejercida por
el musculo liso de los vasos que no guedan bajo accifn inmediata
del sistema nervioso,

La hipertrofia es una caracteristica prominente de los vasos

""" de resictencia en pacientes que sufren hipertensién repetida o

continua elevasidn de la presifn interna o por aumentos intermi-

tentes de la mctividad constrictora del simpatico.



Inchazdn vascular

£l hinchamiento de la pared arterial fué considerada como una
causa potencial de aumento de la resistencia periferica puesto
que el 13% de hinchazén de la pared arterial se vie que hacia
aumentar la resistencia al flujo en un 54% una causa seria del
aumento de la consentracifén de sodio y agua en las paredes aorti-
cas.

Las dietas hajas en sal podran aliviar la hipertensifn reducien-
do ek contenido de liquidos en las predes vasculares. Entonces
se diria 21 edema de las paredes vasculares seria de modo gene-

ral eouivalente & una hipertrofie modsrada,

Hipertensi¥n renal

Se identifico la relacifin que existe entre las proteinas de la
orina v las alteraciones patflogicas del riffion, con hipertrofia
del ventriculo izquierdo y se describio imparcialmente 2l aumen-
to de la resistencia periferica acompafada de alteraciones de
las funciones renales,

La presifin arterial general se sleva en una gran numero de en
fermedades renales ( de hecho casi todas) también se indican en
ia figura 13 algunos transtornos.

La existencia de obstaculos a la irrigacién renal o compresién
externa del parénquima renal, se pueden asociar & l1la elevacidn
~presifin arterial general.

“e tiene obtruccidn unilateral de la arteria renal entonces la
presitn puede ser aumentada, la ohstruccifin puede ser pauseda por
engrnsamimnto local ( artereesclerosis) o constriccién local,
cuando se elimina con exito la obstruccién o se extirpa el riffon
afectadao,

En general se esta de acuerdo que cualquier mecanismo que Opo-
ne obstaculns a la irrigacién sanguinea del parénquima puede ms-
perarse que cause elevacidn de la presidén arterial,

El mecanismo opresor renal puede activarse por diferentes enfer-
medades renales ya que trantornan el flujo snaguineo renal de un
medio u otro. Por citar algunas enfermedades como hidronefritis,
la piel o nerfritis entre ntras. La pielonefritis se asegures que

produce obliteracifn y destruccién de las arterias renales de dié-
metrn pequeffo, una oclusifn arteriesclerosa de las arterias rena-



Wi

les, puede ser o no complicadn con pielonefritis por abundar

de sus efectos.

Hipertensifn hormonal

En ocasiones existe disfunsién de la gl&ndula suprarenal por
causa de tumores o estimulacifn excesiva de los suprsrenales
por la hip6fisis,

Una rera forma de tumor en la médula suprarenal es =1 feocro-
mo citoma., Sucausa e&s por la multiplicacién anmormal de células
que producen un ademoma entonces la d-adrenalina y la noradrena-
lina que segremgan normalmente son liberadas periodicamente pro
duciendo hipertensién ascendente, palpitaciones,dolores de cabe-
za, ansiedad,temblor,nauseas, vémitos, gran palidez es decir
exisaciones directas al simpatico. La presidn arterial se sle-
va intermitentemente con signos y sintomas de l:Bmracidn masiva
de sustancia sransmisora del simpatico en algunos pacientes la
presifn arterisl fluctua ampliamente peroc queda persistentemente
elevada. Nos hasta decir que la estirpacidén completa del tumor
suprime los ataques sintomaticos, en algunos pacientes en que los
atanues han sido eliminados quirurgicamente su presifin permane-
ce elevada despufis de la eliminacidn de su causa,

También los cambios de presidn arterial son observados constan
temente =n pacientes con enfermedades que afectan la corteza su-
prarenal. La hipertensién se presenta aproximadamente en el B85%
de pacientes que sufren el sindréme de Cushing que consiste en
secresién excesiva de hormonas adrenocorticales y se observa en
precosidad sexual, hermafroditismo, virilisme en mujeress y femi-
nizacién en hombres y obesidad.

En =1 momento todavia es imposible identificar la anormali-
dad que sr presentan en el metabnlismo de esteroides corticales

responsable de la hipertensién.



Hipertensifn neurologica

La presifin arterial alta va acompafada de diversos transtor-
nns histopatologicos y funcionales del sistema nervioso central
tales como las lesiones cerebrales, tumores cerehbrales y des-
truccidn selectiva de tejido cerehral como en los casos raros
( como poliomelitis)trantornos psiquiatricns, hiperaccifn cardio-
vascular ver table 3, y figura 13 y pueden ser resultados de
dafios producidos a partes muy selecionadas del sistema nervioso
central.

Descripcifn de algunas condiciones:

Aumento de presifin_intracraneal

Las lesiones encefalicas o tumores cerebrales estrategicamen-
te colocados producen una elevacifin de la presién del liquido
cefaloraquiden del sistema nervioso central entonces la presién
arterial general tienda a aumentar a medida que se eleva la pre-
6§i6n del 1fquido cefaloraugideo.

La elevacifin de la presién arterial #s debhido a la comprasién
del tallo cerebral de una regidén bulbar oue contiene los centros

deregulacidn cardiovascular,

aguda que comprende el tallo cerehral (paralisis bulbar)presentan
intensa hipertensiédn,

Trandtornos psiquiatricos

La admisifn muy cgeneralizada del elcho que la exitacién y otros
factores psic-logicos pueden influir generalmente en los niveles
de la presion arterial genersal,

La opinian actual e&s un actitud cnnservadora sobre los resulta-
dos de la frecuencia o= hipert=-=idn en personas neurnticas o
con psicnsis y se duda con respeclio a este mecanismo como
causa dominante de la hipertencion cronica.

Merdicifn directa de presifn sanguinea; rieco evolucidn tec-
nologica v problemas comunes,

(Hefprencia 11)
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Sindrome diencefalico

£s causado por estimulacifin difusa del diencéfalo humano
y los signos y sintomas son: hipertensién, parches de eproje-
simiento de la cara v parte alta del térax y extremidades fi-
nas v palidas tanuicardia e hiperprristaltismo,

Hipertensifén_cardiovascular

La presidn arterial general puede elevarse como resultado
de ulceracioes dentro del aparatn caerdiovascular mismo,

Transtornos cardiovasculares que provocan elevacion de la pre-
sifn arterial guedan ejemplificados, comp coartacion de ls aorta,
la arteriesclerosis generalizada y la pericarditis nudosa (fig,13,
y tabla 3).

Tamhifn llega ha presnetarse contriccifin de la sorta tfraxice
como defecto de desarrollo, S5e caracteriza por reduccifin de luz
de la aorta edn conducto delgado e impide graduglmente el flu-
jo de sangre desde el srco aortico hasts la aorta dorsal descen-
diente y desarrollandose conductas colaterales nero a pesar del
désarrollo de eston conductos la presifn sanguinea usualuente
gse encuentra muy por encima de las arterias generales y elevan-
dose por arriba del sitioen que se presneta la contriccién,

La correccif guirurgica de la constriccién aortica va sequida
de rapido descenso cde la presidén arterial que vuelve a cifras

normales despufs de unos dias,
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MARCO INGIENERIL

Instrumentos Celibradores de Fuerza por Alambres i Lonexiones

Un largo nidmero de Instrumentos médicos gue se usan en la actua
lidad son los "Transductores" de Puerzas o de Alambres, por ejem
plo: los més usados con cateteres son de éste tipo.

Calibradores de Fuerza en alambres son instrumentos o mecdnis
mos generalmente de pequefias sefiales usados con circuitos pream
nlificadores de puente, un u otro voltaje exitacién de corriente
directa o corriente alternsz pueden ser usados uvara el puente.

La relativa ventaja del uso de corriente alterna o corriente di-
recta, derende sobre la detallads sefial y en lag condiciones de
disefio del circuito; los calibrzdores de-hacer fuerza pueden sér
usados en todos los instrumentos en un médelo garantizado y no =

gar:ntizado en otros mddelos
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NN

moving tabie
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La figura muestra un disedo de un Diagrdma "Calibrador de Presién"
utilizando un calibrador de hacer fuerza no garantirzado, la figura
b muestra un tipo gerantizado,.
El cambko de resistencia del alambre es causado nor trés factores:
a) El cambio relativo en la longitud del alambre AL/l
b) E1 cambio relativo en el drea de la secci’on de =
campo AA/A
¢) El cambio relativo en la resistividad del alambre
El cambic en el incremento de registiwvidad con fuerzas tensiles,

es aplicable a un alambre, si la Av/p (¢) es positiva, el cambio



El cambio en el area del alambre es relacionada cnn =1 cam-
hio en el di&metro A A/ A 2 A d/d, y el cambin relativo en
2]l didmetro es relacioando con el cambiorelatiwo de la longi-

tud, esta relacién es proporcién de Poisson's.

Characteristics of Strain Gage M:torigls

Temperature Temperature Tensile Modulus of -
coefficient coefficient Gage strength, elasticity,

of resistivity, of expansion, factor, Yp Y, Maximum  Maximum
Material aR o (x107%) my (pascals, x10*) (pascals, x10'®) ~alft AR/R
Platinum 0.0038 9 6 340 15 0.0023 0.014
Constantan -0.0002 to 14.8 2 410 17 0.0024 0.005

+0.0002

Nichrome 0.0004 13.2 2.5 690 19 0.0036 0.009
Mercury in flexibie tube 0.0009 30 2

Silicon 0.007 5.4 170 620 i9 0.0033 0.5

Tabla 3

La caracteristica de varios materiales que son usados en ca-
libradores de alambre son listados en tabla 3 e incluye actual-
mente varios tipos de materiales; un metal puro (platino) con
coeficiente de bhaja temperatura de aleacidn resistide con un
fluido conductor (mercurio) y u semiconductor cristalinmo (silicio)

El coeficiente de temperatura y resistividad an R en la ecua-

ban

cifn g

P= e [HM{(T-T")J

Las fuerzas tensiles Yp es la fuerza maxima que el mterial
tnlera sin de fnrmaciones permanentes, de la definicién pars la

elasticidad en el m6dulo de Young,
Ag/q = Ve /y,

Transistores piesoresistivos

Muchos instrumentos pueden ser designados usnado un contador
de linas de volumenh de silicioj sin embargo resientemente, ma=-
teriales cnn regiones de igpurezas difusas pueden ser sucesiva-
mente aplicados al disefio de instrumentos. Algunos de esos mate-
riales tienen grandes imprevistos y caracteristicas de ejecucudn
de temperatura v es comparada con los materiales de almacenami-

Fnto.



Con la aplicacién de ls tecnologia de la teoria de piezas de
fesistencia para el disefo de instrumentos medicos (transductores)
especificos como un cateter intracardiaco tipn ca'ibrador de

presifn piezoresistivo puede ser anal:zado en la figural5l

CYLINDRICAL METAL SHELL

CATHETER ELECTRODES
N\ A
5
Y o g
i _-_// LECTRODE] - PLASTIC POTTING
eucrnm»ﬁ SILICON BAR INSULATING CEMENT
LEAD WIRE L7{5|LICON BAR WETAL INTERLEAF
e
4
DIAPHRAGM
/ PLASTIC
4- POTTING

Fig.15,

Enpnsidera daos elementos de trassductor piezoresistivo en un
catete intracardiaco, hay otros tipos de transductores como
el respiratorio como un diseffo més (itil que se caracteriza
por su sensibilidad y tiene una frecuencia usual cuando des-
pués es limitado par el y es de resonancia mecanica méas baja
rue la frecuencia del instrumento.

Hay transductores de diafragma- estiramiento en términos
dea aplicaciones medidas ,#) trans.uctor variable encapaci-
tansia BN US0 mMas grande &8s .

Froh mlemente el ins rumenta o diagtragma-estiramientos fig.

{16)

_- retched diaphragm “

2

FAbr ettt

anplied pressure or spund

El diseffo geometrico puede ser usado como un {ransductor

de capasitancia de presiédn o es un microforo condensacdo,



Un diseMo es un calibrador capacitive de preuifn e las

rualidae. ' ee e dinterrore sor las freou ncdias preorant li-
Fyes permicibles el carbin cnoaplices 2oy oo previom e b as
Ja rapatitercie, el Tenddyionte e v dtede o rsi'o oot Uy
vl eje arli o=ty es manejado por vilraciones en cinfas.
Transductores Halemeesfuerza,., (Consicseramos el calibrador

de 1ransformacion -Uiferencial de la (Fig. IT)

diaphragm
area A,
constant £

g

applied pressure o

/ primary
sacondary

moving magnetic core, total mass m,
displacement x

velocity {viscous} damper,

constant &
fa}
éi:gg:l * r:\\\
kgx Viguy = kghx
+ =
i b}
Figura I7.
fuando la presion es aplicada,el diafragma se desvia y mue-

ve gl centrn magnetico.f£]l amaertiguamiento es =uminis‘rado
por un mecanismo en el cual la viscosidad del aceite defer-
mina la fediproporsionalidad de la velocidad.tl camhio de
posicion del centro producen un voltaje de rendimiento di-
ferencisal v es wmodulada e una frecuencia portadora .

£s un instrumento €1 cual tiene algunos defectos;

l.-Luando se zaplican diferentes presiones ls desviacion
varia del diafragma ,desde que el diafragma no salta correc-
tamente,rsa puede ser alguna seflal no lineal de rendimierto

causada por »l diagrama no linealmente.



2.-Yajo condic.ones variadllas del medio ami-nte gulen da las
caracteristicas de no Jinealidadapuede cambiar la posicinon
adicional no linealizadas puede cambiar adisiopales en la
lectura del instrumentn,

J.-finalmente las variasiones mecanicas vy on los componenies
(diagrama,centro,espirales)con variacianes en la ~emperatura
puede producir errores en la temperatura,

“alibracer de presidn con velocidad de captacién vy furrza e-
lect rodinamica ~ue actua .in interes ante microfono de valance
de fuerzas flexibles propioc para medicién de presién din&mica
y utilizando un deflector de velocidad de movimiento en lugar

del desplazamiento dicho instrumento se muestra en la fig. 18,

T T T et
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Unidad pulsatil de frecuencia modulada

lna unidad de implante para la teleme#ria de lentas variacio-
nes y datos de temperatura y presifn, tal circuito se muestra

en la figura 19,

oscillator

X




e teen

Para nbtener mndulacién en frecuencia del rango de repeti-
cifn, la variable -existente puede causar un camhio en Ry C,

Muchns de estos transductores existentes son:de resistencia
variable y capacitancia variable y son por esn sus aplicaciones
con estas caracteristicas,

#ledicisn de ls presifn arterial

La mecdicién de la preszifn arterial comprende tants la determi-
nacifn dr la presidn sistolicn como de la diastnlica esin ropro-
senta la amplitud 4rl pulso en el punto de —-"icifin,dc i1os

Esfigmomanometria

Como las ondas del pulsn se extienden rapida-ente por todo
nl sistema arterial v snn modificadas en gradno variable, la
nre=idn arterial an cualnuier nomento varia en cualouier parte
del arbnl arterial. Los registros m4s msxactos de la presifin ar-
terial sa obtienen por medin de agujas intraarteriales conec-
tadas con sistemas de registro de la presifn, rlregistro §eneral
sma abtiene an papel fque cnrre con relativa lentitud y las aondas

de pulsn se comprimen en tiempo, (fig, 201}

Presiéin
mm Hg
L Presidn del manguito
P~ Presién sistdlica

Pulsaciones de la presidn arterial

Presién diastélica/

40
Pera para inflar

30 el manguito
20

A

.

Fic. 30 Esfigmomanometria. Cuando la presibn que existe dentro del manguito del esfigmo-
manbmetro aumenta por encima de la presién de la sangre arterial, las arterias que se encuentran
bajo el manguito son obstruidas, y no puede palparse el pulse en la articulacién del puiio. A medi-
da que la presién del manguito se afloja gradualmente, el miximo sistélico de la presién finalmen.-
te lega a exceder de la presibn que existe dentro del manguito de la presiébn, y la sangre penetra
en forma de chorro en las arterias situadas por debajo del manguito, y produce pulsaciones palpa-
bles en Ia articulacién del pufic. La repentina aceleracién de la sangre por debajo del manguito
produce vibraciones que son audibles por medie de un estetoscopio. La presién en el manémetro mer-
curial en el momento en que se escucha el pukso o se siente al palpar la radial, indica la presién sis-
télica. A medida que la presion del manguito disminuye todavia més, los sonidos sumentan de in-
tensidad y entonces de un modo repentino se amertiguan a la altura de la presién diastélica, a Ia que
las arterias permanecen abiertas durante toda la onda completa del pulso. A presiones todavia
menores, los sonidos desaparecen por completo cuando se restablece el flujo laminar.

Manguito del
esfigmomandmetro



lLa presién arterial generalmente es medida por medio de un
esfignomanometro que consiste en un manguitn ro elastico que
contiene una bolsa de caucho inflable vy esta conectada por
medio de un tubo de caucho a una pera de cauche y con un ins-
trumento que registra continuasmente la presiin dentro den man-
guito cuando queda bien ajustada al hrazo la inflacién de la
holsa de caucheo comprime a los tejidos por debajo del manquito
gi la presifn de la bolsa excede una presifin al maximo de la
presifin arterial, la arteria permanece{oprimida opresionada)
y no se palpa ninguna onda de pulso en la arteria. 5i la presién
alcanzata urn pumto en el cual el apojeo de la onda de pulso
si excede la presion de los tejidos que lo rodean la arteria
permanecera colapsada,

Ruidons de Korotkoff

En la arteria braquiral a medida nue se reduce la presion aue
se encuntra colocado hajo el codo, se escucha por medion del
estetoscopio los soplos cde compresifin sistolica los cuales son
dos: los primeros son "tonos cortos" que aparecen al pasar par-
te de la onda del bajo del manguito,

El analisis experimental del mecanismo de produccifin de estos
sonidos indica que los primerp tonos cortos o sonidos de col-
peo son debido ha aceleracifin transitoria por la distensién
brusca cde la pared arteria. El sonidn de compresifin parese o-
ginarse en el chorrn de turbulencia oue se forma en situacione
diastal al segmento arterial comprimida,

Fuentes de_error en la mericidn de la presidn arterial

Una indebida seleccion o aplicacidn de los manguitns de los
esfignomanometros,

La presifn gue existen en la bolsa de caucho es transmitida
a mayor profundidad en el centro de manguiteo, vy si es suficien-
temente amplinel manguito dehidamente ajustado, la presién in-
dicada por el manometro se extiende a los tejidos gue rodean
inmediatamente la arteria (fig. 21 A ); perp si miembro es dema-
siado grueso en relacién al ancho del manquito, la presifén que
se ejerce al rrededoe de la arteria es signaficativamente menor
aue la registrada en la bolss de caucho y el manometro (fig.21R)

. Pgr la tanto 1a lectura de la presidin por lo tanto la lectura-



de la presién sistolica y diastolica puede ser demasiada ele-

vada si el manguite al aplicarlo queda flojo (fig. 21 C).

Presién sanquinea arterial media

La presifn sanguines fluctua durante cada cicleo cardiaco

con frecuencia se usa la presién arterial media en los infor-

meclinicos vy experimentales puede ser determinada amortiguan-

do el pulso o integranco la onda de pulso arterial en regis-

tros exactns,

Preslén en jos tefidos =

Prastdn de los tejidos =
Presi6n del mangufto

Presidn del mangulto

A, Mangulto aplicedo B. Mangulto C. Mangpuhto aplicado
en fa forma debida T muy estrecho muy flcio

Fio. 34 Transmisién de Tas presiones del manguito a los tejidos del brazo. 4, Cuando el man-
" guito de un esfigmomanémetro de suficiente ancho en relacién con el diimetro del vaso es aplicado
en la fcrma debida, la presién en los tejidos alrededor de la arteria por debajo del manguito
iguala a la presibn del manguito; sin embargo, la presién por abajo de extremo del manguito no
penetra tan profundamente como en el centre del propio manguito.
B, Up manguito que es demasiado estrecho en relacién con el didme:ro del miembro no trans-
mite su presién al centro del miembro. En estas condiciones, la presidn <=l manguito debe exceder
. grandemente a 1a presidn arterial para producir la oclusidn total de Ia ar-ria y entonces se hard una
lectura errénea tanto de la parte alta de la presion sistblica como de la presibn diastélica, al guoiarse
por el manémetro de mercurio.
C, Si se aplica muy flojo un manguito de suficiente amplitud, este manguito se hace redon-
deado antes de ejercer presibn sobre los tejidos y produce la misma clae de error que un man-
Euito muy estrecho,

Y por este metodo se encuentra posco m&s omenos a un tercio

de la distancia que existe entre la presifn sistolica y la

diastonlica a la configuracion de la onda de pulso (fig. 22)



DETERMINACION DE LA PRESION ARTERIAL MEDIA

Presién

mm Hg

1204 «= Presion sistolica

100H — - - - - ——w-Presibn media aritmética

- X - ~\=a*Presidn media funcional
Onda ‘inumao «- Presién diastdlica

604 b e ye? )
& H=6em 42cm’ (A) =

404 Area =42 cm? 7 em (L) 6 cm (H)
s SR

204 :E S
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Fio. & Presibén arterial media. Si la presién sistdlica es de 120 mm Hg y la presion diasté-
lica. de B0 mm Hg, la presién media aritmética es de 100 mm Hg. Si la onda del pulso arterial fue-
ra simétrica (onda sinusal), esta cifra representaria la presién media de perfusién; sin embargo, el in-
tervalo durante el cual la presién arterial es menor de 100 mm Hg es mis largo que durante
aquel en que se eleva por encima de esta cifra, de manera que la presién funcional media es menor
de 100 mm Hg. La presién funcional media es determinada dividiendo el drea de la regién som-
breada {frea = 42 cm?) por la dimensién horizontal (L = 7 cm) para determinar la altura de un
rectingulo que tiene Ja misma Area (H = 6 cm). La presién funcional media tiende-w ser mis ele-
vada que la .presién diastSlica aproximadamente en un tercic de la presién del pulso, pero este télcu-
lo no se aplica a las ondas del pulso que tienen diferentes contornos, es decir, con cambios de la'
frecuencia cardiaca. : ‘

Registro_continuo de la presion arterial

A medicién de 1la presién arterial ha desempefiado durante lar-
go tiempo paple muy importante en la investigacidn cardiovascu-
lar., lLos datos recientes han creado gran interes para registrar-
cnn toda exactitud,tantns la precidn pulmonar como la presidn
general. Los transductores de presidn aproﬁiadns para tregistrar
las rapida fluctuaciones en las preciones arteriales e intra-
vetricular un manometro mercurial resulta inadecuadopara regis-
trar la presifn que fluctua amplia v rapidamente, La inercia
del liquido v la resistencia a su paso por el manometroevitan
gue el nivel del liquido siga cambios tan rapidos como los de
la presion arterial.

£l manometro,indudahlemente no indica ni la magnitud de la
presién sistol:ca ni diastolica.

l.Las presionesque presentan rapidas fluctuaciones pueden ser
registradas solo por medio de aparatos de frecuencia adecuada.
ia respuesta de frecuencia &5 una medida de la velocidad con
gue un sistema de registro responde a cambios de presifn repen-

tina,



Transductores mecanicos de presién

£l transductor com@n para la medicifin de la presifn consiste
en un tambor provisto de una membrana de caucho acoplada a una
palanca escribienie, $i la memebrana de caucho es muy flacida
(fig., 23) la inercia del lfiquido y la palanca se opone & una r
respuesta rapida a los cambios de presifin en la membrana o

proporciona una fuerza relativamente debil.

REGISTRADORES MECANICDS
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Fic. 33 Registradores mecinicos de la presién. El registro de la presién ordinariamente com-
prende el desplazamiento de algin tipo de membrana elistica. Para desplazar la membrana, el Kqui-
do debe moverse dentro de la capsula de registro. La inercia del liquido, la membrana y el meca-
nismo de registro tienden a resistir el desplazamiento. Cuande la masa que esti en movimiento es
grande y la membrana es flicida, el sistema de registro puede ser muy sensible a las presiones
que fluctian lentamente, perc no responderin a los cambios répidos .de presidn. Reduciende la
masa en movimiento y utilizando membranas rigidas, se disminuye la sensibilidad, pero no se mejo-
ra 1a respuesta de la {reécuencia.

In sistema de esta indole no puede responder con la sufi-
ciente rapidez para sequir la presifin arterial,

La frecuencia natural de un tranductor puede ser considerada
seqdn la masa que gqueda suspendida en un resorte o muelle, mi=-
entras més pequefias es la masa y mds regido el resorte més ri-
gida sera la ascilacidn.

fuando la masa del liquido vy la palanca Son grandes en re
lacion con latension de la membrana les oscilaciones son len-
tas si la memhrana es muy tensa la frec encia aumenta, pero

la sencibilidad se reduce,



Transductores electricos de presifin

En los movimientos ligeros de las membranas més rigidas pue-
denser usadas para estudiar corrientes de voltaje gue pueden
ser amplificadas por medio de amplificadores electronicos y los
movimientos de memhrana producen:

a) La resistencia

b) La capasitancia

c} La inductancia.

A} MANOMETRO 8) MANOMETRQ C) MANOMETRO DE PRESION
DE RESISTENCIA OBTENIDA DE CAPACITANCIA DE INDUCTANCIA
POR EL ESTIRAMIENTO VARIABLE

DE UN ALAMBRE

ol

MEMBRANA
L FuELLE ‘DE METAL
DE METAL .
-4-ELECTRODO
A
1
f
] 4
ALAMBRES L =
DE RESISTENCIA
f ‘.
'.I 4 MEMBRANA
Z ~t[ESPACIO
QCUPADO POR AIRE . _ESPIRALES
"ELECTRODO ~~ DE ALAMBRE
3 4
CIRCUITO HIERRQD SUAVE
1! DE RADIOFRECUENCLA
PUENTE

DE WHEATSTONE

Fic. 84 Transductores eléctricos de presibn. 4, El manémetro de alambre a tensién, de resis-
encia no Fimitada (manémetro de Statham), consiste en un fuelle de metal que es comprimido por
¢l aumento de presién dentro de la cimara. El desplazamiento del fuelle hacia abajo es transmitido
a una corredera de metal soportada por cuatro juegos de alambres semsitivos a la tensibn y enrrofla-
dos a tensibn y unidos para formar un puente de Wheatstone. El desplazamiento de la corredera de
metal hace que se estiren dos juegos de alambre y que los otros dos se relajen. Estos cambios de la
resistenicia desequilibran el puents en proporeidn a la presibn aplicada. El gasto resultante del volta-
je que proviene del puente, es amplificado y registrado por diversos medios.

B, El mandmetro de diafragma de capacitancia eléctrica es un condensador formado por un
clectrodo (tefiido en negro)} separade de una membrana de metal rigida por un espacio de aire cui-
dadosamente ajustado. El desplazamiento de la membrana hace que cambie el grueso del espacio
de aire. Esto da como resultado un cambio en la capacitancia que es registrado por un circuito de
frecuencia de radio. {Tomado de Lilly.1!)

C, Las variaciones del flujo magnético en armaduras de alambre pueden ser producidas por
movimiento de una corredera de hierro colocada dentro de la ammadura. En un transductor de
presibn de transformador diferencial, la corredera de hierro queda unida al centro de una mem-
Lrana elistica, de tal manera que los cambios de presién producen cambios del flujo magnético.
(Tomado de Gauer y Gienapp, Science, 112:404, 1950.)

En cada casn, las membranas rigidas con escaso desalojamiento
de liquido de respuesta relativamente altos de frecuencia pue-
den ser usadas para las sefieles del gasto cardiaco siendo am-

pl ficadas.
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ch.(l)
- Disposable Blood Pressure Transducer System

A unique disposable invasive hemodynamic blood pressure transducer
systerr. has been developed. The system consists of a disposable piezoresist-
ive flow-through transducer with twelve-inch pigtail, a reusable extension
cable, an electronic interface module and a custom interconnect cable to
attach :0 most monitors. The transducer has Linden Luer fittings and replaces
the dome and reusable transducer in monitoring systems. The cost of the
transdiscer is kept low so that it can be disposabie through efficient modern,
_ high-volume semiconductor technology and the fact that additional electrical
isolation is accomplished in the interface module. Besides providing elec-
trical izolation, the interface module provides a universal output which will
accomadate all common AC, DC, and pulsed excitation signals from monitors.

RODUCTION

1 invasive blood pressure transducer is a device
contineous measurement of patient’s blood pres-
. It is connected to a fluid-filled tube in a blood
el that transmits tte pressure signal. The trans-
ars cwrently available are reusable devices which
$500 1o $600 (1982). They have a disposabledome
ch isolates the ste-ile fluid pathway from the
:able device. Present transducers must be tested for
bration regularly by the user and must be handled
fully as they are fiagile. Additionally, it is con-
red necessary that the transducer be routinely
ilized to reduce risk of infection.

SIGN PHILOSOPIIY

Vhen the disposable transducer system was being
ighed, many parameters had to be considered.
be suceessful, the transducer had to solve some of

problems with existing devices. Regular cali-

tion could be eliminited by factory pre-calibration.
rilization of each device would eliminate the need
a dome. Easier set up and debubbling procedures
re necessary. Small size and rugged design wouid

allow versatility in mounting. Small volume displace-
ment would give excellent frequency response.

In addition, the system had to meet all of the tough
standards which users have come to expect of existing
devices. Patient electrical safety and over-pressure
protection were essential. The system had to be
compatible with a wide variety of patient monitors.

THE TRANSDUCER

The heart of the blood pressure transducer utilizes
a piezoresistive-type silicon strain gauge. This silicon
sensor is positioned to interface directly with the
fluid media being monitored. Therefore, it is manda-
tory that the sensor be resistant to performance
degradation due to contact with foreign substances.
Cértain contaminants in the fluid media can affect the
piezoresistors’ operating characteristics. The tech-
nigue of isolating the piezoresistors by using confor-
mal coatings at the sensor-fluid interface cannot be
used because the coatings contribute 10 a significant
performance degradation. Allowing the piezoresis-
tors to be buried beneath the surface of the sensor
diaphragm through diffusion or ion implantation pro-
vides adequate isolation. (See Figure 1.)
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Fjgure 1
Sensor cross-section illustrating buried peizoresistors.

There are several major advantages that silicon strain
gauges display over conventional strain gauges. Applied
pressure at the diaphragm of the silicon sensor strains
the crystalline structure. This strain causes a large change
in value of the piezoresistors, resulting in an extremely
high sensitivity.

Most strain gauges bonded to dissimilar materials
are inherently unstable. The bonding of the pressure-
sensing elements to dissimilar materials results in

. . “There are several major advantages that silicon
Strain gauges display over conventional strain

s

gauges.”. . .

thermo-elastic strain. The pressure sensing elements of
the new pressure sensor are ion-implanted into the
silicon’s crystalline structure, providing a totally
integrated pressure-sensing element.

The inherent crystalline structure of silicon provides
another important feature. The elasticity permits the
diaphragm to be flexed over a specified pressure range.-
After the applied pressure or rated over pressure is
removed, the diaphragm will return to its original null
voltage condition. Conversely, other types of strain
gauges are made of materials which creep, and may
require re-zeroing of the monitoring system.

The final major advantage is that the silicon sensors
can be fabricated using common integrated circuit
processing technology. The finished product is an
inexpensive Chlp of silicon that accomplishes both
pressure sensing and electrical output. This technique
allows the pressure sensor to be interfaced directly
with the tota system.

At the sensor-fluid interface, the sensor is molecu-
larly bonded to a flat area ground onto the outer wall
of a tube. The preferred approach is to bond the
sensor to a tube which has a coefficient of expansion
similar to silicon. The effect is diminished thermal
stress and excellent mechanical stability.

A hole which penetrates that wall of the tube
provides the fluid pathway between the monitored
media and the passive side of the sensor (See Figure 2).
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Siicon pressure sensor

~Tube

. Figure 2
Cross section of sensor bonded 1o tube.

Excitation
Voltage

Figure 3
Schematic for thick film resistors placement.

When monitoring liquid dynamic pressure, it is essen-
tial that air bubbles not be trapped in the fluid line. Con-
sequently, the final criterion is a package design which
minimizes the chance of bubble entrapment.

FABRICATION TECHNIQUES

The fabrication of the pressure sensor does not
yield four piezoresistors with identical values, The
resultant i1s an initial null offset volage. This offset
is cancelled through the use of a laser-trimmed thick
film network (TFN). The TFN is printed onto a
ceramic substrate and connected to the sensor via
gold wire bonds. Both the pressure sensor and the TFN
use gold termination pads to eliminate problems with
dissimilar metal interfaces.

. The inherent sensitivity of the silicog sensor varies
because of manufacturing tolerances on the dia-
phragm thickness and diameter. This variation in
sensitivity also is overcome by a precision laser
trimmed TFN, At this point, the transducers become
completely interchangeable (See Figure 3).

———
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Because of the need to monitor pressures precisely
over a vamied temperature, a thick-film thermistor
network & used again, to optimize sensitivity com-
pensation. - The pressure sensor bonded to the tube
and the thick film support circuitry are assembled into
a main homing made of medical grade polycarbonate.

Ports are then assembled to the main housing and
.ic sealed. Upon completion of the cover assembly,
e transdecer is sealed from environmental effects,
including moisture. A vent hole is incorporated in the
twelve-inch pigtail, allowing the necessary atmosphere
reference to be extended to a remote location (Sﬁe
Figure 4). :

Figure 4
Disposable blood pressure transducer.

~ Figure 5.
Hlustration of electrical isolation system and monitor.

NEED FOR AN INTERFACE MODULE

To take advantage of low-cost, rugged semicon-
ductor technology, an interface module was designed
that makes the transducer compatible with existing
monitors, The transducer’s built-in electrical isolation
is supplemented in the interface module (See Figure 5).

The interface module can be used with all popular
brands of monitors. The module has up to three
pressure channels and is powered by 115 voits AC or is
available with battery option.

The module will accommodate up to three dispos-
able transducers simultaneously. Each channel con-
sists of five basic circuit blocks. These blocks are:

e Excitation voltage regulator

¢  Gain stage

o Isolation stage

¢ Scaling stage

e QOutput stage.

Power for all three channels is provided by a single
+ 15V power supply in the module (See Figure 6).

The isolation stage provides 8 KV of isolation
between the patient and the monitor, incorporating
a Burr-Brown 3656 isolation amplifier. Leakage cur-
rent is less than 5 microamperes, This stage also
provides the power for the isolated gain stage and the
transducer excitation. The transducer excitation
voltage is precisely’ regulatcd to +10.00 V in the
voltage regulator stage.

The output of the transducer is amplified to a usable
level by the isolated gain stage. This stage also helps
attenuate electromagnetic interference. The amplified
signal is then fed into the isolation stage, which elec-
trically isolates the patient from the monitor. The
scaling stage multiplies this “pressure signal” by the
excitation voltage of the patient monitor. This exci-
tation voltage can be DC to § kHz, 1.5 to 15 Vrms.
- The output stage produces a nominal 350 ohm
impedance level and assures that the sensitivity of the
Disposable Transducer system is § microV/V/ mm Hg,
both industry standard values.

CONCLUSION

By using the disposable transducer in preconnected
packs, a great deal of convenience and patient safety
can be realized. Dome attachment may be obsolete.
Sterility concerns are virtually eliminated. Hospital
personnel no longer must be concerned with broken
or lost reusable transducers. Debubbling is quick and
easy. With the universal interface module, the same
transducer can follow the patient through different -

“areas of the hospital. With the high accuracy and

ruggedness of the transducer, calibration need not be
performed.

Each hospital will have to perform a cost/ benefit
analysis to evaluate the potential of this new technology.
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Figure 6 :
Block diagram of electrical isolation interface.
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Manual Determination

For manual blood pressure determination by the

' auscultatory method, a stethoscope is placed over the

brachial artery in the standard position under the
Dinamap blood pressure cuff, In addition, two front
panel switches on the Dinamap must be operated.
First, the MODE switch is changed from the AUTO
to the CAL position. Then, the momentary contact
SELECT FUNCTION switch is pushed to the MAN-
UAL READ position and released. This procedure,
ordinarily used as a calibration check, causes the pres-
sure in the cuff plus a zero offset value to appear in
the mean pressure display window. The CAL number
is identified by the fact that three decimal points al-
ways appear along with it, an indication that the
number is not to be read as a mean pressure. When in
the calibrate mode, an internal solenoid in the Dina-
map occludes one of the air ports connecting to the
cuff. The cuff can now be inflated and deflated with
the bulb, and pressure can be read on the aneroid ma-
nometer. The mean pressure display on the Dinamap
will read a number equal to the zero offset plus the
cuff pressure. This summation might be somewhat

confusing, so the digital reading is best ignored. It is -

easy to remember to disregard this number, as the
three decimal points are also displayed.

Results

The time limit of operation in the CAL mode for
manual blood pressure determination is three min-
utes. After this time, the alarm will sound even if the

"ALARM switch has been turned OFF. If the alarm

does sound, and it is desired to continue taking blood
pressure measurements by the auscultatory method,
turn the POWER switch OFF for 3 seconds, and then
back ON. Then momentarily depress the SELECT
FUNCTION switch to the MANUAL READ position,
and the CAL number will appear again. The cuff is
now back to the manual inflation/deflation control
mode.

The additional connecting tubing and aneroid ma- .

nometer increases the volume that the automatic in-
strument’s pump must fill. In addition, these added

components have compliance which could conceiva-

bly affect the instrument’s performance. In practice,
however, these additions are small in comparison to

the basic blood pressure cuff and connecting tubing

of the instrument. In clinical use of the Dinamap,
we have seen no change in performance with this
modification.

CONCLUSIONS ,’%
n

After the operator has learned to switch betwee

automatic and manual modes, it becomes a simple

matter to do this routinely. In the automatic mode, .
observing the cuff pressure on the analog meter

gives some assurance that the automatic instrument
is functioning properly. Manual determination of
blood pressure is useful under special conditions and
as a teaching exercise. We have found that this ana-
log/manual modification is helpful and convenient to
use in the operating room. It would perhaps be easier
if’manual operation could be realized by simply shut-
ting off power to the instrument; also providing for
backup operation in case of power failure. The prin-
ciple of this type of manual/analog adaptation may
also be useful when applied to a variety of automatic
non-invasive blood pressure monitors.
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Automauc Numnvaswe Blood Pressure Monitors:

Analog/Manual Adaptation Of Dinamap(TM|

ALVIN WALD, Ph.D,, C.CE.
JOHN T. NEIDZWSKI, B S.
Department of Anesthesiology

Columbia-Presbyterian Medical Center

New York, NY

This paper describes some of the features and limitations of the newly-
developed, automatic, noninvagive blood pressure monitors. In particu-
lar, an analog/manual modification is presented which can be adapted to a
variety of such devices. The manual/automatic adaptation of the Critikon
Dinamap({TM) blood pressure monitor is specifically described. This mod-
ification provides continuous observation of cuff pressure and permits the
option of manual cuff inflation and deflation. The analog/manual adapta-
tion is useful in special patient conditions and as a teaching aid.

Key Words: Blood Pressure Monitor, Automatic; Blood pressure, analog/
manual; Critikon Dinamap(TM); Dinamap, Critikon.

INTRODUCTION

Microprocessor technology is now being used to
operate and control a wide variety of instrumenta-
tion. In the medical field, a number of automated,
noninvasive blood pressure monitors are presently
available, and new models are being continually in-
troduced. These instruments will periodically inflate
and deflate the cuff and measure and display blood
pressure, all completely automatically. The parame-
ters which can be displayed include: systolic, diastol-
ic, mean and pulse pressure, and heart rate. The au-
tomatic operation is a great convenience to busy phy-
sicians and nurses when caring for seriously ill pa-
tients.

Microprocessor control allows a wide choice of op-
erating features in automatic blood pressure moni-
tors. One approach is to limit external controls to as
great an extent as possible. This choice makes the de-
vice relatively simple to operate, but the user has no
control over the modes of operation. A different ap-
proach is to allow the user to program the unit so as
to select various operating conditions. In clinical prac-
tice, this freedom of choice can sometimes be exces-
sive and result in confusion to the inexperienced user.
Most instruments are a combination of both machine
and user programmability, the emphasis being on one
or the other.

A more subtle disquietude arises from the micro-
processor control of the instrument operation and
digital display. Traditionally, an analog mercury or

/

aneroid manometer is used for noninvasive monitor-
ing of blood pressure. The physician or nurse controls
the cuff pressure and the inflation and deflation rates;
arterial pulsations are heard with a stethoscope and
seen on the sphygmomanometer. An automated
blood pressure monitor presents the user with the
proverbial “black box,” over which he has limited
control and practlcally no knowledge of what goes on
within.

Perhaps the most critical decision of the instru-

ment design philosophy is the method used to detect

arterial blood pulsations. Different manufacturers use
different techniques which result in various advan-
tages and disadvantages. The Automated Screening
Device, Inc., Sentry(R) and the Critikon, Inc., Dina-
map(TM) use the oscillometric principle. This princi-
ple might not yet be fully recognized, but it has the
advantage of not requiring a transducer under the
cuff. Vita-Stat Medical Service, Inc., manufactures
the Vita-Stat(R) and Abbott Medical Electronics Co.
manufactures the Sphygie(R) automatic blood pres-
sure monitors which employ the technique of elec-
tronic amplification of Korotkoff sounds. This tech-
nique is well accepted, but it is subject to external
noise. The Roche Medical Electronics Arterio-
sonde(R) 1225 uses an active ultrasonic transducer,
while the Sphygemetrics Inc., Infrasonde(R) D4000
uses a passive piezoelectric transducer to detect
arterial wall pulsations. Other manufacturers also use
these techniques.
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Q0POSED ADAPTATION OF AUTOMATIC

00D "1 SSURE MONITORES

We h 2 devised a system to help mitigate some of
e lim i1 1io s of automatic blood pressure monitors
gene::1 1nd the Dinamap in particular. An analog/
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manual adaptation has been implemented to pro iz
some assurance to the user that the instrumen! is
functioning properly, and to permit rapid maiiu:l
auscultatory measurements of bleod pressure wlca
faced with unanticipated patient or instrument co:.ci-
tions. This system involves interconnection betw «n
the instrument and an aneroid manometer with bl d
pressure bulb. A diagram of the arrangement is sh.:.n
in Figure 1. )

8ot
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oFF AL

Figure 1
Schematic of analog/manual adaptation for autotr..i 'ic
blood pressure monitor,

The Dinamap cuff differs from a standard cuf! in
having separate connectors for air inlet and outlet. In
regular use, a duaklumen air hose connects the ;.ff -
to two ports on the Dinamap. To implement the ina-
log-manual modification, one of the hoses is discin-
nected from its port. A test-block T-piece (Y|). a
standard Dinamap accessory, is connected to “he
port, to the cuff, and, with a short piece of rul:ner
hose, to one leg of an ordinary stethoscope Y-:i:ce
(Y2). The parallel leg of the Y-piece is connect¢::! to
an aneroid manometer, and the third leg to a ti:od
pressure bulb. .

In the automatic mode, all that is required is that
the blood pressure bulb valve be closed for the in-
strument to operate normally. If the bulb valve iy in-
advertently left open, the cuff will not inflate ar.’ no
cuff pressure will be displayed. In the autornutic
mode, cuff pressure can be read on the aneroic. ma-
nometer, as well as on the automatic instrument . 'l’he
Dinamap pressure deflates in steps which are cleurly
visible on the aneroid scale. Pressure oscillation: an
also be seen during the pulsatite arterial phase. 7'l =se
analog observations give the anesthesiologist son as-
‘surance that the automatic instrument is opelaling
properly. If an air leak develops in the inferrul or
external tubing, the stepwise deflation of the ¢. [ is
compromised, a condition which can easily be ;ven
on the aneroid manometer.
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Evaluation of ‘blood-pressure
transducers

This urticle summiarizes the report of the evaluation of some pressure transducers, which was published in July 1982 in*H
Equipnment infarmation’ 103. ' ' _

" The report. the second in u'series covering u number of blood-pressure tronsducers, is an evaluation of three concentional
transducers, two wrist-watch style trqnsducers and three minttuture transducers. Cutheter-tip detices are not included. The
evaluation was carried out by Dr R. H. Smallwoed of the Department of Medical Physics and Clinical Engineering, Roval
Hallamshire Hospital, Sheffield, UK. The report commences with an overall comparison of the transducers, which covers the
type of dome, the method of cleaning, the method of excitation and comments on the durability of the transducers. This is
[followed by a table showing the specificatton of the transducers, as claimed by the manufacturers, The specifications huve been
converted to a common system of units to ailow a direct comparison to be made. The next section gives an individual report om
each transducer, headed by a photograph of the Yransducer on a grid scale, and followed by the manufacturer's comments. A
table showing the results of the evaluation is folldwed by an appendix outlining the philosophy behind the standards which have
been used, and giving detuils of the test methods. The appendix is reprinted, with minor alterations, from R. H. Smaliwood
(1978) The technical evaluation of blood pressure transducers. *Engineering in Medicine™, 7, 4, pp. 211-215.

The aterall comparison of the transducers, together with the tables showing the claimed specification and the results of the
evalugtion, is reprinted here. The Editors are grateful to the DHSS for permission to use crown copyright material.

‘Introduction ducers not only in the familiar mm#Hg but also in pascals (Pa)

and millibars (mbar}. In an attempt o standardize pressure
measurement the pascal has now been accepted as the inter
national unit of pressure measuremnent but the bar, with its
smaller subdivision—the millibar—is also an acceptable inter-
national unit. It was decided for this report to express measure-
ments of pressure in millibars; manufacturers’ quoted pressure
ranges have all been translated into this unit.
" The relationship between the various units are:

I mbar =01 kPa =075 mmHg.

The transducers reported here are:

Conventional transducers
*Bell & Howell 4.3271

*Elcomatic EM 751 {and 751A)
*Statham - P23ID

Wrist-watch transducers
AME (Akers) AE 840
*Hewlatt-Packard  1290A

) Thus

Miniature transducers 80mbar= 8kPa= 60mmHg
Cambridge Titran o 120mbar=12kPa= %mmHg
Gaehec Luer Fitting Transducer 160mbar=16kPa=120mmHg
Statham PS0A. |

200mbar =20kPa= 150 mmHg

Measurements of transducers marked with an asterisk are 400 mbar=40kPa=300mmHzg.

new to this report. Others are taken from the first evaluation
report (STB 9/77), the transducers still being available. For the
sake of completeness all the information needed to compare the
transducers has been repeated in this report.

The basis for inclusion’ in “the evaluation was that the
transducer was of UK manufacture, or offered featires of
particular interest, or commanded a significant part of the UK
market. One exampie of each transducer was assessed and the
conclusions are based on the assumption that the units tested
were representative of their type.

The transducers were subjected to laboratory assessment,
the tests reflecting aspects of importance in clinical practice.

Standards

Overall comparison

There are various factors to be considered before deciding which
transducer best suits your requirements. As with most things,
there is no definite right or wrong transducer; the one you
choose will depend on your own local circurmnstances and on the
use you intend for it.

You should remember that transducers are available with 2
range of connectors to suit different monitoring systems. At the
time of ordering you should state with which systam you intend
to use the transducer.

Below are some genetal points you should bear in mind.

There is no British Standard nor is there an internationally Style of transducer
recognized standard for the safety and performance require-
ments of blood-pressure transducers. [t was, therefore, necessary
to devise a specification, the details of which, together with the

test methods used, are given in the Appendix to this report.

The transducers in this evaluation fall into three basic styles:

Conventional: Bell & Howell  4-3271
Elcomatic EM 751 and 751A
Statham P23 1D
Wrist-warch:  AME (Akers) AE 840
Hewlet-Packard  1290A

Units of blood-pressure measurement

Most people in the health professions will be familtiar with

Miniature: Cambridge Titran
‘mmHg’ as the unit of measurement for blood pressure. Gaeltec Luer fitting transducer
However, manufacturers quote the specification for their trans- Statham P50A.
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Evaluation of blood-pressure transducers

One style does not have performance advantages over
another, but the size and positioning of the transducer whilst in
use can confer advantapes in particular situations. For example,
if you need to take frequent biood samples il is more convenient
10 use the conventional-bodied transducer which is mounted at
the patieni’s bedside and is, therefore. very accessible. Recent
technical advances have meant that auto-zeroing ofa transducer

. 1 now possible; this has led to advantages for the smaller

lightweight transducers in certain situations. The miniature
transducers, for instance, are vseful in long-term monitoring as
they obviate the need for extension tubes and allow greater
frecedom of movement f{or the patient. The wrist-watch trans-
ducers are strapped directly on to the patient and are, therefore,
fess likely to be knocked and damaged, or suffer damage from
over pressurizing the diaphragm by pinching the extension
1ubing.

Reusable or disposable domes

With the exception of the Gaeltec transducer, which is built into
a male Luer connector, all the transducers evaluated had the
capability of using either reusable domes, or disposable ones
with integral diaphragms. The most important advantage of
using disposable domes is that they reduce the risk of cross-

infection in comparison with transducers with reusable domes,

which may not always have been properly sterilized. Further,
because the transducer does not need to be sterilized it is not
subjected to so much handling and consequently not so liable to
accidental damage. Theoretically, the use of disposable domes
could reduce the total number of transducers required because
the transducer bodies themselves are always kept on the wards.

However, as with all good things there are disadvantages, the
major one being an apparent increase in revenue costs; dis-
posable domes 1end 10 cost about half the amount of reusable
ones (see table I). '

Method of cleaning

The use of sterile disposable domes, which have integral
diaphragms, gets round the tricky problem of properly steriliz-
ing transducers between use. However, with the exception of the
two wrist-walch style transducers for which the manufacturers
supply only disposable domes. all the transducers in this
evaluation may need to be sterilized: manufacturers recommend
chemical sterilization, usuaily by ethylene oxide, though few
hospitals have an approved facility for this type of sterilization.
Other chemical procedures are merely methods of disinfection.
One manufacturer, Elcomatic, at one time claimed their EM
751A could be autoclaved and, in fact, during the first evaluation
it was subjected to 10 autoclave cycles with less than 19, change
in calibration. However, the manufacturer found that hospitals
were not sealing the electrical socket properly before auto-
claving, allowing water vapour to get in and causing the
transducer to fail. This is no longer a method of sterilization
recommended by the manufacturer.

Method of excitation

Most of the transducers can be used with either an a.c, or dc.
excitation amplifier. The Gaeltec Luer fitting transducer is
intended for a.c. excitation only and should be used withan ac.
amplifier if long-term.stability is important. However, if d.c.
excitation is required the manufacturer can supply an ac./d.c.

Table 1. Claimed specifications taken from the mamufacturers’ literature.

Gaeliee Lear
Bell & Howell Cambridge fitting Hewkett-Packard
AME AE 840 4-3211 Tltran EM 751 7514 transducer 12004 Statham P23 1D Stathum P5GA
Mamdacturer supplic Simonsen & Bell & Howell  Gaeltec Ltd Eleomatic Ltd  Gaelier L1d Hewlet-Packard  Gowld Ltd Gould Ltd
Weel Lud Ld LW
Country of origin Notway. USa UK UK UK UsA USA usa
Cost of transducer £308 £17145 £230 £202 (751} £360 £478 £278 £29
£222 (751A) :
Tepe and cost of domes Disposable Disposable Reusable Disposibie. None Di bl Digposabl Disposabl
only, £2:45 EXs0 only. £500 £3-55 only. E386 £330 £530E350
Reusable £535 Reusable £9-20 Reusable £5°30  Reusabls £3-50
Suppiy voliuge uc.dc. 15Vde or TSV de. $Vdc ooras. 10V de. of JwoéVac. 3510 5V TV deoor See note 3
a.c.max (12V dg, maxt {10V max) ac mak rms. idc. not rms, at ac. (10V max)
specified 2400 Hz + 5%,
Fressure renge (mbar) —2T 10 400 Qo 530 —49 10 400 400 —40 1w 400 —40 to 53D —567 o 1DD — 67 to 400
Volumy displacement tmmt® 100 mhar) o9l Not specified Not specificd <015 Not specified als 003 Not specified
Zero pressure offser imbar) - max 8 12 40 53 Not specified Not appliable 20 20
Sonsitivity gmd 10 mbar 11} 150 o¥SL1%, >026 O35 L1, 0374 0012, 0315 0375
Non-linearity & ivstercsis imbar)  —max 2 2 4 22 4 1", of reading 3} 2
+1mmHglie 3
. a1 200 mbar)
Zero drift imbar " C) . —-max 42 7 [ 3 o1z 026 Not specified 026 - . Not specified
Sensitiviry drift *,° C1 ~max 015 Not specified 02 [31ed ’ [ Not specified 002* Not specified
Mains ivakage cirrent . N
{o) From circuit 1o sabine (gA) b5 al 250V, <2pA al Not specified Not specitied Not specified 5a1 120V rms, <2 at 115Y 4 a1 220V,
. S0Hz 260V tms. G0 Hz Fm.s. 60 Hr S0Hz
5040 Hz
th} From screen to saline | pA) Not applicable  Not specified 5 ot speified N specified Not applicable  Not specitied Noa specified
Muvimum st roltage 5V de. MkVacms 2kvde IV b 1Y dw. LY defibril-  10kV de. kv de.
Tator pulse
Muaximem sufy presseece imbar) SO0 -9} 1o SHI) &0 H700 B $000 670 1330
Temperatere ranged C) — 220 10 LG 1% 10 38 15 to 40 10 10 40 15 10 40 10 to 4n - 5% 10 RO ot spevificd
Mothod of sterilizution of Not applicable Chemigal, Chemical, Chemical Chemical, Not applicahle’  Chemical. Chermical.
renisahle domes . ethylene oxide  not specified ethylene oxide  not spe ethykene oxide  ethylene oude

Notes

|. Dispesabie domes only. bul mapufacturer states that transdueer body may be steriized with ethylenc axide,

2. Specification unclear  setwsitiviey drift quored as (045mmHg " F.

1. Bridge-operating soltage is 075V d.c. or ac. rms. Operating soluge of wansduce: is determined by resistors in the user-spevified connertor.




o ¥a¥al

2 o o

-

Evaluation of blood-pressure transducers

Tuble 2. Some of the resuits of the technical evaluation.

Bell & Howell  Cumbridge Gueltee Lowr Hewlett-Packard  Stuthum Stuthum
AME AE 8400 4-3271 Titran EM 75) 751 fieting 12904 P2y ID PiA
Excitation coltage (11 S0l T8de Sde Sirda S0de. 35V ax. rms S0de. e,
) al M0 H'®
ALeri pressure offSed imbary 43 lgrs* 483 T 157 Nat applicable 7} 1640
Change it otfset with done Notapplicable 32 o3 25 Notuppheable  Not applicable 8! 15
tightening imbar) -bayonet - o dome -bayonet
connestion : connection'*
Sensititity tmb Hikdmbar 1) 1-49 a3 G125 0375 (r245%% 04 0376 @381
Non-lineurity Rysterests (inmbar) 5 2 G55 012 143 2 [133.1 05
Zero drifi imbar,; C) . [£33 [HS 004 131} REIR] 94 oM - o1}
Sensitivity drift (", Cr o7 .00l o2 GOl +06 - <002 006 <01
Moaximum rated pressure test Puss’ Puss Pass Fass® Puss Puss Pusx Pass
Muains leakage current
(a) From circuit 1o saline | gA} 10 17 06 25 5 17 3 06
(b) From screen to saline {uA) - Not applicable (4 o7 25 i6 Not applicable (4 Not measured
Maximum rated voliage Test Fajt? Puss® Puss’ Fuss'® Foi'? Puss'® Puss Pass
Drop test Puss Puss T Puss Fail'! Puss Puss Puss Fail'*
Cuble test Puss® Pass Puss® Pass Puss® Puss Puss Pass®
Notes

. Tested at 2000 mbar—manuiacturer now rates it at 6000mbar.
Rated maximum voltage cnly TS0V so test 16 2kV not performed.
. $kg steady puil.

Zero p offset 15 ¢ no-li fy
. First sample had excessive drift and was replaced by manufacturer.
35KV d.c. applied.

Offset increased 1o 112 mbar.

. Tested at 5300mbar—manufacturer mow rates it ut 6700 mbar.

. Results for £M 751 only; EM 751A sample Giled duc 10 faulty assembly.
. EM 735 tested a1 2KV dc.

Ewmattad b —

. Sample tested did not have standardized oulput.

. Withstood only 1kV d.c. for 135,

14, Also tested a1 35V d.c. rms 5000 Hz—result not significantly different.
15, Up to 23 mbar change with pressure on dome or Luer connectors.

16. 10KV d.c. applied,

[y

of supply vollage—only within manufacturer's spectfication at or close to 75V d e,

- Following drop test mains keakage current was approximately 190 2A but manutacturer has now improved construction.

17. Change of 51 mbar with disposable dome—probably due 1o cxcess fuid beiween dome and transducer diaphragm—not present with reusable dome.
V8. Fellowing drop test. calibratien unchanged up to 33¢mbar. 10%, reduction in output at 400mbac.

interface at no extra charge. Hewlett-Packard specify their
1290A should be used with an a.c. amplifier only, and, more
specifically, only with their monitors that have an excitation
frequency of 2400 Hz. We tested our sample at a frequency of
5000Hz and found the performance was still within the
manufacturer’s specification. We therefore believe that the
Hewlett-Packard 1290A has a more general application than the
manufacturer claims. The Beil & Howell 4-3271 is specified for
use with a d c. amplifier only.

Durability

Some of the factors which impinge on the life of the transducer
have already been discussed, for instance the style of the
transducer, the necessity of sterilization, but there are other
factors to be taken into consideration.

The major abuses transducers are subjected to are excessive
pressure to the diaphragm, being dropped on the floor, or the
application of tension to the cable. On this latter point, the
stiffness of the cable and its strength must be carefully balanced.
Ifthe cable is too stiff, the likelihood of damage to the transducer
from a ‘whiplash’ effect will be increased. This is particularly
important with the small, lightweight miniature and wrist-watch
transducers. Nevertheless, the cable must be strong enough to
withstand strain and flexing. Gaeltec have told us that they have
improved the flexibility of the cuble on their Luer fitting
transducer which used to be fairly stiff. Transducers with
detachable cables {Belt & Howell and EM 751A) have the
udvantage that the cable can be more flexible, and perhaps less
durable, as it is an easy matter to attach a new cable.

One of the commonest ways of over-pressurizing a trans-
ducer 1~ to [tush it through with a small volume syringe. It is
easy 1o+ upply a high pressure to the transducer—2-5

76

kilogram-force (kgf} applied to a 1ml disposable syringe will
give a pressure of 14-6bar (11000 mmHg), which is above the
rated overload pressure of any transducers tested. In contrast,
the same force applied to a 20m! disposable syringe gives a
pressure of 800 mbar (600 mmHg). The recommended layout for
flushing transducer and catheter is shown in figure 1. It will be
seen that the transducer and catheter can be flushed separately,
and a very high pressure can be applied to flush narrow-bore
catheters without damaging the transducer. The smaller trans-
ducers do not have a dome with two arms. The dome should be
filled without the transducer connected, and the transducer
should then be attached without any force being applied to the
syringe. Other causes of over-pressurization are stepping on, or
wheeling trollies over, the catheter, and using motor-driven
infusion systems without a safety cut-out. The remedies are
obvious! All the transducers evatuated, with the exception of the
AME AE 840, were able to withstand the 5000 mbar pressure
test: the AE 840 had a maximum pressure rating of 2000 mbar,
which it passed, but the manufacturer now assures us that it can
withstand a maximum pressure of 6000 mbar.

An easy way to damage a delicate transducer is to store it
unprotected—in a drawer or on a shelf for example. The
manufacturer always supplies the transducer in a rigid, often
plastic, box. These should be retained and when the transducer is
not in use, it should be stored in the original box.

Recommendations
(All prices quoted are those current at the end of April 1982,)

Looking at the four conventional transducers
Bell & Howell 4-3271 (£371-45)
Elcomatic EM 751 (£202) and EM T751A (£222)
Statham P23 ID (£275)
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Evaluation of biood-pressure transducers

Catheter T“f

Flush transducer “

Transducer

5 mi syringe

Measure pressure

T
Catheter T2/ T L
\T/ . Transducer
5 ml syringe
Flush catheter T
Catheter . n() \
Transducer
5 ml syringe

l
=

Figure I. The recommended procedure for flushing the
transducer and catheter, T1 and T2 are three-way taps. T
is used to vent the transducer to aimosphere, and a syringe of
at least 5ml capacity is attached to T2, which is placed
between the transducer and the catheter. With this lavout,
the transducer is isolated when the catheter is being flushed,
and will not be subjected to the high pressures necessary to
Jlush long, small-bore catheters. The transducer should be

positioned with T1 uppermost, 1o facilitate the removal of

air bubbles from the dome, and the plunger of the syringe
should be above the nozzle, so that air bubbles are not
injected into the system.

Ao que <e (eve

The zerc pressure output of the Statham varied with
excitation voltage and perhaps more disconcertingly with
transducer orientation. Further, its thermal drift was such that
we suggest this transducer is suitable for arterial pressure
measurement only. Though the Bell & Howell is considerably
more expensive than the two Elcomatics, the thermal drift of the
replacement 4-3271 indicates that this is a good general-purpose
transducer suitable for either arterial or venous pressure
measurement, whereas the Elcomatics are best considered for
arterial use only. One doubt with the Bell & Howell transducer
is that the zero pressure output is not accurate with all
transducer amplifiers, only those with an excitation frequency at
or near the manufacturer's rated supply voltage of 75V d.c. For
those who use reusable domes, it is worth noting that both the
4-3271 and the EM 751A have the advantage of a detachable
cable allowing the transducer 1o be completely immersed during
sterilization’.

Copies of Health Equipment Information are free to NHS stafl
(through the Administrator); otherwise they can be bought:
(£300 each) from the DHSS Leaflets Unit, PO Box 21,
Stanmore, Middlesex HA7 1A7, UK.

Seminar announcement
Biomaterials in Artificial Organs

This is the fifth in the series of Strathclyde Bio-
engineering Seminars and will be held on 12 and 13
September 1983; it is being organized by the
Strathclyde Bioengineering Unit in association with
the Internationa! Society for Artificial Organs. Four
. sessions are planned: blood purification procedures(to
be chaired by Professor P. C. Farrel, Australia);
metabolic assist (with Professor R. E. Sparks, USA, in
the chair); interaction of biomaterials with tissue and
blood {chairman Dr R. M. Lindsay, Canada); and a
fourth consisting of workshops on the three plenary
sessions. .

The proceedings of the seminar are to be published
by the Macmillan Press Lid (at ¢. £26-00) and abstracts
of the papers presented will appear, for the meeting, in
Artificial Organs. The registration fee, which covers the
set of abstracts, tea, coffee and a reception is £90-00.

Details from Dr J. D. §. Gaylor, University of
Strathclyde, Bioengineering Unit, Wolfson Centre,
106 Rotrenrow, Glusgow G4 ONW, UK,
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. Sweep-Frequency 'Marker Generator

ARNOLD ST. J. LEE, P.E.
Principal Consultant

For Blood Pressure Transducer Testing

Qes . U"')

Information Transfer Corporation
2008 Cotner Avenue
Los Angeles, California

A circuit which places accurate frequency calibrations on swept-frequency
recordings is presented. This circuit is useful in the calibration of direct
blood pressure transducers and will have applications in the testing of other
biological transducers as well. The design range of 1 Hz to 128/ 2 Hz is
suitable for testing a broad range of biological transducers and systems.
The circuit basncaily measures the periods between successive zero crossings.
Pulses are generated that may be recorded on a swept-frequency strip chart
record of an individual transducer. A series of sixteen marker pulses indi-
cates 1 Hz, V2 Hz, 2 Hz, 2/ 2 Hz, up to 128/ 2 Hz. A special wide pulse
at 16 Hz distinguishes the marker pulses.

Index Under: Blood Pressure Transducer Testing; Pressure: Transducer
Testing; Transducer Testing; Transducer Frequency Response; Sweep-
Frequency Marker; Testing, Blood Pressure Transducers,

“INTRODUCTION
A common method of testing direct blood pressure
~transducer systems (in addition to observing their
_Tesponse to a square wave of pressure) is to record the

:ystem output with a swept-frequency, constant--

..amplitude sine wave of pressure input. At the low

frequencies of interest (1-180 Hz), it isinconvenient to

~=mploy resonance phenomena to generate frequency
markers. Accurate measurement of the frequency on
“"a swept-frequency strip chart record is difficult, if not
_.impossible. While mechanical methods have been used
to synchronize a strip chart to a swept-frequency
--oscillator, such methods are cumbersome. The circuit
presented here enables convenient calibration of blood

*“bressure system swept-frequency tests and will have

_Other applications with a broad range of biological
" transducers.

NAPPLICAHON%

Figure 1 shows\a typical application of the sweep-
"Trequency marker generator in blood pressure trans-
.Jducer testing. Figure 1 (top) shows a ‘‘brand X"

transducer at the end of an arterial line with an air
bubble present. A resonance is present along with
attenuation of high frequencies. A simultaneous test
of a Millar catheter tip transducer is shown below the
“brand X" recording for reference purposes.

“The output of the sweep-frequency marker circuit
is shown in the middle of the record. The initial stroke
of the wide pulse marks 16 Hz. The other marker
puises are at 1 Hz, v 2Hz,2Hz,2/ 2 Hz, 4 Hz, 4V 2 Hz,
and so on, up to alast frequency mark of 90.5 (644 2)
Hz. The sweep-frequency marks may be conveniently
used to determine transducer frequency characteristics.

DESCRIPTION OF CIRCUIT

The circuit shown in Figure I measures the period

- between successive zero crossings of a swept-frequency
voltage, and outputs a pulse to a recorder event-marker
each time the period becomes shorter than ‘_fl—seconds
for the required f_, mark frequency. of é?lch mark.
Because logarithmic sweeps are often used, marks at
equal log spacing were chosen. [t seemed adequate to
have one mark between each octave (double the fre-
gquency) marker. The circuit responds to a swept fre-

Journat of Clinical Engineering %\ Vol. 8 No, 3, July - September 1983 . Capyright & 1983 Quest Publishing Co.
e —



“

JOURNAL OF CLINICAL ENGINEERING / JULY — SEPTEMBER, 1983 249

: , Figure 1 .

Typical Use of Swept-Frequency Marker Generator in Testing Blood Pressure Transducers .
Sweep-frequency markers are shown here between two recordings. The “Brand X" transducer (top) at the
end of an arterial line with an air bubble shows réesonant response and atenuated high frequency response.

The Millar Catheter Tip Transducer (bottom) is shown for reference. In these calibrations, 20 vertical lines
equal 10 torr. The last frequency mark is ar 90.5 (64 2) Hz.
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Figure 2
Sweep-Frequency Marker Generator Schematic
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| Figure 3
Breadbogrd of Sweep-Frequency Marker Generator

quency starting below ! Hz by outputting a series of
16 pulses at 1 Hz, at V2 Hz, 2,24 2,4, 4/ 2, etc,, up
to 1284 2 Hz. The problem of “miarking the marker”
(indicating the frequency of the marker) was solved
by making the 16 Hz pulse substantially Ionger,in
duration than the usual 20 msec. Even though a given
test sequence might not include the whole range, it
would always be practicable to include 16 Hz. If the
circuit is initiatized with the sweep frequency greater
than 1 Hz, 2 mark would be genérated at each zero
sroising until the circuit “catches up” with the fre-
quency generator, after which it operates normally.

The input sgna! (which must be greater than 10 mV
it aI<) is applied 1o a zero crossmg detector which out-
puts 2 usec “zero-crossing” pulses (ZX pulses) fram
btk Q and Q at every negative-going crossing. The
2 psec ZX pulse proceeds through the output gate
(if it can), and triggers the oufpur puise gemerator,
whose duration is controlled by the pulse lengthener
swilch to be either 20 or 520 msec. '

The output gate may prevent the ZX pulse from
reaching the output pulse generator by three different
mechanisms: '

1) the start lock is in reset position (unlocked
Q low);

2) the priority lock is locked (Q low); or

3) the end-run lock is locked (Q low).

“The initiglizing swirch directly resets the start lock
and the emd-run lock, and indirectly (thfough the reset
generator) resets the priority lock. Thus, immediately
after initializing, the ZX pulse is b]ocked by start lock
low. However, the first ZX Q pulse, on returning h:gh,
flips the start lock into the locked state.

The next ZX pulse can thus go through the ourpur

gate, provided that the priority lock is not flipped first.
The priority lock is clocked from the decoded output
of a selectable-modulus counter-timer, which counts
clock pulses from the dual-frequency oscillator (either
65,540 Hz or 92,670 Hz). In the initialized state, the
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priority lock will be flipped on the (8192 x 8)th clock,
or 1.000 second. If the priority lock is flipped before
the next negative-going zero crossing (this means that
the input signal frequency is still lower than 1 Hz),
the ZX pulse will be blocked by the autput gatc.
However, at the end of each ZX pulse the priority lock
is reset. repeating the process until a negative-going
zero crossing occurs before one second has passed.
When this happens, the output pulse gencrator out-

put flips the alternating F/F so that the clock pulses

being counted now are at the higher frequency (xv 2,
or 92,670 Hz). Now the priority lock is locked (out-

put gate disabled) at 7[{ seconds, and no output pulse

is generated until the input signal frequency is greater
than v 2 Hz. When this occurs, the output pulse again
flips the alternating F/F, whose Q output goes high,
triggering the 4520 UP counter, which, along with
reverting the clock to 65,540 Hz, changes the address
of the decoder from 000 to 001, This now flips the
priority lock on the (4096 x 8)th clock pulse (0.5 sec-
onds; 2 Hz). The sequence is repeated until the decoder
address reaches 100 (recognizing 16 Hz), when the
“100" detector output to the pulse lengthener adds
an additional 5 ufd to the output pulse generator tim-
ing circuit, causing the output pulse length to change
from approximately 20 to approximately 520 msec.
The end-run lock is locked (flipped) when the 4520 UP
counter reaches 1000, putting an end to the circuit
operation. Figure 3 shows the constructed and opera-
tional breadboard of this circuit. Table ¥ lists the cir-
cuit components,

TABLE1

CIRCUIT COMPONENTS
12 volt power supply 1
Toggle switch DPDT, momentary 1
CA 3130 OP AMP 1
CA 3140 OP AMP 1
4011 QUAD NAND GATE 1
4027 J-K F/F 2
4040 12-Stage Counter 1
4053 Analog Electronic Switch 1
4071 QUAD OR GATE 1
4512 8-Channel Data Selector 1
4520 Dual 4-Stage UP Counter 1
4528 Dual Monostable Multivibrator 1
Resistors {4 W):

22K 2

5.1K 2

10K 1

AM 3

4.7M 1

4.7 1

20M 1

JOURNAL OF CLINICAL ENGINEERING / JULY - SEPTEMBER, 1983

47K
112K
12M
82K
.22M
43K
.33M

— e D) ek = 2

Capacitors:
100 pf
43 pf
39 pf
66 pf
10 pf
.2 ufd 50V
b ufd 25V .

) wrd el b d el mb

Diodes: : ' :
: IN914, or similar , 5

Trimpots:
100K : 1
20K 1
10K 1

CONCLUSIONS

A useful circuit has been designed that produces
calibration marker pulses during swept-frequency
testing of transducers. The output of this circuit may
be recorded on a strip chart event marker, This circuit
is useful in testing a broad range of physiological
transducers where swept-frequency testing is used.
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Assessment of Hitachi HME-20 pulse and

blood-pressure monitor

QQ%’.LE)

Rekin J. Northcote, Joseph (’Donoghue and David
Ballantyne
Toe “sariq fnfismarr. Glasgow (42 9TF. UK

The purformance of the Hitachi HME-20 pulse and blood-
bre_ure { BP) monitor in comparison with direc! intra-arterial BP
tividing and electrocardiographic monitoring is described. Highly
Wowfiant (p < -001) correlations were found between intra-
atiesont systolic and diastolic pressures and pressures recorded by
e flitachi monitor. Similariv. the electrocardiographically
Concfiniyd heart-rale. and that given by the Hitachi monitor were
Stami firuntly correlated (p < 0:001). Systolic blood-pressure was
Undsr fimated by a mean of —12 mmHg and ltended to become
Mene crraneous when intra-arterial pressure was =150 mmHg.
Theo rosults are comparable lo more expensive pulse and
h.lm.,.' freessure moniters. Ve conclude that the instrumen! can
Tefiubyce g satisfactory estimate of heart-rate and blood-pressure
aid mry be of particular use when a change af blood-pressure is of
Prov importance, rather than an absolute measurement.

Kk wiRDS: BLOOD PRESSURE, HITACHI HME-20 MoNITOR.

Int aduction

It (e ient years, increasing reliance has been placed on
amungyied or semi-automated devices to measure blood-
Prevaee (BP)  indirectly. These mceasurements are
beli v od o be free of ohserver error, and thus provide a
Mo yeliable estimate of BP when compared to the
Wadiional  mercury  column  sphygmomanometer.
Repmawis on the conventional sphygmomanomecter show
_“'d' as many as half of those used in hospital arc
v eace (11 and that hospitals usually have no policy
fon nuvittaining sphygmomanometers. For thesc reasons
a unher of new techniques [or measurement of BP have
becw developed [2 and 3]. In addition, by providing a
des i permitting self-recording of blood-pressure, BP
Cate e measured by the patient at home, thereby
Minwnizing error induced by the anxiety of a hospital
Visu I'hese BP recordings may be more representative [4
;}““ +]. Serial measurement of BP in this wayv also allows
lor e agspssment of new antihvpertensive or vasoactive
duvias putside a hospual, '

Dvase their widespread use, however, the performance
chan wreristics of such devices are ofien pourly documen-
il 1y g important, it these machines are 1o be used In
S ning programmes or in population studics, to
detigine the accuracy and varability of the recordings
Ohianed, A number of automatic instruments have been
den, foped. Some have depended on the application ol
ult s Gaund reflectance for the detection of arteérial blood

L"“ Others depend on detection of Korotkoff sounds.
Mut. of these deviees have the facility of automatic
Cisiy,

<l over inflation and deflation |6 and 71,

10

The Hitachi HME-20 blood-pressure and pulse monitor
is onc of the more recently introduced devices based on
Korotkofl sound detcction. This is a low-cost device
which has been used for research purposes. in intensive-
care units and in rural general practice. We are not aware
of any critical asséssment of the deviee in the medical
literature,

Materials and methods

The Hitachi HME-20 pulse and blood-pressure monitor
is a fully automatic unit which can operate from mains or
battery. An  electronic  microphone.  shiclded  from
extrancous noise in the pressure cuffl is emploved 1o
detect Korotkoff sounds, Phase V of the Korotkoft sounds
is taken as the diastolic end-point. Automatic inflation
and deflation is performed and results are displayed on a
fluorescent digital display. The measuring range is from
0-300 mm Hg and 30200 beats per minute. In operation,
the cuff is positioned so that the microphone overlies the
maximal pulsation of the brachial artery. If an inade-
quate signal is detected, the instrument fails to producc a
result and indicates an error on the display screen, thus
minimizing possible error when used by an unskilled
individual.

Supine blood-pressure was rccorded from the left arm
and the results compared withysimultancously recorded
intra-arterial measurements. The procedure was per-
formed towards the end of left heart catheterization for
coronary artcriography in cight suhjects: all of whom
consented to the study. In each casc the catheter tip was
positioned in the arch of the adrta to approximate ta the
innominate artery. Thereafter. 10 suceessive simul-
taneous measurements of blood-pressure were recorded.
Catheter patency was maintained hetween readings by
continuous flushing with a normal saline and heparin
mixture. Intra-arterial pressure was charted continu-
ously and calculated as a mean of 15 complexes im-
mediately prior to cuffl inflation and hean-rate was
calculated from a simultancous electrocardiogram, using
the mean of five R-R intervals preceding cull inflation.

Intra-arterial BP was measured using a Bendey Trantec
Physiological Pressure Transducer (Model 800) and a
Sicmens clectromanometer with a Mingograph 81 six-
channel recorder. calibration being carried out prior o
each procedure with a mercury manometer. Direat
calibratiori of the svstem was carried out before each
recording against a mercury column, [0U mmHg heing
equivalent to a 5 cm delleetion on the recording paper.
130 ¢m jong manemeter connecting lines were used,
manulactured by Portex. Zero reference level was taken
as mid-thorax in the supine position. Although this
techuique has been accepred Iy others 1o provide an
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adequate standard 3] (e authors appreciate thavsuch a
system may have a tendency o over-estimate true arterial
svstolic blood-pressure. The blood-pressure cull was
applicd 10 the keft arm, and American Heart Association
recommendations {or the cutt size were fulfilled [9].
Intra-arterial pressures were read by one of us, unaware
of the cull readings,

Statistical analysis

Comparisons between direct and indirect readings were
made using Student’s paired 1-test (1wo tailed) and
Armitage’s test for trend [10]. Correlation cocflicients
and regression lines were caleulated. together with a
hetween-method frequency histogram for the difference
m recordings. )

Results

. In general, the device underestimated systolic blood-

pressure,  but  reproduced an  accurate asscssment
of diastolic pressure. There was a highly significant
{(p < 0-001) correlation with direct readings for both
svstolic and diastolic recordings (sce figure 1) and also for
heart-rate (figure 2). Svstolic pressurc was underesti-
mated by a mean of =12 mmHg {(p < 0001). Gross
underestimation of svstolic pressure tended to occur with
a systolic pressure over 180 mmHg, where in two patients
the device underestimated by more than 30 mmHg on a
number of occasions. Table 1 shows that no significant
diffcrence could be demonstrated between the mean
values for diastolic BP, or the mean heart-rate between
the two methods. The mean and standard deviation of
cach parameter and results of paired t-tests is also shown
in the table. -For each comparison, a histogram of
between-method difference has been constructed (figures
3 and 4}, only 31% of systolic recordings fell within *10
mmHg of the intra-arterial readings, although 62% of the
rcadings arc within 10 mmHg ol the linc of identity in the
region of 100-150 mmHg. 80% of diaswolic recordings
also el in this range. 63.9% of heart-rawe measurements
fell within 5 beats per minute of those calculated from
the clectrocardiogram. Variability of measurements was
not significantly different for svstolic blood-pressure
when comparing 1A against the Hiwachi monitor {p >
0.1}, However, there was a significant dilference in
variability for diastolic pressure (0-02 > p > 001},

Cuff pressure
mmHg
200 '
- Systokic y- 57-08+0-52x
m_l r- 0-934%
+
. + e
160 -
+

+ Systolic
j » Diastolic

o F
120 4 *.
-
100
-1 Diastolic y— 24-14+0-67x
80~ r- 0-694*
m--
o "l 1 L] I L] Ll ¥ 1 1 1 1 LI | ¥ 1 1
0 60 B0 WG 120 140 WO 180 200

Intra-arterial preasure mmHg

Figure 1. Scatter plot of intra-arterial blood-pressure versus
cuff-recorded pressures. Line shown is line of identity.
(*p < 0001

Heart rate
monitor b.p.m.
100

]

y~- 22-62+0-67x
r- 0-80°

n- 60
601
-4+ T T 1
o] 60 80 100
ELC.G..b.p.m.

Figure 2. Scatter plot of heart-rate oblained from electrocardio-
gram and simultaneously recovded by Hitachi HME-20.

(*p < 000I; b.p.m. = beats per minute; ECG = electro-
cardiogram.)

Table 1. Hilachi HME-20 (cuff) recorded blood-pressure compared with simultaneous infra-arlerial blood-pressure (pressures in mmg),

using Student’s paired i-lest (two-tailed).

Meandifferences SD.0f

Mean S5, Nu, between values differences 1 P
NSvstatic
Letri-urteric 1) : N
Cuft reerial H; :2} 7 —13 1536 12 <1001
Diastolic
Intru-areeri : -
o el o ;(if 7l ~u2 r4 02 >4
LG 63 ll]i ‘ . - . .
Hearterate cudl tith 11 bu ho il 1ot >
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Figure 3. (a). Frequency histogram of between method difference
for svstolic pressure. 31% of monitor readings within 10 mmig
of intra- arlerial pressure, 62% within £20 mmHg.

{b). Frequency histogram of between-method difference for

diastolic pressure. 8% of menitor readings within £ 10 mmHg of

intra-arlerial pressure.

Heart-ratc measurement variability did not differ signifi-
cantly (¢ > 0-1} when compared to the ECG recordings.
The scatter diagrams for svstolic and diastolic blood-
pressure indicate a trend away from the line of identity.
To determine if this trend is significant for a given range
of blood-pressures a Chi-squarcd value was calculated for
successive ranges of blood pressures (viz. for systolic BP:
<100, 100-109, 110-119, 2120 mmHg). Thus ¥? can be
splitinto a component duc o hnear regression (i.c. rend)
and a component due o departures from lincar regres-
sion. The procedure is as detailed by Armitage [10]. The
results for systolic blood-pressure are shown in table 2,
which shows a highly significant trend which results in
erroncous measuremcent as the blood-pressure increases.
Similar results (overall 2 < 0:001) are apparcent for
diastolic blood-pressure. When heari-rate is suhjected to
this analysis, no significant trend was demonstrated, and
thus it can he accepred that the relationship between

Table 2. Armilage’s lest for trend, applied to ranges of svstolic
blood pressure. indicating a highly significant trend.

Group <100 100-109 L10-119 2120 Touwl
Success 7 k] 4 2 16
Failure 0 0 1 5t 33
Total 7 3 3 ab 7l
Expected

success 1-38 68 13 12:62
Expected :

failure 342 332 487 1338
Score s =1 0 1

Overali (13 %2 = 532 three degrees of freedom (p < 00014
12) % due to linear regression = 401 one degree of frecdom
[p <000

13) %2 due 1o departures from linear regression = g2 — 2y
38 with two degrees of freedom (p > 0:03).

ECG and Hitachi HME-20 recorded hearterate follows
the line of identity.

We assessed the value of this device in a number of
situations. It was of particular use for home and
ambulant BP recording. The machine is light (2:6 kg with
batteries) and portable, aud requires littde maintenance.

12
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Figure 4. Frequency histogram of between-meihod difference for
heart-rale, 63.9% of monitor readings within £.3 heats per minute

(b.p.m.) of electrocardiographically recorded rate. 86-8% of
readings within 210 6.p.m.

Patient operation is simple and the cuflis designed so that
it is easy to apply. In addivon. very litde time is required

- for patient edueation, unlike the conventional sphygmo-

manometer [8]. Unfortunately, the device is not suitable
for .recording blood-pressure during patient movement,
for cxample cxercise clectrocardiography, as cven slight
additional noisc created by movement is detected by the
microphone and results in erroncous measurement.

Discussion

In general, the Hitachi HML-20 pulse and BP monitor
provides a satisfactory estimate of diastolic pressure and
heart-rate. There 1s a tendency 1o underestimate systolic
pressure, however, and this is most marked when
intra-arwerial pressure is more than 130 mmHg (see figure
1): recordings in this range account for the skewed
distribution of differences in figure 3(a). which indicates
that only 31% of measurements were within £10 mmHg
of 1A recordings. There is an acceptable standard of
measurcment, however, between 100 and 150 mmHg.
Highly significant correlation cocfficients for heart-rate
and both systolic and diastolic BP indicate that. when
changes in a parameter are of prime importance (for

example when evaluating anti-hypertensive medication),’

the device will reproduce an accurate record of these
changes. Because of the additional noise created by
excreise, which is deweeted by the cutfmicrophone, we did
not find the instrument valuable as a means of assessing
BP during exercise,

Svstolic pressure was underestimated by a mean of
~12 mmHg. This is comparable with the standard
sphvgmomanometer. which has been shown to underesti-
mate systolic pressure by — 10 mmHy [3], and also the
crandom zero sphygmomanometer which records clinic
blood-pressures significantly iower than stmultancous LA

pressures {mean =13/ —1 mmHay [B], In a previous |

studyv evaluating BP recorders [310 all seven deviees
assessed gave significanty difteeent values compared
1A recordings for svstolic BP and i five cases signil-
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canith underestimated  diastolic BPP. None of  these
aleernative recorders are capable of measuring heart-rate,
Labarathe ef o, P2 evaluated seven instruments, bun used
indircet means onlyv. We considered that an intra-acterial
standard was necessary for our evaluation of this more

recent device. Many workers have found o wide range of

differeirces when comparing 1A and indireet cufl BP
measurements | F1oand 12[.0 Indiveer BP is subject 10

considerable variability {13 ], and w minimize the etlectof

dus vartabiliny, serial simultaticous measurements were
taken in s sty

Thus. the Hitachi HAMLE-20 compared favourabh with

carrently available deviees, and may be superior when
measuring diastolic pressure. Iis main shortcoming s
anderestimation of svstolic BP. and this failing is shared
by other devicey of this sort (3], While occasional large
individual differences in systolic pressure did  oceur
(>150 mmHg), the meaned recordings from eight
patients comparced favourably. suggesting thar a satisfac-
torv estimate of blood-pressure patterns can be obtained
with this  instrument. Although  our  intra-areerial
measurcment may itself overestimate systolic hlood-
pressure. we do not feel that this could account for the
wross differences in svstolic pressure outlined above,

However, we demonstrated a trend away {rom the line of

identity for both svswolic and diastolic blood-pressure. In
addition. the technical reliability of the device over
extended periods of operation has been found to be
excellent. both during hospital hospital and domestic use.
The number of innovations in techniques and devices for
measuring blood-pressure is surprisingly small [2, 3, 14,
153and 16] and the reports are ofien Jacking in detail. This
position possibly reflects the gap between medical and
engincering interests. We have cvaluated a monitor,
which. hecause of its fow price and casc of operation, may
prove atiractive 1o both the clinician and paiient and can
be relicd upon 10 provide a comparable performance 1o
many more expensive devices.
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‘A solid state recorder for ambulatory

monitoring of pulmonary-artery pressure

S. G. Perry*, A. W. Nathant, T. Cochranet, P. T. Gosling* and A. J. Camm*
St. Bartholomew's Hospital. West Smithfield, Lomdon ECi1A 7BE

A compaci, portable recording system hus been developed to record pulmonary-artery pressure in umbulutory patients. A
transducer mounted on the tip of a conventional cardiac catheter is inserted percumneouch and positioned in the main
pulmonary artery. Analogue circuitry, including peuak and trough detectors, pre-processes the pressure/voliuge waveform to
yield sampled ralues for the systolic and diastolic pressures. Systolic and dmsmhc values sampled every 30 s are digitized and
stored in CMOS semiconductor memory. Data acquired over a prolonged period is transferred to a microcomputer for
permanent storage and subsequent analysis. Five patients were each successfully monitored for at least 24 h. The zerc-level
drift was less than 15 and gain stability was also better than 1%, over 48 h. This device allows practical, safe, reliable and
pro!onged pressure recording and has wide-ranging clinical potentiat.

Introduction diameter, mounted onto a 2mm diameter polyurethane
' catheter, is used to directly measure the pressure m the
pulmonary artery (figure 1). The strain-gauge elements are
vacuum deposited onto the diaphragm, as are the connections to
the lead wires. The catheter has a fine central bore to allow
atmospheric pressure to be used as the reference pressure for the
transducer. The diaphragm is covered with a thin layer of
silicone rubber to protect it from body fluids. The transducer is
equilibrated by soaking in sterile saline for at least 5h prior to
insertion; the catheter may then be inserted percutaneously
through the venous system and positioned in the main
pulmonary artery.

Left-heart failure is a common clinical manifestation of coronary
artery disease, hypertension, aortic or mitral valve disease and
of various cardiomyopathies. In haemodynamic terms it is
characterized and may be quantified by a rise in the lef
ventricular end-diastolic pressure. This may be measured
directly for short periods of time and usually requires arterial
puncture. However, in the absence of mitral stenosis, the mean
pulmonary-artery wedge pressure and the pulmonary-arterv
diastolic pressure are both-similar [1] and approximate to the
left ventricular end-diastolic pressure. These pressures are easily

measurements facilitate the diagnosis and effective treatment of

S . Pre-amplifier and data processin
patients with both acute and chronic heart-faiture, as well as P ﬁ € : P g

pulmonary hypertension. Progress of disease can also be A standard unit pr‘oyi.dcs the e)scital.ion signal for metran‘sduccr
followed. Haemodynamic profiles of drugs designed to treat and also some imitial amplification and demf‘)dulaluon to
heart-failure may be determined. produce the desired signal. After further amplification and
Bedside pulmonary-pressuré monitoring has been used for filtering to give an output of 10mV per mmHg applied pressure
many vears [ 2 and 3 both for diagnosis and also for assessing with a frequency response from 0 to 20 Hz (3dB), the pressure
the response to therapy. However, changes in cardiac output signal is then passed to two analogue peak detectors which
and in peripheral volume in the ambulant subject may have foll.ow the syjstollc and diastolic pressure wa\.rcfbnns. ‘_Bleed’
considerable effect on systemic and pulmonary haemodynamics resistors are incorporated to allow slowly varying systolic and
[4]. Evaluation of these changes has hitherto been limited. In diastolic levels to be fol]owe(_i. The iwo c?utput signals are then
particular, the assessment of exertional dyspnoea and the design passed through a low-pass filter with a time constant of 30s to
" ofideal treatment regimens is restricted by the sole use of bedside smooth out variations due to respiration.
Momtoring. . L , Data storage
Normal pulmonary-artery pressure is in the region of
25/8 mmHg but may vary, for example from 10 to 100 mmHpg The two signals proportional to systolic and diastolic peak
systolic. Currently, available technology does not allow pressures are sampled every 305 and then multiplexed into an 8

accurate, prolonged recording of such pressures and to
overcome the problems associated with this type of monitoring
we have adopled a new approach.

Svstem design
The systemn design can be considered in four stages:

(H transducer. {2} pre-amplifier and data processing, (3) data
storage, (4) data retrieval and presentation.

Transducer

A miniature strain-gauge transducer (Gaeltec Lid, Dunvegan, )
Isle of Skye, UK), measuring 10mm in length by 1‘6mm in 2 mm

—

* Depariment of Medical Electronics.
+ Departiient of Cardiology. Figure 1. The transducer tipped catheter.
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bit analogue-to-digital converter (ADC) having a conversion
time of 1 ms. The full-scale range of the system is — [{0mmHg
to +100mmHg, giving a resolution of +0-43mmHg. After
conversion, the 8 bit data bytes are written into semiconductor
memory in the order: systolic, diastolic, systolic. diastolic etc.
After each diastolic datum has been stored the memory address
counter is incremented by one. Memory capacity for each
parameter is 4096 bytes, which gives a total continuous
recording time of up to 33 h, To ensure that only valid data are
brought out of memory on replay, the last memory address is
stored on latches and during replay the stored address is
compared with the current address. When the two are equal an
‘end-of-data’ fag is set.

The master clock which controls the timing of the system has
two frequencies, one for use in record mode set at | Hz and the
other for use in playback mode set at 2kHz. Record and
playback are sclected by means of a front-pane! mounted key
switch, which also has a *hold’ position to allow the recorder to
be transported between patient and data-retrieval system
without either loss of valid data or recording of faise data. A
block diagram of the complete unit is shown in figure 2.

To reduce current drain the recorder was constructed using
CMOS semiconductor technology. Using a supply voltage of
+5V, the current consumption was approximately 14mA.
Power was supplied by two 9 V{PP9 size) rechargeable batteries
each with a capacity of 1-2Ah. The complete unit measures
230mm x 220mm x 95mm and weighs approximately 1-5kg.

For ambulatory use the recorder is carried by means of a
shoulder strap. A photograph of the unit is shown in figure 3.

Data retrieval and presenration

Data is trapsferred from the recorder via a standard digital
input, output interface to a Data General MP100 Micro-Nova
mini-computer {Data General, Adetaide House, London EC4).
Eleven lines were required 10 effect. the transfer: the ¢ight data
lines, a data-available line to strobe input data into the
computer's data-input register, an end-of-data line and the
earth line. The transfer rate was controlled by the internal clock
in the recorder; a complete transfer of 24h of data taking
approximately 1 min. '

On receipt of the end-of-data flag, the data may be validated

by displaying on a visual display screen before being converted
to mmHg and written to an 8 in floppy disc for storage. Each side
ofa disc can hold 25 full 24 h recordings. Line-printer copy of the
data is also available {figure 4). Data stored on floppy disc is
plotted off-line using a Data General 3/12 computer system
supporting a Tektronix 4010 graphics terminal and a Bryans
26000, A3 plotter. The data may be plotted as a full 24h
recording or in an expanded fotm at up to hourly intervals.

Results

Five patients have been successfully monitored for up to four
consecutive 24h  periods. Mean pressures ranged from

To o Transducer
transducer O driver
Bystolic-peak R
detector
e, .
From. Signal recejver o Amplifier and Multiplexer
iransducer and pre-ampiiiler fiter
Diastolic-peak
detector
8
[ Pa— ADC
. Te Dala avaitable
computer
End of data
[ R ] Systolic Diastolic
m?mory memory
—
Timing and control
logic
—1

Fi_qure 2. Block diaymm U_f the recorder system.
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17/3mmHg to 70/30mmHg. The transducer was calibrated
immediately prior to insertion and again on removal. Qver the
period of recording, the zero-level drift and gain stability of the

~ transducer were less than 1°, of full scale.

Figure 5 shows a typical 24 h plot of systolic and diastolic
pulmonary-artery pressures. The numbered arrows correlate
with symptoms noted in the patient’s diary. Several points can
be noted from this figure. The mean systolic/diastolic ratio was
17/3 mmHg. There were, however, considerable excursions from
these mean levels; the systolic pressure ranged from as low as
SmmHg up to 33 mmHg, while the diastolic values ranged from
—6mmHg to 9mmHg. As might be expected, the pressure
variations were least marked during sleep.

Figure 6 illustrates the effectiveness of the system for
monitoring the progress of drug treatment in an ambulatory
patient. The figure shows the systolic and diastolic pressure
variations over a 24 h period in which vasedilator therapy was
introduced. The patient’s pressure fell gradually from 70/30 to
50/19mmHg.

Discussion ,_%_

Two major factors which determined the design of this
ambulatory pressure recorder were the choice of pressure
transducer and the method of data storage.

Ambulatory systemic arterial-pressures may be monitored
using the Oxford continuous blood-pressure recorder [5]. This
system uses an external pressure transducer connected to the
patient via a fluid-filled catheter which is flushed continuously to
prevent blockage. The analogue pressure signal is recorded onto
magnetic cassette-tape for ofl-line analysis. The technical

NUMBER - 684122 DATE : 9 1@ 81

STUDY START TINME = 1@:58

Line-primer output showing typical pressure values, Each line represents 3 min of alternate systolic and diustolic
values, The ralues of 100 recorded on line 2 correspond to the pressing of a time-marker button 1o allow comparative/
correlative studies to be synchronized.
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Figure 5. A typical 24 h plot of systolic and diastolic pulmonary-artery pressures. The numbered arrows correlate with the
symptoms noted in the patient’s diary as follows: (1) exercise test:(2) slight chest pain; {3) period of bad chest pain; (4} dull chest

pain; (5) feeling sick; (6) climbing stairs.

evaluation of Millar-Craig et ol. [6] shows that errors inherent
in tape-recorder systems would be too great to allow such small
changes in pulmonary-artery pressure to be monitored
accurately. _

Use of a transducer tipped catheter overcame many of the
problems associated with external transducers [ 7]. In particular,
hydrostatic pressure changes due to alteration in transducer
positio 1 relative to the pulmonary artery are eliminated [ 7]. The
need for constant flushing devices to prevent catheter blockage
is also obviated.

However, use of this type of indwelling transducer does
present its own problems. Once inserted, it cannot be
recalibrated without removal, which means that it must have
stable zero-offset and gain characteristics. To ensure zero-offset
stability, equilibration of the transducer in saline for several
hours is essential because the silicone rubber membrane over the
diaphragm absorbs fluid and deforms, applying an effective
zero-ofisel pressure. However, once equilibrated the zero drift
on the transducer did not exceed + tmmHg. The use of AC
excitation helps reduce electrolytic corresion of the transducer
strain-gauge elements. Its small size and the sensitivity required
for accurate monitoring dictate that the transducer membrane
be rather delicate. Care is needed in the initial handling and
insertion stages to prevent damagé. But once successfully
inserted thix type of pressure-monitoring catheter is both stable
and reliable [8].

Semiconductor memory was chosen for data storage to
-overcome the noise, drift and linearity problems associated with
cassetie-tape recorder systems or radiotelemetry systems

previously used for ambulatory pressure monitoring [6 and 9].°

This. however. imposes limits on the amount of data that may be

234

stored in a conveniently sized unit. There is inevitably a

compromise between storage capacity, physical size and battery
power consumption. In order to compress the data to be stored
into the 8 kbytes of available memory systolic and diastolic
pressures were sampled every 30s for the present study. Even in
this compressed form, the data recorded is of clinical value for
both the primary diagnosis of pathological haemodynamic
disorders and for monitoring therapy in a wide range of cardiac
conditions.

Future developments

The prototype described in this paper has shown that it is
feasible to record pulmonary-artery pressure in ambulatory
patients over a lengthy period. It has limited memory capacity
and is inflexible to the extent that a change of the recorded

parameters requires a completely new system. Incorporating a

microprocessor to analyse the incoming signal directly would
reduce both of these drawbacks: the need for much of the
analogue pre-processing circuitry would be removed, as would
the present timing and control logic. With reduced compaonent
numbers, memory capacity could be increased to at least 64
kbytes, allowing storage of a greater number of parameters
including, for instance, the heart-rate. Shorter sampling
intervals would also be possible. In addition, a microprocessar-
based system would provide greater power and greater
flexibility. If different physiclogical parameters were 10 be
‘measured, only the controlling sofiware need be altered. This
suggests the possibility of a recording system capable of
monitoring most physiological parameters where only the
transducer or its inierface need be changed.
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Figure 6. A plot showing the effect of vasodilator therapy in a patient with !eft-ventrfcﬁlar dysfunction following myocardial
‘infarction. Treatment was started at approximately 18:00 hours. The subsequent fall in pulmonary-artery pressure can be

observed. _ '

Conclusion ' z
A portable device has been developed to measure and store

sampled pulmonary-artery pressure values in ambulatory 3.
subjects. Used in a clinical setting it has been shown to be

. X N , 4.
accurate, safe and reliable and has wide-ranging potential for
both the assessment and monitoring of patients with heart-
faiture and with pulmonary hypertension. 5.
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Microprocessor-control of drug inf:sion for -
agutomatic blood-pressure control

L. M. Auer H. Rodler

Universiiiskiink fur Neurothirurgie in Graz, Landestrankenhaus, A-BO36 Graz. Wes! Germany

Abstract—A microprocessor-controlled infusion pump is described for the automatic contral of hypotension
or antihypertensive treatmem with sodium pitroprussid The sysiem requires the conimiuous
monitoring of blood pressure as an input sighal to the microprocessor, the iatter regulating blooo
pressure to the desved fevel by stepwise changes n infusion rate. The infusion pump proved
valuable for imtensive care and nevcosurgery under controfled hypotension

Keywords—Blood-pressure cot. ol intusior pump. Mheropio rssors

1 Introduction

HypOTENSIVE and antihypertensive therapy is &
routine mcasure in clinical medicine. Sodium-
nitroprusside has turned out to be an especiaily
effective  drug both for precise blood-pressure
reguiation  during  surgery under  controlled
hypotension and for hyperiensive emergencies {AUER,
1978 1978k BECKER and  BENOWITZ, 1979;
SHEPPARIn 1980, Its direct action on vascular smooth
muscle explains the rapid action within the first minute
of infusion.One problem arising from such a therapy is
the need for continuous control of infusion rate.
adapting it 10 the continuously monitored blood
pressure. For this an additional nurse is necessary
during the drug’s administration in intensive care, and
an additional task for the anaesthetist during
hypotensive surgery.

Therefore. a device was developed to contrdl
antihvpertensive  and  hypotensive  treatment
automatically and keep blood pressurc on a desired
level with the aid of @ micToprocessor,

2 Technical elements and computer program
Blood pressure 1s monitored continuously via a

_catheter in the radial arterv. a Stratham P23dB

wransducer and a Hellige electromanometer. This
signal enters a microprocessor-regulated infusion
pump. Fig. 1 demonstrates the automatic infusion
device with iis display of infusion rate and operating
levers. One knob aliows the choice of a desired blood
pressure value {mean pressuref a second element
aliows the selection of 1ime interval for automaiic
Foost recen el dth Ferruary and mn final form 18th May 1980
5740-0118 81 (20171 - 04 501 500

& OFMEBE 1980 |

fMedical & Biological Engineering & Compu'tfng‘_

dosage-rate changes. The microprocessor regulates the
infusion rale necessary to bring blood pressure from it~
current value to the desired level, and to keep it at thrs
level +3%,.

This system is "hence especially appropriate for
automatic control of blood pressure in patients wik
short-lasting hypertensive crises. when the infusio:
pump immediately delivers a certain amount of dru; !
the blood pressure exceeds the 5%, level abowe th:
desired pressure. Additionally, the trigger level abowvy
and below the chosen pressure level s frech
adjustable. ) _

For microprocessor control of the peristali:
infusion pump, an intel microprocessor type 8085A. ar.
ep.r.om. type 8755A16K. a REM type 81552K and un
a.d. transducer type 8708 6-channel §-bit are used. The
microcomputer tecords the blood pressure signul
arriving via the a.d. transducer (Fig. 23

Ag safety features, an air alarm and a ‘critical .
pressure’ alarm are included in the system.

A rubber section of the infusion ling is squeezey
sinusiodally by a pacemaker-driver camshaft with
flaps. The motor itself has a 4-phase-frequency-v..
generated by the microprocessor.

The microcomputer program is based or .
experience of the standard wayv of infusing - .
nitroprussid for blood-pressure control in mere
100 patients in the intensive-care unii ur
operating  theatre. One regulalory  principk
systems with a biological feedback. blood-pre--.
response  the present case. is the observation
lutency period. The interval between infusion of o
drug and response of blood pressure is around ¥
Therefore. the optimal ume interval o0
regulatory steps of the microprocessor ramp w
found 10 be around 43 5. This value can be

I
T

v

Tt
Anob 3 as<hown on Fig. L. Every 45« the inlusion

March 1981
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‘s increased in steps of 10mlh of a 3, solution of

codium niroprusside. MUAP. values are recorded

every 2tms A mean value from every Ss period 18
Caieuaited. Infusion rate is chunged according o the

mean value of map. from the last 3s period hefore the
“nd of the 455 interval (or any other chuson mtervall

This system regulates automatically upwurds and

downwards, until the blood pressure enters 4 range of
-5, around the desired level, [t likewise generates an
unchanged quantity of drug infusion as long as blood
pressure reflains within this range of 1+ 5%, Assoonas
blood pressure exceeds the 5%, range or [alls below it,
the infusion rate is increased or decreased by one sep.
and the procedure of stepwise increase or- decrease of
infusion is started again. until pressurc is again within

Micropro. oo sor-thinn
(B} Electromanometer  ior
pressure Momiori.

(O 2-clinnel writer

I Display of infuston raie n mi .

2 Selectiom knob for desired hlood-pressiare let
3 Seivcror for desired (e nterv 1’ helweent siwgle
ety of s rate CHAanGes

51[1 LLT

INEATIRIL ) Flaend-

Bl Hump et
3 Afarm e cors Jor wir bubbles o the inftison
drvp and ool fua pressure, respectively: bk

dorms wler suncton aeoustically
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the range or evactly at the desived cevel Hor ugaim.
the relerence vaiue of mua.p. 1s the mean waue of the
last §s peried before map. rouched cae of the
L osholds aboyve or below the desirad ey el vrmap. At
1), below the desired pressure fevel the infusion rate
i« reduced o half. A writically low level  at 137, below
the Jesited level stops the infusion pump. unslitstarts
again above the upper 3, level,

The maximum dosage is 36 ml hof the 7 solution
of sodium nitroprussid.

The described microprocessor regulation did not
induce low-frequency oscillations of m.a.p. as might
have been expected from m.a.p. alternately touching
the thresholds above and bclow the wanted level.
Spontaneous oscillations of m.a.p. such as Traube-
Hering-Meyer waves oceurred as usual iFigs. 3b und
5.3, however. they mostly remained unintluenced by
he therapy, except whem sudden changes of m.a.p.

were induced.
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Fig. 2 Flov hart of automuaric blowd-pressure control dericy
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Fig. 6 During intervals between hypertensive episodes, m.a.p.
is observed and the ‘uutomaric antihypertensive
control is in a “waiting position’, the pump distributing
no drug at all or very fow doses between 10 and 30 mlth

quick reaction of infusion rate that inhibits blood
pressure from rising, before a nurse could have noticed
the pressure rse and reacted by giving an
antihypertensive drug. Between such pressure peaks.
the pump remains in a2 ‘waiting  position’,
administering a low dosage for preservation of the
desired pressure level {Fig. 6). Sometimes, a potential
rise in m.a.p. could not even be noticed on the blood-
pressure curve (see Figs. 3b, 5a and b), since
counteraction by an increase in dosage rate came

promptis Inoother instances, especily woompanying
Looudden Db of moap. a clear sorrefution betweer
nap changz and dosazo coiserved asn
Figs. 3hand 4o A sudide
rquatly rapid reducieon of infls
have been tried erther b the

© ot Similar steps
23 mig computers

ISHEPPARD ef al.. 1973, [480) 0r -1 2 SHCroprocessors
without time-intervals and step 2 --ep dosage-raw
regulation.

The present device proved very accurate in the
maintenance of a desired level of blood pressure with
only small deviations.
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V new aliori hm based on impedance plethysmography
.Uile de e min ations, on an experimental basis, of arterial
r o 8ighals over the hrachial artery are picked up by four
‘Laetrovies ittechel te the skinward side of a regular blood
. Matl.ematical furmulas are used to define those imped-
iLat correspoad to systolie, diastolie, and mean arterial

< vglees. The ens clope of the impedance pulses recorded

o flation can be detined by linear regressions, function of
v alizec. insdependent variable, which is the ratio between
: of th: pulse with maximom amplitude and of the ampli-
i+ dses wvith constunt amplitode. These linear regressions
o be universally npplicable, the influence of individual
siatlon having been eliminated by the use of a normalized
¢ resul s of this study prove that the variable pulse ampli-
¢ during u eff deflation is a quantifiable reaction of the
1 stem to arte-ial constricifon.

InTR0OLL CTION

«cillotetric technique, one of the oldest tech-
- for rteriz] blood pressure determination [1],

tzd ¢n the well-known but insufficiently ex-
1ssiologica. phenomenon: i.e., where a pneu-

Tandaged wer thie arm is deflated from a start-
2 we il over the subject’s systolic pressure, the
al pulsates due to the pulsatory blood circula-

rulsa icus nodulate the pressure in the cuff and
inwons are sensed oy a pressure transducer, Typ-
~re o:¢:larions arc shown in Fig. 1. It is as-

o infermation direcily related to blood pressure
¢din their snvelope [3]-[11].

t e diustolic pressure the oscillometric puise am-
ae never consuant. There is no externally im-
‘1ial constriztion below diastolic pressure; hence,
n should be unaffected while the cuff pressure is
2 below ths vuluc. But there is a relationship
- ween cuff presswre and the corresponding pulse

n ne-rmaal zivculation: if the pressure in the cuff
I>w or absent. then the pulsations are poorly
-t to the trinsducer [12]. There is no marker in

rnetric em elope at the instant when normal lo-
aion rewarts and this prevents the development

<ithnt that is 1clzied to normal unrestricted cir-

i ooedance plettiysmography overcomes this

strectvesd Aol 9, LuRS,

tvici it w.th tl e 1. versity of Miami, Coral Gables, FL 33124,

Fesearch Corporaton Miami, FL 33102,
ris with boutl, Mioni Hospital, Miami, FL 33143,
'} Nurmbe: 860803
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~mimvasive Determination of Central Blood Pressure
by [Impedance Plethysmography

F AKRY HERSCOVICI, SENIOR MEMBER, IEEE, AND DEAN H. ROLLER

MPEDANCE PLETHYSMOGRAPHY

%

OSCILLOMETRIC

CUFF

Fig. 1. Simultancous recordings during cuff deflation of impedance ple-
thysmographic signals and oscillometric signals.

Fagter Biced Presaure Cutt

Fig. 2. The blood pressure cuff with four electrodes as used in this study.

drawback, being able to repiesent blood circulation even
without a constriction applied around the limb.

In our studies, we applied a special set of four elec-
trodes to the skinward side of a regular bicod-pressure
cuff (Fig. 2). When the cuff is either inflating or deflating,
a similar phenomenon of modulated pulsations occurs as
described for the oscillometric technique. The train of
electrical impedance pulsés as a function of cuff pressure
(P.) (Fig. 1) is’very similar to the simultancous oscillo-
metric record, with the very important difference that
when P is below diastolic pressure (Pp), the amplitudes
(negative) of the impedance pulses are constant all the

0018-9294/86/0600-0617$01.00 © 1986 IEEE
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way to almost zero cuff pressure, consequently marking
the unrestricted arterial blood circulation in the arm.
Several attempts were made in the past to use imped-
ance plethysmography for blood pressure measurements
{13]-117}. These attempts were based on empirical algo-
rithms similar to those used for oscillometric measure-
ments. The first pulse during cuff deflation was consid-
ered representative of the systolic pressure Ps; diastolic
pressure Pp was assumed to be marked by the inflection
in the vanishing envelope. A cuff-pressure with two elec-
trodes together with another two pasted electrodes placed

~ onthe limb, far from the cuff, were used to form a four-elec-

trode impedance plethysmography system [14], [15].

In the publications cited, no attempts were made to de-
termine the mean arterial pressure (P,) by impedance
plethysmography. The maximum pulse amplitude is as-
sumed to signify mean brachial pressure in the oscillo-
metric measurements [3], [4]. All our experiments have
proven that with both impedance plethysmography and
oscillometric techniques the maximum of the negative
puise envelope occurs at the same cuff pressure.

In the literature concerned with impedance plethysmog-
raphy, the pulses produced by the pulsating blood are
called AZ(r) pulses. For baseline stability reasons most of

the investigators prefer to use the differential of these

pulses called dZ/dt pulses.

Fig. 1 shows an example of the dZ/d: pulses sensed
with the system described above. The amplitude (nega-
tive) of these pulses is very different from person to per-
son, as is the ratic between the maximum amplitude and
the amplitude of the constant amplitude pulses. The dZ/
dt pulse amplitude, therefare, should be a function of such
anatomic factors as: thickness of the arterial wall, elastic-
ity of the surrounding tissue, ratio between artery and limb
diameters, artery position inside the limb, blood resistiv-
ity, etc. '

Up to the diastolic pressure, or at least up to around.
40-50 mmHg cuff pressure, the negative pulse is constant
and the above physical characteristics will determine the
pulse amplitude for a particular subject. In other words,
the negative amplitude of the constant-amplitude dZ/dt
pulses (Ay) is mainly a function of the static (anatomic)
characteristics of the body.

At a certain cuff pressure P, the dZ/dt pulse amplitude
reaches a maximum, Ay,. This maximum pulse amplitude
should be a function of some dynamic characteristics- of
the body, as for example: the ability of the circulatory
system to develop passive hyperemia or to increase the
arterial compliance, the cardiac output, the blood pres-
sure, the limit of linear expansion of the arterial wall, the
limit of linear compression of the tissue, etc.

It is obvious, then, that the maximum pulse amplitude,
Ay 18 a function of dynamic (physiologic) characteristics
of the body, as well as of the previously mentioned static
ones.

We can obtain a dimensionless indicator of the body’s
dynamic characteristics by dividing the maximum ampli-
tude, 4y, by the constant amplitude, A,. Using the ratio

IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. BME-313, NO. 6, JUNE 1986

ApfAy as an independent mathematical variable, we as-
sumed that we can establish some rules governing the en-
velope of the electrical impedance pulses and identify the
amplitude of those pulses that signify systolic, mean ar-
terial, and diastolic pressures.

The theoretical development of these rules is not the
goal of this paper; consequently, the three hypothesized
linear functions were determined and tested experimen-
tally.

DETERMINATION OF THE RELATIONSHIPS GOVERNING
THE ENVELOPE OF THE IMPEDANCE PuULSES

Method

Four strips of HI-MEG conductive Velcro are attached
to the skinward side of a regular blood pressure cuff (Fig.
2) and connected to an impedance plethysmograph.

The instrument, shown in a block diagram form (Fig.
3), delivers a constant alternating current {10 kHz) to the
outer two cuff electrodes. A differential amplifier with
high input impedance senses the impedance variations
AZ(#) produced between the two inner cuff electrodes by
the pulsating blood. The instrument also contains a de-
modulator and a loop for the compensation of the dc com-
ponent of the electrical impedance signal (in fact, the
mean limb impedance Z,), and a differentiating amplifier
(time constant RC = 50,107 s) for the generation of the
first derivative of AZ(r), the so-called dZ/dr pulse.

The cuff is inflated or deflated by a system composed
of an air pump (pressure/vacuum), a pressure transducer,

an amplifier, an electropic switch, and a set of electro-.

magnetic air valves (Fig. 4).

Blood pressure is: measured during cuff deflation. Be-
tween the systolic and the diastolic pressures the rate of
deflation was self-adjusted bétween 2.5 mmHg and 5
mmHg per heartbeat (depeiding on the subject’s arm
size). The deflation is linear within 5.5 percent, referring
the deviation to the pressure domain (systolic-diastolic)
for that particular patient. The whole blood pressure de-
termination takes about 45 s. The rate of deflation was set
manually but in the future it can be controlled as a func-
tion of the patient’s heart rate.

A significant number of human impedance plethysmog-
raphy measurements were made simultaneously with di-
rect blood pressure measurements in the aorta and later
processed. Aortic blood pressure measurements were
made using a Hewlett-Packard Catheter System Model
8890 « with a Pressure Conditioner Model 8816 (max.
frequency 200 Hz) and a Fluid-Filled Transducer Model
1280C (max. frequency 300 Hz).

Samples of the simultaneous recordings are shown in
Fig. 5. The middle trace is the direct blood pressure in
the aorta: the top peak of each pulse is P, the bottom
peak is Pp, the flat portion of the trace is P,,. '

A group of 26 patients were involved in the first exper-
iments. Each had cardiac problems but none had clini-
cally apparent peripheral vascular disease. There were 23
males and 3 females ranging in age from 35 to 81 years
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Fig. 5. Simultaneous recordings of the central catheter line and of the
impedance plethysmograph during a cycle of cuff defiation.

(n- m, 53). The recordings of two of these patients could
<. 2 processed because these patients had large arms,
ur-.iled for the “‘adult’” size (12.4 X 25.9 c¢m) of our
pr-au e cuff;, another one was not processed because of
ur-liatle information from the catheter line (very irreg-
ul. rhythm and pressure). The cardiac catheterization
pr - edirz was performed after mild sedation with Diaze-
pe v a1:d local anesthesia in the inguinal area using the
st:ndand Seldinger technique.

W hil ; the pressure catheter was maintained in the aorta,
3- 1) s iccessive complete deflation cycles of impedance
m. i sraents were done on each patient,

" following method was used to find functional re-
laii. mships among different impedance pulse amplitude
an:| the independent variable A,/A,.

+- Far each recording cycle the values A, and the aver-
ag - »f 1g between cuff pressure of 40 and 50 mmHg were
m: i 2 and then the ratios A,,/4, were calculated and
vi:pp«l for each patient.

The pressure values measured by the catheter line
fo- zach of the three significant blood pressures were
m:rkec on the cuff pressure curve.

I
[4

¢) These points were vertically projected to the dZ/ds
recordings.

d) The negative amplitude of the nearest pulse or the
interpolated value of the neighboring pulses was marked
down,

e) These amplitudes of dZ/dt were normalized and
averaged for each patient, then plotted as functions of A,/
Ay for that particular patient in graphs representing all the
patients. o

The baseline for each recording was the residual level
of dZ/dr for Pc > Pg. All the amplitudes were measured
from the strip chart.

Results

A small number of the recordings were partially or to-
tally unprocessable because of technical problems, such
as missing catheter P,, value, patient movement, loss of
calibration in the catheter line, a patient with Ps > 200
mmHg (this is the maximum value processable by our
present equipment but there is no technical or physical
limitation to going beyond 200 mmHg), etc. A total of
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133-142 recordings were processed for each of the three
characteristic blood pressure values (Pp, Ps, P,,) (almost
6 recordings/patient/characteristic pressure value).

The results of these measurements are presented in Figs.
6, 7, and 8. Statistical calculations show good linear cor-
relations for each group of data. The regression lines cal-

culated for each group of data lead us to define three equa-
tions:

AD AM’

— = 0965 — 0.141 = 1)
Ay Ay ¢
As AM

= = 0.596 =4 ~ 1. 2
™ 596 o o 2
A Ay

Lm_ 06322 ~ 0021 3
i 062A0 0.2 (3

‘where Ap is the dZ/dt pulse amplitude at the moment the
cuff pressure is equal to the diastolic pressure Pp; Ay is
the dZ/dt pulse amplitude at the moment the cuff pressure
is equal to the systolic pressure Pg; A,, is the dZ/dt pulse
amplitude at the moment the cuff pressure is equal to the
mean pressure P,,.

Fig. 7. As/Ay as a function of the independent variable, ApdAg. r = 0.76,
p = 0.36.

a0

2 3 ) 4 A,
Ag
Fig. 8. A,/Ap as a function of the independent variabie, A/Ay. r = 0.87,
£ =0.26.

Equations (1), (2), and (3) prove that the phenomenon,
previously described as just a qualitative reaction of the
circulatory system to arterial constriction, is now quanti-
fiable. These equations are assumed to be universally ap-
plicable: the anatomic differences of each individual are
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Fig. 9. Method of finding the significant pressure values from the electri-
cal impedance recording.

eliminated by the normalized independent variable,
Ayl Ay

BLOOD PRESSURE DETERMINATION
Method

Figs. 9 and 10 illustrate how the previous equations (1),
(2), and (3) can be utilized. We assume that during a cuff
deflation cycle we have stored a train of pulses as in Fig.
9.

The dmplitudes of the pulses are averaged in the cuff
pressure range of 40-50 mmHg, and A4, is found. It ap-
pears experimentally that the average of 6-8 pulses is suf-
ficient. However, on occasions when the respiratory ar-
tifact is very strong, A, should be averaged over a full
respiratory cycle.

The maximum pulse (4,) is found and identified and
the independent variable A,/A, is calculated. It is only a
matter of computation to find A, from (1) and A from
(2). Electrically, these values of Ap and A; represent two
thresholds. The pulses closest to these thresholds corre-
spond to Pp and Py, respectively. The actual pressure is
read from the cuff pressure trace by vertically projecting
the pulses significant for P, and Py (Fig. 9). If the thresh-
old is between two pulses, then the pressure is obtained
as the average of the two.

Once the pulse amplitude A, is computed, (3) will yield
A,,. The same procedure as described above will lead to
the determination of the actual mean arterial pressure P,,.

As a general rule [4], P, < Py and P, > P, where
Py is the cuff pressure which corresponds to the appear-

ance of the pulse with maximum amplitude 4, (Figs. 5
and 9).

Resulrs

The first application of the above algorithm was the ret-
rospective determination of blood pressure by impedance
plethysmography for the 26 patients involved in the above-
mentioned study (Group I). The values determined by

\mpedence
plettysmogeaph and
infaiodDelstor
y JP
Impedance pulse ampli Fecorded cul presaurs
recorded curing culf defletion corfespondant io sach
recorded impadence puise
y w
Maasure Ag Mansurs A,
Compute Au
ho
[ B | rsontty
—— Ay Ay P,
#0. (4)
p Compu M"
Ay Y
Ty QY
+ 4
Compute
5 Ho—=Te
w0 {8

Fig. 10. Flow chart of the methodology of blood pressure determination
by impedance plethysmography.

impedance plethysmography were compared with the val-
ues obtained by direct measurement of intraaortic pres-
sure.

Meanwhile, a second group of 19 patients was submit-
ted to the same data-collecting procedure as previously
described. They consisted of 13 males and 6 females who
ranged in age from 42 to 70 years (mean, 60). They were
ali suffering from cardiac illnesses; none had clinically
apparent peripheral vascular disease. During the proce-
dure they were sedated and anesthetized in the same con-
dition as Group I.

Five of these patients had to be eliminated from the
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Fig. 12. P; by impedance versus P by catheter.

. study because of some technical problems, e.g., inaccu-
rate instrument manipulation, catheter movement, eic.
The recordings obtained from these new experiments
(Group II) were also processed as in Fig. 9 using (1)-(3).
" The blood pressure values obtained from the two groups
of patients using the impedance plethysmographic (IPG)
procedure described above, as compared with the equiv-
-« alent values obtained by direct intraaortic recording cath-
eter (CATH), are presented in Figs. 11, 12, and 13. The
" statistical calculations are summarized in Table I for
.. Group II and for Groups I and II pooled together. In this
table the error was calculated by dividing the deviation of
-~ each sample to the catheter pressure value of that sample,
catheter value being considered as the true determination:

x _ P = Peaty | 100. @
Poam

We did statistical calculations for the whole determi-
_ nations as well as for the determinations averaged per pa-

€

L L
120 160
mm g
Fig. 13. P, by impedance versus P, by catheter.

. Caiheler Py

tient. A good correlation between the values of each blood
pressure value measured by impedance plethysmography
and by direct aortic line, and a normal Gauss distribution
of the errors introduced by the imp&dance technique were
found. The results of these calculations are presented in
Table I and Figs. 14, 15, and 16. Standard deviation,
skewness, kurtosis, and the distribution of errors were all
based on the error of determination as defined by relation
4).

The relatively larger error for P, (Fig. 16) is not attrib-
uted to the algorithm (3) but to the methodology used to
determine the pulse with the amplitude obtained from (3).
While normally the pulse significant for P,, was found in
the portion of the recordings with higher pressure values
than Py, in 11.6 percent of the cases (18 out of the 155
strips), the catheter P,, was of smaller value than P,,. The
algorithm for P, {see (3)] was found and applied, consid-
ering as a rule that the pulse significant for P, must be
tooked for at the recording portion with P,, > P,, [4]. We
do not yet have the explanation of this situation nor an
algorithm for detecting this anomaly. Further studies are
planned to determine if these are normal events or if they
are due to errors in the equipment calibration,

Even so, if all these results are compared with the re-
sults of Bruner et al. [12, pp. 184-188], one can see that
this new technique is able 10 provide a tremendous im-
provement in accuracy compared with the auscultatory or
the oscillometric techniques. .

DiscussioN AND CONCLUSION

The above results show that the hypothesis that three
linear equations can accurately state as an algorithm for
blood pressure determination is fairly well proven to be
valid and that this is a good way to extract Pp, Ps, and
P,, from impedance plethysmographic measurements.

Based on the algorithm and the methodology described
above, a practical clinical monitoring instrument can be
envisioned using a simple computing scheme for gener-
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" TABLE I
Pipg VERSUS Peary
Determinations [
N M Averaged perPatient| All Detetminations
e Variable |Patients |Determin— Statistica {All Patients)
ations i
Groups Groups Groups Group 1I| Groupa Group 1
L& II/IL|Y & II/I1 1&11 Only I1&11 Only
b PD 38/14 196/49 Gorrelation Coefficient 0.94 0.94 0.91 0.90
Level of Significance 0.0001 0.0001 | 0.0001 0.0001
Standard Deviation 4.80 6.13 5.48 7.26
" Skewness 0.01 0.69 | 0.29 0.33
Kuitosis 3.17 1.28 1,85 0.39
[ Py 37/13 182/46 Correlatfon Coefficient 0.92 0.90 0.92 0.87
Level of Significance 0.0001 ¢.0001 | 0.0001 ©.0001
Standard Deviation 6.19 B.48 6.04 8.80
" Skevness 1,58 1.42 1.37 0.99
- Yurtosis 5.15 2.2% 4.29 0.94
»d
1y oo ®, 36/13 153/43 Correlation Coefficient 0.84 0.83 0.81 0.19
n Level of Significance 0.0001 | 0.0001 | 0.0001 | 0.0001
re . Standard Deviation 8.64 11.32 8.82 11.80
m e Skewness 1.76 0.87 1.10 0.75
1
I.i . FKurtonis 3.3 0.66 3.00 0.60
B
L
F n
> . ng 24
2 sl 10 = number of patients b
24 n
[N b 2]
n =
. -~ "
b .
s T,

Percent of Patients

)
Porcent of Patients

NN EEEETEY.

=N =T = =P =5 =3 P 2D 4E 47 e 1 4T 4N HIT s ol 40 8
%

Fig. 15. Distribution of errers for P;.

. . - ® only the steady value, 4y, and the largest amplitude
Fig. 14. Di . -
A Risteibution of errors for Fp pulse, Ay, are needed for setting the thresholds for pres-
sure readings;

— ating the three biood pressure values in real time, nonin- ® the accuracy of the amplitude determination is not
vasively. The advantages of such an instrument are: important; all calculations are in normalized form;

® the shape of (—dZ/dr) pulses is not important; only ® it is only necessary to know the cuff pressure that
the peak value of each pulse is needed; coincides with the peak of each pulse.
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. The phenomenon on which this new technique is based
'& s mathematically described. The blood pressure values
...t¢ derived from a mathematical model that can be tested

and refined by increasing the number of subjects involved
~n its validation,

The superiority of the technique presented here as com-
“pared with other techniques for blood-pressure determi-
#ation is the fact that it is the first one by which all three
- f the important blood pressures values can be measured
‘roninvasively and almost simultaneously. The ausculta-
tory, oscillometric, and ultrasonic techniques measure
"Aly two values and calculate the third.
.. It is well known that blood pressure measured directly
from the aorta differs significantly from that obtained from
‘#he arm [18]-{21]). The present algorithm provides central

o0d pressure values which are the most important elin-

Ically [21] but, we assume that it is feasible to express the
results in terms of brachial pressure if correction factors
{ - the relationships between central and brachial pres-
.7, as identified in other studies, are taken into account.
This assumption is based on the facts that: i) the shape of
t*~ impedance pulse has no contribution to the measure-
r_ nt and ii} the change in puise amplitude is not impor-
tant, the computation being based on the ratio of two am-
plitudes (A4,, and Ay).

t is presumed that this technique (as well as all tech-
nrques using inflating cuffs) may not be useful for patients
with local upper extremity vascular disease. We must
o ition also that the sensitivity to motion artifact may not
ir,__rove as compared with other noninvasive techniques.

The simplicity of the technique, using a regular blood
pa=sure cuff with four conductive Velcro electrodes at-
fa ed to the skinward side of the cuff, makes the tech-

nique attractive for use in the physician’s office and in
hospitals. The attachment of all four electrodes 1o the
skinward side of a regular blood pressure cuff is original
in our approach. It allows the operator to have a single
item applied on the patient’s arm and it provides mea-
surements in a relatively narrow limb segment directly
over the arterial obstruction when the cuff is pressurized.
The application of the cuff completes preparations for the
measurements. The technique is able to comply with the
proposed AAMI standard for electronic blood-pressure
measurement without restrictions.

As many studies were done about comparisons between
other noninvasive techniques for blood-pressure determi-
nation and the direct line technique, the authoss did not
consider of priority interest to relate the present technique
to any one of these. Good correlation with the direct line
technique is decisive for any new technique.
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Technical note

Pulse arrival time as a method of obtaining systolic
and diastolic blood pressure indirectly

Keywords—Blood pressure, Pulse drnvai-unse nethod

1 Intruduction
Tt pwmipheral artenal pulse is easily detected and with the
seonaand cefl method. v permaits determination of systolic
seures we cull pressure for pulse appearance during cuff
deflation. To date. 1t has not been possible to obtain diastolic
pressute using the peripheral pulse by seeking a transition in
v wveform or amplitude. However, if atiention is focused on
tie mstant in the cardiac cycle when the puise appears, 1t 35
possible 10 obuin diastohic pressure. This short téchnical note
describes the principai and typical results using normo-
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Fig. 1 Principle empicied in the puise-arrival time \pad.)
wcthod Jor mgasuring hiood pressurd indirectiy 1a)
iliusirates @ sine war e used 1o simuiate blood pressure
and the line with the negative slope simwlates cuff
pressure. As soon as the cuff pressure falls below
systolic pressure the pulse breaks through at o time T.
As cuff pressure falls. the pulse breaks through eariier
and eartier in the cardiac cycle (AT, — AT, ). A piot (b
of cuff pressure against delay {(AT1  allows
identification of systofic and diastolic pressures which
correspond 10 ATy and AT,

Fust recerved 18th Zeprember 1880 and in final form 17th March
1987
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yjer- and hypotensive dogs.

The principle underlying the pulse-arrival time (p.a.t)
method i illustrated in Fig. ta using a sine wave 1o simulate
hloud pressuis and a line with @ negative slope 1o simulite
decreasit cofl pressure. Noke that as cufl pressure falls [rom
ghove systolic pressure the distal pulse appears earlier and
earficr in the cardiac cyele (AT,. ATy) Finally, when cuff
pressure [alls below diasiolic pressure (at AT,). the. pulse no
lumger appears uny earlier in the cardiac cvele. Therefare, a
plot of cufl pressure against pulse drrival ttme (AT) pravides
transiions  which identify both sysiolic and diasiohe
pressures as shown in Fig. 1b.

Implementation of the pat. method requires (he
availability of a constant time reference in the cardiac cycle:
two such references exist: the R wave of thee.c.g. or an arterial
pulse detecied at any conveniemt site. To illustrate the
potential of the p.a.t. method to indicate svstolic and diastolic
pressures. studies were carried out using five dogs with both
timing references.

Anesthetised dogs were used and a disposable mfant Mood-
pressure cufl {43 » 1T emi was applied 1o che forelimb The
wpsilatera) and confralateral radial aneries were cannilated -
for recording pressure. Cufi pressure and the ec g flead J1;
were also recorded on i high-speed sirip-chan recorder .
(Gould. Inc. Cieveland. Ohio, USA) The records were
measured with a time resolution of about 2 ms. The point of
positive slope, i.¢. the beginning of pulse upstroke, was used
for measurement as shown in Figs. 2 and 3.
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Fig. 2 Relationsiip between cuff pressure and pulsc-arriva!
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pressurceut e mes the sevoium period s the maess
variable, U of e contralaterat pulse as a timing reference
eliminates this vunables as well as any change due 1o pulse-
wie el wineh s known o increase with increassg
hloed pressure. Thus, the methed of using a pulse wave for
uming <bowd be designated the differential pulse-arrisal tme
methond

2 Conclusion )

A new method has been described which  permits
dentfying systolic and diastolic pressures indirectly. The
method 5 based on the breakthrough time of the pulse
bueyond the cull. Direct arterial lines were used in this study to
demonstrate the principie. The method can be possibly
applied using two artertalipulse pickups. one located just
Bevond the cull and the other at any other convenient site.
Prezoetectric. photoetectric or impedunce pulse detection are
it candidales tor this application. A second paper will show
how accurate rthe method 15 wih two <kin-surface
transducers,
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effective 10 determine the systolic pressure or not,

After e b-¢ mode operavion. P is decreased gradually at
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A coonding tinee snd the measaremens it al POGL  hote, Rty anegraphic pad o dees To0 ol
ment. Average reca ctinee snd the mens TP _ ‘
ST AN ums__ S L . pressure oo t‘umd from the left fourntyy n:..l THETRLN
in cach subject were 2h and Sming respectively. After the " o . e, .
: o A- S ~ subject. Both ihe systolic cod point 1SR cnd the y o
measurements the recorded raw signads in the datia recorder : . - A oo
: - e the nuamum amphitude (MAP) of the PG o ol v
were reproduced by g playback system. From the playhack : . T .
- N - Lo T ohtained. and the values of the cufl pressure core
recondings the onff pressures coreesponding to the systolic . o " _ L
o - 1o these two points (P and P ywere determined «oae

end-point (7 ) ind to the point of the maximum amplitude
(el the PO anad were manually determined together
with e hesttrate (HR read rom the ECG signa!. These
values 0 0 aed HIRCpwere compired with the tespe ine
stored d:gn.rl values (£ P, and IRy caleulaied by
NCPR unit
.For the comparison with the direct mensurer, o1
catheter was inserted into the left brachial artery ..l 1ln.
moedial +'de of the cubital fossa (the catheter tip n the “rery
was ploved 3-5cm proximal to the insertion pointy nd
connected 1o a Statham P-37 pressure transducer. The dnect
brichial artertal pressure Powas recorded in the data
recorder via a prossure amplifier. The cathoer and trans.
ducer were fived with ¢ banduge to (he 1uftarm using « pad.
The subject was allowed to wulk arovad the ward, At least 25
simultancous measurements were made for each subject. A
trend display apainst tme shewing the simultancous dita of
the indiveet systolic 1P und mean (£,) pressurcs. de-
sand the correspond-
ing direet \\\10]10 (P and mean (P,,) pressurcs was
obtaimed from three subjects after the measurements,
The performance. practicability and convenience in use for
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- and correlation coufficicnts (r) between these were 170
! . " " 0YR7  PLELT0 (r= 0997 P, =100 P
_ (e 0999y and HR = 0:993 HR' 4+ 0-48 (r = 097 ) .
arterial pressure, mm Hg . .
patired  values determined manually and autom

agrecd well within Smim Hg in systohic and mesn oo
and sithin 3 heats min ™' in heart rate.
Fig. 6 shows three examples of the playback revon
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[l s the left brachial direct arterial pressure P.ocull pres
and photoplethysmographic pulsations PG obtame! &
! - .‘ the Left feunth finger of a subject. In Fig, 6b the yeai.
i W o | indireet ~ystolic (P7,, ¢) and mean pressure (P, ) io
| ; Iumiwd poonally and  corresponding direct syt
0 ‘ | [ (P e jand s proseie (P, o) at respective time
5 0 &0 — 70 t:‘u-k;d Ihese duta piots indicated by Lonand dibin Iy
time, min corres o to the 1o poctve pressure values obtained froe
' b the tecordings (i # g i presented in Fig, 6a
Fig. 6 1) Three vepresentatare playhach recordings Ut bra: hinl C For all thive subjects ;“ whom eatheterisation Was i i-
direct wrtonal prosure Pocutf provare Boand photo- s ged pood agrecment et v the indireet finger and 5.

etiivsmographic pedsaiion PG ebtained feom the T foweth

pletiwsmographic pabsation PG eblained | i h direct brachial arierial piessures was observed altt or b

finger of a catiurcrised subject, thy The rahas of indiveet ] Wi [ . .

systolic (P, o) and mean pressure (P b determined - there ure dnlerences m prossures o Jpp}g\mmhq
7mm Hg. which is presumably due to the difference v

pienually and corresponding direct (P, &) and mean ] i : _
pressure (P, 2) al the réspective times are plotted recording sites and:or the hydraulic obstruction prosde, -

against time, showing e rolume-oscillomerric method used by the insertion of the catheter (YasakosHi of ofo 1900
in this instrument to permit accurdte tracking of arterial 1982h).

pressure, The data plots indicated by i and iii in this graph 3.2 Examples of long-term monitoring

correspond (o the respective prossure ralues obtiined from : ) :
the recordings presented in (a) |

Two examples of the long-term monitoring by 1hi+
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brachial aitery by the .w e aleition method. B the sinds s
tentatively aduptoed the finper aite Hyan the measuring st Im
the Tong-torm morstoing o B ood pu aure. The moosise
ments could probabdy be pobaneteadh lhc subjects © 0
scareety affected Ty the dicon:? 1 which has been repos
during long-term monitonng © ong on arm- oecluding
nstrument.

in addition, as the digitd-nenory integrated cion
ment wias wsed to store the data, a mn\'cmimnl N
computer could be used to reproduce the data sl
i form o cowary data anslyses pramptly. In this sease
fstrument sooms to be ey pldLllL tble and adviantageoe -
iy e cethoad Car moritoring arterial pressure.
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Gl vt ovicving o ol the point of miasinum amplitude
4 e cvoohe erdopoint of the phetoplethysino-
Bie pulsation, ’ -

[ lotoplethysmographic
ueer

v

Cnapprepriaie el size with improper Jocation of the -

ducer will make it impes-ible to obtain the charactenstic
change in the vmplinde uf the pulsations following the
uadna} change m the «ufl pressure. Thus the point of
maximum d]h[\lllkldl. qed or 1Iu ~ystolic end-point cannot be
clearly discrimizated, couvmg o lurge measurement ciror
(Y astakostyer al., Y8200, The present study was carried out
carefully avoiding wiror due to thic location of the transducer
(Y ansanesstiief el F9s20 o the diseussion in YasakosHid
af 192y the trecs Tocer was dood just at the middie part
e culf, Another faci v crasing measurewent error is the
width (Y aatarosi o al ‘9‘\’}); We used a cuff width
ang fom 13 1o 1 Ves thie diameters of the finger
cnts. Therfore the Jear characteristic change in the
wnémd; uf the pu sathooe was oblained to diseriminate
Lath the point of mani —.um amplitude and the systolic end-
point,

There are unmeasurable states which are mainly caused by
shaking the hand vigorously during the measurement. This
restlts in an tncertainty in distinguishing the photoplethy -

' mographic prUﬂg signal markings. Although this oo
sondlly nppeared as shown in the examiples of Figs. 7 a
itowas notovery disadvantageous in practical fong-icon
menitoring.

- The chinge in vasoconstrictive tone in the finger o ties
during the measurement may be another causative ficior of
measteeeng error (Yastanosur er of - Jus(o jox2in b
should be minimal. in so far as the deteced photopic b -
mographic signal is produced mainly by the Bloo?
pulsations in such finger arteries. Althongh we hove
seessed this problens through this st dy the faetoy o
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Beachiol arterial proosares B ey e g
Fict that the presentsesults = oie soce afully obtained under
various conditions A Fich would uhangc the vasoconstrictive
tone. |

Several instruments similar to his haw recently bden
developed using the auscultation micthod in the wpper arm.
Onec was proposed by HinmaN ef al. (1902), and it was
technically improved by Schneiper (1968) and Scyneiper et
wl. {15741 This convists of a conventional arm-occluding cuff
with a nmrophonc lor detecting Korotkoll sound, com-
pressed-air source for supplying cufl pressure, a portable

tape-recorder for the sound and cuff pressure and a sequen-- .- - ‘
tial controfter for the measurement, Although this is one of

the useful metheds of ambulatory monitoring of the indirect
arterial pressure, there remain serious practical problems
such as

(i) considerable  discomfort  produced by long-tern
measurement using the upper arm as a measuring site
(ii) the nced for a large-capacity air source and clectric
power
(iii) cumbersome procedures for p]dyback processmg 1o
obtain the resulis
(tv) large size and heavy weight.

The instrument described here was designed to overcome
these drawbacks.

In conclusion, this instrument for the long-term ambu-
lutory monitoring of indirect arterial pressure appears to
have good operating characteristics and to be one of the
most helpful and uvscful means of meusuring momentary
variations of arteral prossure. 4
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. ) Review
Direct blood-pressure measurements:
| ‘risks, technological evolution and
N
3 some current problems &e ep. (1)
- M. O. Toll
Faculty of Engmeermg & Applied Science, Memaorial Liniversity of Newfoundland, St. John's; Newfoundiand
’\ A18 3X5, Canada “\(L,;A}ﬁbu“"" qa.*

N & Abstra :rect measurement of blood pressure has found w:des read use in

v o o _intensh csﬂzre units, aperatmg rooms, and in emergency depanments*‘ lﬁfecaan air L

St emboljsm and thrombasis are some of the risks to pat:ents associat frboth the:: -~

,,,,, ! jg cannylatior. procedure and with:the apparatus used in the blood-pressuré.n Qf{@anng’

sy & . process. Although there is: ‘constant revision in an attempt to reduce these 1iskss they

S BN P cannot be completely eliminated: The need for direct blood-pressure measaraments'and“

} ™ " . the physiological effécts of aicembolism and thrombosis are. rew.-ewed=:lbfestlon anaﬂa :

] :}J, REAR problems related to tiie techn!ques used to insert the catheters amn L
A ~5 S JKeywordle embohsm, Bload-pressure measurement. Ca’w ytion
5 \§‘»’-‘ *® " tiony Invasive: techmques, Patient monitoring, Thrombasrs -
‘f" NS S Med:acmoum& & Comput, 1984 22,26 Muww o‘rgﬁq N T
. & L ‘ . A I-‘l ’ *t ‘

“* The need for direct blood-pressure e

measurements o
TH direct measurement of blood pressure allows a better

~—assessment of the cardiovascular system through direct

quantitative. measurements. With this monitoring tech-

~-nique the development of dangerous haemodynamic events

can be observed and gorrected before thpy devel?P mto
~cardiac arrests (KapLa, [ 79).

To aghjeve’ direct blood-pressure measurements it is
~necessary to' insert a catheter directly into the
_..cardiovascular system. This invasive technique has certain
“risks associated with it, and these myst, kg weighed against

_the benefits that can be obtained. In many patients with

cardiac gi\sease the benefits do outweigh the risks (KapLaN,

-1979).

Blood pressure can be measured from both the venous
-and the arterial side of the circulatory system.
Measurements from each side yield important but different
‘cardiovascular parameters.

Central venous pressure (CVP) reflects the patient’s
“blood volume, venous tone, and right arterial and
.ventricular pressures. For these pressures to be measured
acggr.atqu it is necessary to have the catheter in a major
.vein \yllgmﬁthe thorax or directly in the right side of the
heart (Karian, 1979).

CVP values fluctuate about atmospheric pressure
(FLaNAGAN et al., 1969), and the level of the right heart is
‘usually taken as the zero reference point from which other
pressures are measured.

The CVP indicates nght heart and not left heart
‘Pérforfhance. Therefore it is necessary to monitor left
arterial pressure directly with a catheter in the left atrium,

_or indirectly with a Swan-Ganz catheter in the pulmonary
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artery using the pulmonary capillary wedge pressure as an
approximation of left arterial pressure (KkapLan, 1979).

2 Patient risks

Probably the two most important risks associated with
patient treatment requiring vascular cannulation and direct
pressure monitoring are air embolism and thrombosis.

2.1 Air embolism

Air embolism is the introduction of air into the
circulatory system. This can occur as a direct result of
diagnostic or therapeutic air insufflation (DURANT et al,
1947, Gotrues et al, 1963), during surgery
{MICHENFELDER, 1968), as the indirect result of blood
g}ansfusion {RUEScH et al., 1960; YEAKEL, 1968), during

{1 or nutritional infusion (GRACE, 1977; FLANAGAN et al,
1969) and during direct blood-pressure momtonng (Ross
et al., 1979; OrDway, 1974),

Vascular air embolism can occur in both the venous and
the arterial % ortion of the cardiovascular system, but each
type has its 8Wn characteristic effect on the patient.

Venous air embolism may reduce or stop the flow of
blood through the right heart (Durant et al,, 1947) or it
may cguse neurological complications (Gracg, 1977). The
exact amq@ of venous air which is fatal to humans is not
known exactly, but the review paper of GoTTLIEB et al.

{1965) indicated that it may vary between 300-1600ml.

YEAKEL {1968) described an incident where 200 mi of air
admitted to the central venous system during an interval of
only a few seconds caused the death of the patient. Animal
expcnments indicate that the rate of air mJecnon i3 also

important in determining the amount of air that proves'

lethal (DURANT ef al., 1947). The lethal dose of intravenous
air for humans is estimated by Orbway (1974} to be
approximately 200 ml when del:vered at a rate of 70-
105mis~ L
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Arterial air embolism achieves its effects through a
different mechanism. Air entering the pulmonary vein
passes through t}ggJﬁt ,side of the heart into the aorta.
Thep, depending upor, the position of the ‘pjcxuiem. and
hefice the aorta, it Is possible for the air to rise into the
coronary and/or cerebral artgrics (BAGDONAS ef al., 1960).
Air entering these vessels ¢Qufd then obstruct the flow of
blood to areas supplied by the vessels. CHAse {1934)
showed that air emboli can produce vasoconstriction of the
artery, and this can compound the effect of the mechanical
obstruction of the smaller vessels caused by the presence of
aity Animal experimenis have also indicated that air emboli
could be better tolerated if it entered into the right
common carotid artery (1-0cm?® per kilogram body weight)
than if it entered the innominate artery (0-lcm?® per
kilogram body weight) (GoMEs e al, 1973). However, in
these studies the rate of air injection was not discussed.
Occlusion of the coronary circulation by an air emboli
causes ischaemia and ventricular fibrillation. In dogs, small
amounts of air {0-05-1-0ml} injected into the coronary
circulation have been shown to be fatal (DuRraNT et al,
1949). DuRANT et ol. (1949) also described the neurological
characteristics of cerebral air emboli.
2.2 Thrombosis f‘\
Thrombosis is the formation of a blood clot in the blood
vessel. This can be caused by the presence of the catheter
itsell and i1s a common complication of radial artery
cannulation (BEprForD and WorLwMan, 1973). Non-Teflon
catheters appear to be more thrombogenic than Teflon
catheters (Beprorp, 1975), and nontapered 20-gauge
Teflon catheters have had the lowest incidence of
thrombosis (KN et al., 1975) in radial artery cannulation.
Any solid particle such as a thrombus or foreign material
such as a piece of plastic or glass entering the bloodstream
could have similar physiological effects to that of a cerebral
or coronary air embolus.

3 Technological evolution of vascular cannulation
methods

Technological developments in vascular cannulation
methods have been influenced to a large extent by
accidents which have occurred during cannulation.

In earlier years blood transfusions used gravity as the
driving force for infusing blood into the vein of a patient.
However, if the bottle became empty and the infusion tube
was not clamped, air could enter the venous circulation
(DoyLE and Fropsnam, 1949). Similar incidents of air
embolism caused by containers running dry have been
reported for CVP catheters (Orpway, 1974), infusion sets
(PeperseN and Hessov, 1978) and for intravenous infusion
with the aid of a mechanical pump (ABerNaATHY and
Dickinson, 1979).

Gravity nfusion rates are slow, and under certain
conditions the blood must be transferred at a rate faster
than that produced by gravity alone. Faster infusion rates
can be obtained by pumping air under pressure into the
transfusion bottle. However, because of the higher
pressures and faster infusion rates, even more vigilance is
required to prevent air from entering the circulatory system
{RUESCH et ol., 1960).

To prevent an intravenous line from becoming full of air
Ruescn et al. {1960) advocated the insertion of a float valve
between the fluid container and the patient. In addition, the
authors promoted the use of flexible plastic bags for the
storage of blood to prevent any air from entering the
infusion system.

[ ]
With the plastic blood bag, a pressure cuff applied
around the bag could be inflated 1o apply additional
pressure to the bag and hence increase the infusion rate.

-This systein was thought to be safe from air emboli since

the bag was sealed and no air was injected directly into the
bag. When empty, the bag would collapse and no more
fluid or air could pass into the patient. However, a case was
reported (YEAKEL, 1968) in which air did enter the flexible
blood bag and a fatal embolism did occur,

As a safety precaution against air emboli in pressurised
systems an air detector attached to the high-pressure
infusion line was developed (FeLLows er al, 1966).
However, even with such a system, massive air emboli
could occur, and ABERNATHY and Dickinson (1979)
indicated that the placement of the air detector was critical.

Air emboli could alse occur during the catheterisation
procedure (FLANAGAN et al., 1969; CoLounoun, 1977, 1979),
by the accidental disconnection of the intravenous catheter
at the hub (GracE, 1977; CoLqQuHoun, 1977; 1979) or by the
accidental removal of the catheter (Ross er al., 1979).

To prevent accidental catheter disconnection, a simple
retaming fixture was developed (CoLQuHoun, 1977). Ross
et al. (1979) developed Luer lock hubs with locking rings to
prevent separation of the introducer cannula, the catheter,
and the infusion system. However, even the Luer lock hubs
with locking rings were not failsafe, and a case was
reported where the Luer lock failed to engage the hub of
the catheter and the two components fell apart (MEeTCALF
et al, 1979),

Depending upon the position of the patient, it is possible
that small amounts of air constantly infused, in themselves
insufficient to cause complications, might accumulate in
either the proximal aorta or major branches. This trapped
air might then be released into the cerebral circulation as a
large bubble when,,either a sufficient amount has
accumulated or wheri"the position of the patient is changed
{BaGDONAS et al., 1960). ’

In addition to being a hazard to the patient, air in a
blood-pressure measuring system can also degrade the
quality of the monitored pressure waveform (Carr ard
Brown, [981).

Embolisation due to clots formed in a catheter and being
flushed retrograde into the central arterial circulation have
been discussed by LowENSTEIN ef al. {1971). In their paper
the authors indicated that the volume of flush solution
required to cause retrograde flow through a radial artery
cannulation ranged from 3 to 12ml. Epmonps et al. (1980)
repeated these studies with children and found that the
volume of flush solution necessary to produce retrograde
flow into the central circulation ranged from 0-3-50ml.
They also showed an exponential relationship between the
flush volume and the patient height. .

To minimise thrombus formation and to prolong the .
usefulness of the catheter LowensTEIN et al. (1971), and -
Downs et al. (1974) indicated that a constant slow infusion
of flush solution rather than a large intermittent injection
of the flush solution was the preferred method of keeping
the catheter patent (open).

To have a constant and slow infusion rate of flush
solution it is necessary to pressutise the fluid reservoir, and
to place a flow resistance inline with the infusion line.

One of the earliest constant-flow systems reported in the
literature was developed by Jonnson and Ito (1969). This
system used a flexible plastic bag and pressure cuff to
pressurise the fluid reservoir to 400 mm Hg (this is the same-
type of system as was described for pressurised blood
transfusions), the inline resistance comprising a length of
small-bore marine glass tubing. This resistance converted
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pre\ented clogging of the fine-bore resistance. -
3ARDNER ef al. (1970), working in co-operation with
S -enson Research Co., further refined the system of
Josunson and Ito (1969). They developed the Intraflo
device currently marketed by Sorenson Research Co.

\lthough the Intraflo continuous flush system was
crmed to be failsafe and was incapable of infusing air into
the patient (GArRDNER ef af, 1970} problems have been
r orted.

The Intraflo device contained a rubber valve. Under
normal operating conditions this valve restricted fluid flow
through the catheter to 2-4mlh™!. However, to fill the
t rod-pressure transducer dome with fluid, or to purge the
5,..tem of air, the valve stem could be pulled to open the
valve and increase the flow to about 60 mlh~". The valve
waus designed to automatically close when the valve stem
v s released.
~3CHWARTZ et al. (1977) reported that the valve could
remain open after the valve stem was released, with the
rulting problems of erroneous pressure readings and
t ssible fluid overload in the patient due to the increased
infusion rates. Similar problems with other users prompted
ECRI (1978) to issue a hazard warning on the use of the
I raflo device. Subsequently Sorensen redesigned the
[ _raflo to prevent the valve from remaining open.

4-Current problems with continuous-flush
systems

"Small bubbles have been observed in the tubing of
constant-infusion systems by Kavser (1975), HarsorT and
I \LGETTY {1978), and have been measured by GARDNER et
.. {1977)

Based on theoretical considerations, Kayser (1975)
oatimated that an Intrafio constant-infusion system, filled
v th saline equilibrated with air at 21°C and a pressure of
60 mm Hg  {absolute), could deliver as much as
34-5mm>h~! of air to the patient side of the Intraflo when
[’” ™ pressure was decreased to 760mmHg and the

nperature raised to 35°C. This latter condition represents
fhe arterial pressure and body temperature of the patient.
...The measurements of GARDNER et al. (1977) showed that
i a pressurised system (1060 mm Hg) containing air in
L .th the saline bag and the drip chamber the average rate
of gas formation on the patient side of the Intraflo was
#s4mm h~'. If air was completely removed from the
£ stem the average amount of gas formation decreased to
(rs4dmm>h~ L

Although HarsorT and DALGETTY (1978) did not
T""dertake any quantitative measurements, they confirmed
t : hndings of GARDNER et al. (1977), which indicated that
& system LOﬂtdlnlng air in the drip chamber could generate
spall bubbles in the monitoring lines after a fast flush.

iese bubbles were thought to be due to the entrainment
e ait in the drip chambers during a fast flush, and the
greatest number of bubbles occurred in systems which used
rmicrodip chamber (GARDNER et al., 1977).

HarporT and DacLcerTy (1978) also indicated that large
biibbles could form on the low-pressure side of the Intraflo
whenever air was contained in the saline bag. These

""Ibbles were thought to appear due to the supersaturation

. the saline solution caused by the pressure drop across
the Intrafto.
r-Removal of air from the saline bag would remove some
« the source of air bubbles (HareorT and DALGETTY, 1978)
and removal of air from the drip chamber would eliminate
the remaining bubbles (GarDNER et al., 1977; HarporT and

[
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of the drip, Lhdmber (GARDNER, 1978).

" GARDNER {1978) recommended the use of a microdrip
chamber 1o perrmit monitoring of the fluid flow to indicate
a faulty Intraflo vaive. Yet an earlier paper (GARDNER et al.,
1977} showed that the use of a microdrip chamber and fast
flushing were the major determinants for air bubbles in the
system.

In addition, it was noted that over a period of time the
drip chamber filled with fliid as a result of air being
displaced and transmitted throughout the flush system.
Once filled with fluid, the drip chamber loses its
monitoring function.

Consequently, in the present configuration of the
constant-infusion system, there is a trade-off between
having a drip chamber to observe flow, with the resulting
possibility of air bubble generation during a fast flush, and
of relinquishing the flow-monitoring feature to eliminate
the generation of air bubbles during a fast flush.

As another alternative, a drip chamber could be used
and fast flushing of the left arterial line could be banned.
However, in this case there is always the possibility that the
system could be flushed accidentally and an air embolus
could result.

Inline hydrophilic membrane filters could. possibly be
used to trap any air in the system (MEEKER et al, 1976).
GARDNER et al. {1977) mention the use of the screen filter
Medlon system to trap bubbles generated during the fast
flush. However, no information was provided as to filter
placement and what effect—if any——the presence of the
filter had on the measurement of blood pressure.

An extensive evaluation of inline fluid filters was
conduced by ECRI (1979). This report, along with that of
Rusmin et al. (1979), indicates that these filters require
special care in implementation and they are alse subject to
failure.

b Conclusions

The development and availability of refiable electronic
pressure monitoring equipment has made continuous
direct monitoring of blood pressure commonplace in the
intensive care unit. Recent years have seen a marked
increase in the application of direct blood-pressure
measurements for long-term monitoring.

Patients undergoing vascular cannulation are exposed to
the dangers of thrombosis and air embolism. Patient
complications due to these hazards can be reduced by
using a pressurised continuous-flush system such as the
Intraflo system, eliminating all air from the pressurised
continuous-flush system, using a 20-gauge nontapered
Teflon catheter, and by careful nursing care and vigilance.

Although every effort has been made to eliminate the
hazards of thrombus and air embolism both by developing
new or refined equipment and new techniques, these
dangers have only been reduced and not eliminated.
Consequently vascular cannulation has associated with it a
certain degree of risk, but these risks are outweighed by the
medical advantages gained from direct blood-pressure
measurements.
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Abstract—Multiple model adaptive control procedures have been
considered for a eomputer-based feedback system which regulates the
mdnfusion rate of a drug (nitroprusside) in order to maintain desired
i oload pressure. Because the transfer function pacrameters are different
L.or each patient, and furthermore are time variant, such an algorithm
is desirable for maintaining both steady-state and transient specifica-
mtions. To this effect, computer simulation has shown that multiple model
idaptive control procedures might be successfully applied to the control
....;f blood pressure despite the uncertainty in the delays, time constant,
and gains. Additional efforts concerned with the actual demeonstration
w-f these concepts on dogs have further supported the role of adaptive
:ontrol for blood pressure regulation.

- I. INTRODUCTION
N automated drug (nitroprusside) infusion system for
. blood pressure control should produce good response

,.characteristics, such as pressure undershoot {i.e., maxi-
num excursion below commanded level) less than 10
—.nmHg, 20 percent settling time of 5-10 min, steady-state
error within +5 mmHg, and also satisfy the following
*:linical conditions [1].
® Drug infusion rate should be limited by

Uy <= 60W,i,C;' (mlthr) . ()

maximum infusion rate (ml/hr)
... W, = patient weight (kg)
= maximum recommended dose (10 pg -
. min"])
C, = drug concentration (ug/ml).

<
non

kg™!

<
f

e For patient safety, the infusion rate should be reduced
~under hypotension, i.e., when there is a drop in excess of
_ 20 mmHg from the setpoint.

® The reduction rate of blood pressure should be lim-

Manuscript received January 7, 1985; revised June 24, 1985, This work
..vas supported by the National Science Foundation under Grant ECS80-
16253. Any opinions, findings, and conclusions or recommendations ex-
. pressed in this paper are those of the authors and do not necessarily reflect
" ihe views of the NSF.
W. G. He i3 with the Department of Electrical, Computer, and Systems
-~Engineering, Rensselaer Polytechnic Institute, Troy, NY, on leave from the
Chengdu [nstitute of Computer Application, Academia Sinica, Chengdu,
~-China.
H. Kaufman is with the Depantment of Electrical, Computer, and Sys-
..lems Engineering, Rensselaer Polytechnic Institute, Troy, NY 12180-3590.
R. Roy is with the Depantment of Biomedical Engineering, Rensselaer
Polytechnic Institute, Troy. NY 12180-3590.
" IEEE Log Number 8406102.

*

ited to 5-10 mmHg/ 10 s in order to prevent undesired sec-
ondary effects, for instance, diminished blood flows.

The idea of multiple model adaptive control (MMAC)
was proposed and discussed by Lainiotis in [2] and {3]. A
multiple model-type adaptive algorithm for self-organiz-
ing control was also proposed by Saridis er af. in [4]. From
the viewpoint of stochastic control, an MMAC system for
the F-8 aircraft was developed by Athans et al. in [5).

Because MMAC is a robust procedure, that has not to
date been extensively used for biomedical applications, a
study has been made for a suitable PI controller-based
MMAC system for blood pressure control. In particular,
it focused on the partition of plant parameters, design of
the controller bank, model bank, and the algorithm itself.
An MMAC system, with 8 models, was then designed,
and its performance was evaluated both by computer sim-
ulation and with dogs. Results indicate the MMAC algo-
rithm to be very effective for controlling blood pressure
despite the effects of plant parameter variations and back-
ground noise.

II. PLANT CHARACTERISTICS
Based upon the results by Slate and Sheppard [6], the
following model will be used for design purposes:

Y _ GeTT(L + aeT)

= = 2
F@) Us) 1 + 75 @
P(s) = Y(s) + Pis) + P, (3)
where
Y(s) is the change in biood pressure from its initial
value P, due to the drug,
U(s) is the drug infusion rate,
P.(s) is the plant background noise,
P(s) is the actual blood pressure.
The parameters in (2) were chosen as [1]: G = ~0.25 to

~9 (nominal = —1), 7 = 30-60 s (nominal = 40), T; =
20-60 s (nominal = 40) [7], T, = 30-75 s (nominal =
45), a = 0-04. P, is usually 115-140 mmHg, P,.(!) is
typically 2-5 mmHg (for low noise levels) or 15-25 mmHg
(for high noise levels).

. MMAC MeTHoD

The MMAC procedure shown in Fig. 1 is based upon
the assumption that the plant can be represented by one of
a finite number of models and that for each such model a
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Fig. 1. MMAC system structure.

controller can be a priori designed. All of iliese controi-
lers together then constitute a controller bank. An adap-
tive mechanism is then needed for deciding which con-
troller should be dominant for 'a given plant. One
procedure for solving this problem is to form a weighted-
sum of all the controller outputs, where the weighting fac-
tors are determined by the relative residuals between the
plant response and the model rcsponses )

In Fig. 1, since the plant gain is negative, the system
error is expressed as

e®) = p®K) = p, @)

where K is the: samplmg time and p_ is the commanded or
set-point pressure level.

For patient safety, two nonlinear units are bullt into the
system. The nonlinear unit limiting infusion rate is given
as

‘ u forup < U
u=FMw={D o (5
: AUy HD > Uy

whete Uy is the allowed maximum infusion rate calcu-
lated from (1).

The other nonlinear unit is.used to turn off the mfusmn
if and when hypotensron occurs [1]. Its expression is given

by
. 1 forpK) =z p,
F. K)]m{ o 6
F1F ¢ 0 P () < py 6)

where p, is defined as
p=p.— 20 )
and p, is the commanded pressure setpoint.

X = Po- Ps e u

- Y=p-po
Fe(S) F(S)

controller plant ’

Fig. 2. An equivalent continuois system.

With respect to the MMAC development, Section II-A
describes the design of the controller bank, Section 11I-B
discusses the model selectien procedure, and finally, Sec-
tion III-C prescnts the actual control computation.

A Contraller Bank Design

A controller that is sufficiently robust over a given sub-
set of process models will now be developed. To simplify
this procedure, it will be assumed that the welghtmg fac-
tors have converged and that the sampling period is less
than} ~ } of the plant time constant so that the basic con-
trol loop of F1g .1 can be modeled by the continuous sys-
tem shown in Fig. 2. In this figure, the sysiem input and
output are, reSpectlvely, the desirable and actual drops in
pressure, and the negative plant gain is replaced by its
absolute value.

In terms of the closed-loop transfer functioni T(s), the
controller transfer function is

1 T(s) -

F(s) FS) 1 = TG6) (8)
where F(s) is as defined by (2). Generally, T(s) for sat-
isfactory response should have a first-order exponential
response with time delay and satisfy the following condi-
tions:




® the controller F.(s) must have no predictor element

® the closed-loop system should respond to a step input
with zero steady-state error.

In a manner similar to that of [8], T(s) might then be
chosen as

1 e ™A + ae ™)
1+« A
14+«

I(s) = 9)

S+1

_ where A is a tuning parameter related to the time constant

of the closed-loop system, and T;, T,, and « are the plant

. parameters in (2).

Substituting (2) and (9) into (B), and using {(as in {8])

- the first-order Taylor series approximation of exp (—7;s)

and exp [~(T; + T,) s], gives the following P-/ compen-
sator:

TS

Fis) = Gc(l + —1—> ‘ (10)

. where

Te =17 (11)
and

G"’ T .
TGN+ + )T +al)]’

(12)

The tuning parameter A in (12) can be computed to sat-

. isfy specifications in the settling time ¢, of the closed-loop

system defined by (9). This settling time ¢, is defined as

- follows:

20
X

zC (13)

Fxg

where y(#) and x are, as shown in Fig. 2, the actual and
desired pressure drops, and C is a constant less than 1.
Using (9), it can then be shown that

Yy 1 _ _
Pt @) —exp [=(1 + &)

(s — DI + aexp [(1 + a)/NT)]. (14
If A >> T, then

exp ((i : @) TC) =1

C =

. and A becomes

_(l + O!) (t: - T;)
nl — O)

In order to compute the controtler parameters 7. and G,,
the ranges of plant parameters in each subspace also need

A=

(15)

~to be determined. From simulation results, it was ob-

served that changes in the plant parameters, except for
plant gain (and to a lesser extent, the plant delay time T}),
did not adversely affect the undershoot and the settling

- time. Therefore, the plant gain was divided into several
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intervals and the other plant parameters were frozen. The
values of the frozen parameters were denoted as 7,, T,
T,,, and «,; these typically were nominal or maximum
values of the plant parameters. The procedures for such
selection are now explained.

Let G, and G, denote the lower and upper limit plant
gains for the jth interval and assume that G, the minimum
possible gain is a priori available, A recursive approach
for generating the controller gains G, ; and plant gains will
now be developed. G,; will be determined from Gj, and

G;,, will then be found from robustness considerations..

To this effect, substitute X, G;, and the frozen plant pa-
rameters 7,, T, T,,, and o, into (12) to find the controller
gain as

TO

GIn+ (A + a,) T, + o,T,,)

G = : (16)

Then, estimate G; , , 50 that the undershoot and/or phase
margin PM is satisfactory over the plant gain subinterval.
To do this, recall from [9] that PM (in degrees) = 100 X
(damping factor). It 7 is frozen as r,, and T, = 0, the

open-loop transfer function in Fig. 2 can be derived from
(2), (10), and (11) as

G,;G(l + a)e ™

TpS

F(s) F(s) = (1

The minimum phase margin of this open-loop system can
then be computed as

1 + a) G,,T, MAX [G:
MIN[PM] = % . = G+
(j=1t, -, N (18)

From (18) and (16),
Gj+i (0.5 — MIN[PMD)[A + (1 + o) T, + o, 7]
G T(l + «)
= A. (19)

For the worst possible case, T; and « in (19) should be at
their maximum values. Therefore,

Gy = AYG, (20)

where N, the number of subspaces, is the smallest integer
N such that Gy, is greater or equal to the maximum pro-
cess gain. G would then be the lowest anticipated plant
gain.

B. Model Bank Design

The model bank in Fig. 1 consists of a number of models
with constant parameters characterizing the individual
plant subspace. Since these models should have the same
structure as the plant, they will be described by the fol-
lowing transfer functions:

.ij(s) Gm_; e_ijs(l + amj e—Tnm-jS)

ij(s) = U(S) -

=1L -".N (2D

1 + ijs
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where the output pressure from model j is
ij(s) = ymj(s) + Pn (J = ]s T, N) (22)
and

¥mj(s) is the change in the jth model output,

U(s) is the model input,

P, is the initial value of each model’s output, which
equals the initial plant cutput.

The relative residual R} (K) will be defined as the nor-
malized squared error between plant and model, i.e.,

RIK) & {[pn;(K) — p(ROVP, — PYY
G=1,"",N). 23)

Using (3) and (22) and eliminating the plant noise p,(f),
(23) can be transformed into

RIK) = {{ym;(K) — YEW(P, — P)}*
(j=1,,N). 24)

At each sample time K, the model that has the smallest
residual is defined as the matching model, which is then
used to represent the plant characteristics.

Selection of the model parameters should consider both
the optimal match between the characteristics of plant and
models, and the system dynamics. Since the plant param-
eters 7, T., and o can be frozen, the model parameters
Tmjs Tmej» and o, ; were selected as 7,,; = 7, T,,.; = T,
and o; = @, (forj =1, - -+, N).

Selection of the model delay time 7,,; must be made tak-
ing into account the undershoot specification. In effect,
simulation results that will be shown in Figs. 6 and 7 in-
dicate that different model delay times significantly affect
undershoot, especially when the plant gain is high. For a
blood pressure control system, large undershoot is not al-
lowed, so that the model delay time should be chosen as
the maximum expected plant delay time.

Appropriate model gains are required for the MMAC
system to properly select the dominant controller. When
the plant gain is located on a boundary between two plant
parameter subspaces, such as G = G;,,, the residuals
R;(K) and R, , ,(K) should satisfy

RI(K) = R \(X). (25)
From (24) and (25),
Yom,j+1(K) + IYmj(K) — 2y(K) = 0. (26)

Replacing the values in (26) by their steady-state values
for a step input gives

2(1 + @)
Gujr = T Git1 + G
(j=1,--,N) 27

If it is assumed that @ = «, then (27) can be simplified
to

Gm_j+|526j+l—ij (j'-=1,"',N)- (28)

Note that G, should be a priori selected such that
Gm = 3(G, + Gy). (29)

C. Control Algorithm

To achieve desirable system performance and to guar-
antee patient safety, the control algorithm should converge
quickly to the optimal values and should react to time-
varying plant characteristics, as well as ensure a reason-
able rate of blood pressure change. Thus, the control was
compuied as a weighted sum of controller bank signals,
ie.,

N
u{K) = 25 Wi(K) 1K) (30)
i=
and
N is the number of models,
u K}y is the control variable,

u;(K) are the individual controller outputs,
and
W;(K) are the weighting factors.

The weights were selected as follows.
1) Recursive update

~R? N Wk -
— exp [~ R} (K)2V2) Wi(K - 1)

N
2 exp [~RIK)2VI WK — 1)

(=1, N). (31}

2) Bounding away from zero

Wi(K) for W/(K) > &
WiK) ={ ’ (32)
W/ (K) =< 4. :
3) Normalization
W, (K))
W;(K} =‘—N[—J(—)]— =1,---,N) (33
Z W)Y
where
Rj (K) are the residuals [e.g., (23)]
V is a parameter controlling the convergence rate
of W} (K) with R;(X)
] is a threshold to limit the importance of past
information.

Equations (30) and (31) express the basic relationship
between the control, the weighting factors, and the rela-
tive residuals. Equation (32) is used to limit the impor-
tance of past information so as to enable the adaptive
mechanism to react quickly to new information about the
plant characteristics. Equation (33) is used to normalize
the weighting factors so that their summed squared value
is unity.
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" The parameter V in (31) plays an important role in con-
trolling the convergence rate of W;(K). To see this, let
- .(K)and W, (k) represent the residual and the weighting
sractor corresponding to the matching model, then

”o R (K) < Ri{(K)
. _rom (31) and (33) it can be seen that

O (L m))

W.(K)
Thus, for rapid convergence of W;(K), a smaller value of
»* is desired; however, an excessive reduction in ¥ could
ause a computer overflow.
" In the algorithm, the initial weighting factors W;(0) and
the threshold & must be determined a priori. Since the
:ant gain may be located in any position in the plant pa-
-rameter space, the values for W;(0) were assumed to be
’uniform, that is,

(forj = m).

WK — 1)

Wk~ Y

1 .

W,(0) = W/ (0) = N (J

~Srom (31), it is observed that a large value of & will im-

rove the sensitivity of the algorithm to the new plant in-

‘formation. However, as shown below, an increase in 6 will

J[educe the system phase margin. To see this, use (33) and
t the converged weighting factors be

WAK) = W,

1, -+, N). (35

(for the main weighting factor)

o

Wi(K) = &

“from (10), (18), and (30), the relationship between
MIN[PM] and 5 can be derived as

T _ (L+ ) T, MAX [Gps ]

(forj # m).

e MIN[PM] = 5 .

Y

: -G W, + &8 2 -——’—] 36

Lo “ [ J:l (Gcm) ( )
j®Em

*“hus. MIN [PM] will be reduced with an increase in 8.

__ Since the control variable 4 (X) computed by (30) will
be in error before the convergence of W;(X), and this error
~=an cause a large undershoot for high gain plant, the al-
. orithm consisting of (30)-(33) was modified as follows:

) QuK)
P‘ for K = d,
up(K) =< [Q@ + QK — dn)] uK)
dy< K< d, + D)
u(K)
K= {d, + D)
vhere @ and Q, are coefficients that are less than 1,
d, = INTEGER [T,/T,.
1 - Q]
QI

(37

;]

D, = INTEGER [ (38)

(2 is used to regulate the initial infusion rate so as to pre-
vent large undershoot. The value of Q should place the
initial control variable near the steady-state control input
required by the plant with the highest expected gain. Q,
is then set so that the increment of the initial infusion rate
ensures smooth reduction of pressure.

Note that because of this conservative initial control
policy, a large error could persist and subsequently cause
an undershoot of the system output. To eliminate this be-
havior, the integral component was decreased during the
initial control period as follows:

. T K=1
w(K) = G; [E(K) +=2 % B,-E(f)]
T, i=0

(J=1---,N) (39
where B; are modifying coefficients defined as
Bi=1 forK < (dy + Dy
Bi=1 fork > (d, + D). (40)

IV. REsuLrs
A. System Design

An MMAC system with 8 models was designed to sat-
isfy the requirements of Section I, namely, an undershoot
less than 10 mmHg, a settling time less than 300 s, and
the limitation condition for the maximum infusion rate
given in (1). After summarizing the data given in Section
II, the frozen plant parameters were chosen as 7 = 45 s,
T, =405, T, = 50s, and @ = 04. Choosing T; = T},
o = «,, and C = 0.8, the tuning parameter A was found
from (16) to be

(1 + 0.4) (300 - 40)
In (1 ~ 0.8)

Choosing MIN [PM] = 65°, T, = 60 s and o = 0.4 (for
the worst possible case), the plant gain partition factor can
be determined from (19) to be

A=

= 226.

Gi+1 _ (0.57 — 1.13)[226 + 1.4 X 40 + 0.4 X 50
G 60 (1 + 0.4)
= 1.58
where Gi = Gmin = (),25.

The controller parameters G,; and 7.; were computed
from (17) and (11) after substituting G;, A, 7,, Ty, T,
and a, into the formulas. The resulting values of G.; and
1.; are listed in Table I.

As mentioned in Section III-B, the model parameters
Tmjs Dmcj» and oty ; were chosen as 7,,; = 7,, Tpe; = T,
and o,,; = a, (forj = 1, - - -, N). The model gains can
be found from (28) and (29), and are also listed in Table
I.

T,,; was selected to be either 60 s (i.e., the maximum
of T;) or 40 s (i.e., the nominal value of T).

The coefficient V in (31) was determined by simulation
on a PDP-MINC computer. When V = 0.07, the compu-
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TABLE 1
PARAMETERS OF THE SYSTEM WITH 8 MODELS
(a) Coefficients of the coatrol algorithm.

d. DI v Q Q! Bl B2 B3
6to 3 01 04 02 01 03 05

B4 BS B6 B7 B8 () &
0.8 1 1 1 1 1/8 - .05

(b) Parameters of controllers and models.

Controller Meodel

Number G, T, G, Toi Tone T a,, Plant Gain
1 0.6 0.32 0,25-0.39
2 0.39 0.46 0.39-0.61
3 0.25 0.76 0.61-0.95
4 0.16 45 1.14 60 50 45 0.4 0.95-1.48
5 0.1 1.82 1.48-2.3
6 0.065 2.8 2.30-3.6
7 0.042 4.4 3.60-5.6
8 0.027 6.8 5.60-9

tation overflowed. When V = 0.1 and 0.2, the settling
times were 340 and 460 s, respectwely Thus, V was cho-
sen to be 0.1.

The coefficient & in (32) can be estimated using (36).
To consider the worst possible phase margin, let

MAX[Gps1l = Gs1 =9, =04, T, =60s,and & =
0.1 or 0.5, then

MIN[PM] = 48°  foré = 0.1
and

MIN[PM] = 60°  for 6 = 0.05.

Therefore, & was chosen to be 0.05.
The initial weighting factors were all assumed to be the
same, i.e.,

W0 = }.

@ in {37) was chosen as 0.4 because this value gave an
initial infusion rate close to the steady-state control input
required by 2 high-gain plant. @, in (37) should be less
than unity in order to limit the increment in the infusion
rate. Results obtained by trial and error showed that the
undershoot specification can be satisfied when @, = 0.2.
As stated in Section III-C, modification of B; is needed
only for the control of lower gam plants, so that some
components of B;, such as Bs, * - -, B, corresponding to
the controller outputs for high-gain plants, can directly be
set to unity. The other components, i.e., By, - -+, By,
were determined by trial and error. Their values are listed
in Table I. A study of the sensitivity to Q, @, and B,
showed the algerithm to be relatively robust over a wide
variation in these parameters.

The parameters Uy and P; in Fig. 1 can  be computed
from (1) and (7). As an example, if W, = 60 kg, iy, = 10
ug - kg™', Cs = 200 pg/ml, and P; = 100 mmHg, then

Uy = 60 x 60x 10 x 200" = 180 ml/h,
P, = 100 — 20 = 80 mmHg.

B. Computer Simulation Studies

Computer simulations were used to evaluate the re-
sponse of the system design in Section IV-A over a rep-
resentative plant parameter envelope. Of interest were the
responses to a step command in the presence of plant
background noise, the adaptation of the algorithm to time-
varying plant gains, and the effects of the model delay
time on the undershoot. In the simulations, P, = 100
mmHg, P(0) = 150 mmHg, T, = 10 s. The plant back-
ground noise P,(7) was simulated as a white Gaussian noise
sequence with standard deviation of 2 mmHg.

The first set of simulations was with the model delay
time T, = 60 s and the plant parameters: 7 = 455, T, =
50 s, a = 0.4, as well as for the values of G and T; given
in Table II. Results shown in Table II indicate that the larg-
est undershoot was 12 mmHg (which is close to the un-
dershoot specification of 10 mmHg) and that the longest
settling time was 390 s, which is equal to the sum of the
desired settling time of 300 s and the initial infusion pe-
riod (T,(d,, + D;) = 90 s). Figs. 3-6 show the pressure
response, the change in drug infusion rate, and the typical
convergence process of the weighting factors. Since the
controller gain G ; corresponding to W; is greater than
G, j+ corresponding to W, , (see Table I), the conver-
gence sequence of W;(K') shown in these figures resulis in
the controller gain increasing gradually to its desirable
value during the initial control period. Thus, the drug in-
fusion rate and the blood pressure both change in a smooth
manner. These responses also show that the MMAC al-
gorithm is robust even in the presence of the plant back-
ground noise.

The second set of simulations was made for comparison
of system performance under different selections of the
plant parameters 7, T;, T., and . In these simulations,
the model delay time T,,; was still 60 s, but the plant pa-
rameters were chosen as 7 = 30s, 7; = 20s, T, = 50 s,
a = 0, G = the lower gains of the plant subspaces listed
inTable I, oras 7 = 60s, T; = 60s, T, = 755, a = 04,
and G = the higher gains of the plant subspaces in Table
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TABLE 11 Model: Number =8  Delay Time = 60 sec
Plant: Gain = .25 Delay = 60 sec  Noise Variance = 4 mmHg
. Settling Time (s) Undershoot (mmHg) -
£ 150
Plant Delay Time (s) Plant Delay Time (s) [
“Plant E
Gain 20 40 60 20 40 60 @ 100
T s 3
7]
25 370 370 370 0 0 0 S g0
‘.32 390 350 320 - 59 4.8 35 %
0.38 350 360 310 8 8.2 8.5 g
. g 4 .
o
39 340 150 310 0 0 2.7 ~ Q 2 4 8 a8 ' 10 ) 12 14 18 18 20
...59 350 360 280 9.5 12 8 = Time (min)
-
200
10,62 340 340 290 0 0 0 Py
9 320 340 260 9.4 8.9 4.5 i I
5 : @ 100
- =
1.0 300 310 270 0 0 [H .g
W14 330 340 240 9.8 11.5 54 . "2 9
! £ ¢ 2 4 6 & 10 12 14 18 18 20
i 5 310 320 240 o 0 0 . Time {min)
2.2 340 350 220 10.5 11.5 3.2 2 1o w1
g 1
Lo
T4 310 320 350 0 0 o
5 310 320 200 9 - 9.7 1.1 £ 05
[ E w2
(=]
3.7 00 300 200 0 0 0 g 0.0
s 340 330 160 8.7 12 0.4 o 2 4 6 8 10 12 14 16 18 20
- Tima (min)
R 340 340 3190 4] 0 ¢ Fig. 4. Syst itnulati
9 260 270 140 0 0.58 6.5 g. & System simulation.
Model: Numbar =8 Delay Time = 60 sec
- Model: Number =8  Delay Time = 60 sac Plant: Gain =9 Delay = 20 sec  Noise Variance = 4 mmHg
Plant: Gain = .25 Delay =20 sec  Noise Variance = 4 mmHg :Ei 150
Lo
2w £
2 o 100
£ e
3 100 2
-tg 2 50
T3 &
—g 50 9
o
= 0
3 @ o 2 4 & 8 10 12 124 18 18 20
~2 0 - Time (min)
: 4] 2 4 6 8 10 12 14 16 18 20 =
(S Time {min} > 20
£ £
£ 200 P
% a 10
g e
ko100 8
5 S o
n E 0 2 4 6 8 10 12 14 18 18 20
-2 0 Time (min)
= 0 2 4 6 8 10 12 14 16 18 20 - 8
- Time {min) g0 h
g s ! £
[4] ’
Lo w3 CE” 0.5 l
» =
i 05 2 _[
< 0.0
2 2T 4 6 8 a0 12 12 6 18 20
=% 00 Time (min)
0 2 4 6 :} 10 2 14 16 18 20 X .
. Time (min) Fig. 5. System simulation.

Fig. 3. System simulation.

— lation was run for T,,; = 40 s, and the same plant param-
[ Results show that except for G = 0.25, the largest un- eters as in Fig. 6. Comparison of the results in Figs. 6 and
dershoot and the longest settling time were about 12 7 indicates an undershoot of 6.5 when T, j = 60 s. When
m’THg and 390 s, respectively. T,; = 60 s, Fig. 6 shows that the main weighting factor
I n order to show that different model delay times 7,,; directly converges to Wy. However, when T,,; = 40 s, Fig.

ri_alt in different amounts of undershoot, the third simu- 7 illustrates that the main weighting factor first converges

o
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Model: Number = 8

Delay Time = 60 sec

to W, and then to W;. Since G, corresponding to W, is
greater than G4 corresponding to Wy, the undershoot re-

sults.

The fourth set of simulations considered the system re-
sponse to a time-varying plant gain. Figs. 8 and 9 show

R

0 2 4 6 ] 10

Plant: Gain=9 Delay =60 sec  Noise Variance = 4 mmHg
o 150
I
€
E
@ 100
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[
w
¢ 50
o
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o 0 2 4 ] 8 10 12 14 16 18 20
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£ 20
E
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£ 0 2 4 [ B 10 12 14 16 8 20
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Qo
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Fig. 6. System simulation.
Model: Number = 8  Delay Time = 40 sec
Plant: Gain =9 Detay =60sec Noise Variance =4 mmtig
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Fig. 7. System simulation.

Blood Pressure (mmHgq)

Infusion Rate {ml/hr)

Weighting Factor

Hioed Pressure (mmHg)

Intusion Rate {(mi/hr)

Weighting Factor

Model: Number = B
Plant: Gain - 1.4

150

100

50

Delay Time = 60 sec
Delay = 60 sec

Noise Variance = 4 mmHg
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4 6 a 10 12 14 16 18 20
Time (min)
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Fig. 8. System simulation.

Model: Number =B Delay Time = 60 sec
Delay = 60 sec

Plant: Gain = 1.4

150

100

50

Noise Variance = 4 mmHg

o= 1.4
Gt G = Gu/t1+ 0.08(1- 10)) G =073

100

4 6 8 10 12 14 16 18 20
Time (min}

PO

4 6 [ 10 12 14 16 18 20
Time (min}
w4 w3l

U

4 6 8 10 12 14 16 18 20
Time (min)

Fig. 9. System simulation.

that the given time-varying plant gains cause the weight-
ing factors to adapt so as to stabilize the pressure within
+ 10 mmHg error from the setpoint.

~ Of interest in all cases is the tendency for one weight
to converge to unity and the others to zero.
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Dog: 1§ kg  Mitropruside: 200 mg/A  Neosynephrine: 0 mi/hr
Sampling Time: 10 sec  Setpoiat: 90 mmHg
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.-

~.Z. Results of Animal Experiments

To further verify the effectiveness of the algorithm and

"o evaluate the performance of the system design in Sec-
- .on IV-A, animal experiments were carried out on anes-

thetized mongrel dogs. Arterial pressure was measured
==hrough a catheter in the femoral artery by a transducer.
Che mean pressure signal was obtained by passing the sig-
“al through a low-pass filter to remove high-frequency
~Lomponents in the blood pressure signal from the sensor
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Fig. 12. Results of an animal experiment,

output. An A/D converter with 12 bits was used for digi-
tization of the mean pressure. Sodium nitroprusside with
a concentration of 200 mg/l was infused by a Critikon
2100A infusion pump. A PDP MINC-11 computer was
used for on-line control. In order to change the plant char-
acteristics, neosynephrine with a concentration of 100 ug/
cc was administered. The sampling period was chosen as
10-15 s. The experiments were run on three dogs.

Fig. 10 shows that the mean arterial pressure (MAP)
steadily dropped to within 5 mmHg of the setpoint in 6.5
min and without any undershoot. The mean steady-state
error was near zZero.

Figs. 11 and 12 show the system responses under neo-
synephrine infusion on two different dogs. This neosyne-
phrine infusion was such that the anticipated increase in
MAP without adaptation would be 30-45 mmHg for Fig.
10 and 20-30 mmHg for Fig. 11. Results indicate that in
both cases the system increased the nitroprusside infusion
rate s0 as to compensate for the increase in pressure
caused by neosynephrine and thus to keep MAP at the
given setpoint with a mean error of about 3 mmHg.

Fig. 13 shows the response of the system performed on
a third dog with large plant background noise and a higher
sensitivity to the drug. The pressure curve shows that the
undershoot and the settling time were about 5 mmHg and
about 8 min, respectively. The infusion rate and the
weighting factors oscillated in the initial control interval,
but settled out after 9 min.

V. CONCLUSIONS

The results of both simulations and animal experiments
indicate that the MMAC algorithm has the potential for
automatically controlling blood pressure over a fairly wide




* e

HE e al : MULTIPLE MODEL ADAPTIVE CONTROL PROCEDURE FOR BLOOD PRESSURE CONTROL 19

Model Number: 8 Model Delay Time: 60  Sampling T 15 sec
Dog: 26 kg  Nitropruside: 200 mg/| Neosynephrine: 0 mg/|

180
=
£
100
E TN T —
Py s ST e - -G
5
w 50
w
g
o
o
] 16 32 48 64 8 86 112 128 144 16
Time (min)
=
g 20
E
2
[}
T Il
£
]
% o
=]
= 1} 16 32 48 ¢&a 8 86 112 128 144 16
Time (min}
é 1 5 4 & 5 6 5
(7}
o
w
2os
5 [
K]
z 0

0 16 32 48 64 8 96 112 128 144 16
Time {min)

Fig. 13. Results of an animal experiment.

plant parameter envelope, even in the presence of repre-
sentative background noise.

Further experimentation with animals subjected to sig-
nificant transfer function variations is recommended prior
to clinical usage. Comparative studies with other adaptive
algorithms would also be of interest.
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Abstract—An impedance pulse, recorded noninvasively, has contribu-
tions due to both the change in blood volume of the arteries and to the
change in the blood resistivity. Other researchers have tried to quantify
the relative contributions and have either underestimated or overesti-
mated the contributions since they did not simulate the physiological
conditions. We have used an in vitro flow circulation system to more
closely simulate the physiological conditions and quantify the two
contributions. We find that the blood resistivity change contribution is
strong enough (21.5 percent of the arterial volume change contribution)
to change the morphology of the impedance pulse. There is, however,
a phase difference between the two contributions. As a result of this,
the blood resistivity change contribution to the height of the impedance
pulse will be less than 5.5 percent.

INTRODUCTION o
SRR ERT
N electrical impedance signal obtained from a limb seg-

ment has contribution due to both bloed volume change
(AZy) and blood resistivity change (AZ,) from arteries, veins,
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and smaller blood vessels. Uncertainty exists as to contribu-

tions from these two factors. Axial blood resistivity increases
about 4 percent as shear rate decreases from 300to 05! [I].
Other researchers have recorded simultaneously the signals from
volume (VPG) and impedance plethysmographs (ZPG) under
resting conditions [2], [3]. The systolic upswing of the im-
pedance pulse is typically faster and the diastolic segment dif-
fers. Many researchers have tried io explain the differences as
due to blood resistivity change (AZ,) contribution to the
impedance signal. This is clearly possible since AZ, peaks
with velocity, and hence earlier than AZy which peaks with
pressure. This blood resistivity change contribution, however,
has not been well researched.

Using an in vitro flow system, a carotid artery, a rigid plastic
cylinder, and zero end-diastolic flow [see Fig. 1(a)], Peura er
al. [3] measured the relat've contributions of volume {AZ )
and resistivity (AZ,) changes. They found the blood resistivity
change contribution to be approximately 10 percent of the
total impedance signal. Their in vitro flow system did not
simulate physiological conditions. Physiologically, there is a
minimal transmural pressure of 80 mmHg, the pressure and
flow do not peak at the same instant, and the arterial flow
typically reverses for short duration during diastole. In their
simulation, the pressure and flow peak at the same time. In
our study, we will show that the phase difference between pres-
sure and flow indeed plays a major role. They also maintained
a minimal transmural pressure of 0 mmHg in the artery. This
is an important consideration since the artery is much more
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Fig. 1. Experimental methods used to determine the impedance changes
caused by the flow (and hence blood resistivity) changes and volume
changes in an artery. (a) Method of Peuraet al. [3}. (b} Our method.

compliant near zero transmural pressure than at high pressures
[4). This would result in an overestimate for the volume
change contribution of the impedance pulse. Also, the fiow
did not reverse in their simulation. Hence, the average flow
and the average shear rate were higher, which resulted in an
underestimate of the resistivity change contribution.

Sakamoto and Kanai [1] found that for the aorta, the con-
tributions from the volume and resistivity change were about
the same order of magnitude. We show later (in the Discussion
section) that they overestimated the contribution due to the
resistivity change. .

The folw circulation system employed is shown in Fig. 1(b)
[5]. Weuse the pressure head and peripheral resistance control
to obtain physiological transmural pressures in the artery. We
use elastic tubing and a side branch to obtain the proper phase
relationship between flow and pressure, and also biphasic arte-
ria] flow. This paper presents our experimental data with the

‘ flow system.

There are definite contributions from veins and smaller blood
vessels to the total impedance signal obtained from a limb seg-
ment. We have developed a detailed computer model which
quantitates the contributions of all blood vessels in a segment
of a leg [6].

METHODS AND MATERIALS
Method Used
Fig. 2 shows the flow model. The blood is in the top reser-

" voir which provides a pressure head. A solenoid valve t rr'llero_
' the flow from the reseryoir 0fi and off. We change the
cycle to obtain different pulsatile wavelorms. The blood HHen™ %

flows in a g\q}sggf e fashion through elastic tubing (to simulate
arteries), a Tigid plastic (acrylite) tube of arterial size, and an
artery assembled in series with a variable peripheral resistance.
The side branches on the in vivo system were simulated with a
side elastic tube and variable peripheral resistance. The pressure
was measured with a side #p and the flow with an extracorpo-
real electromagnetic flowmeter. We measured the impedance
changes on the artery (which is compliant), and this gives the
total arterial impedance signal. We also measured the imped-
ance changes on the rigid plastic tul}e which is noncompliant,
and this gives the contributionh}cﬁ “to only blood-resistivity
changes in vessels of arterial size. We also recorded the volume
changes in the artery with ?ﬁl%ircli_n mercury strain gage
plethysmograph. Table I provi&éﬁltﬁé hﬁértinent details of the
instruments used. e e

I
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Flow System Details

Rigid Cylinder with Metal Electrodes: A rigid acrylite plastic
tube was used to eliminate the component due to volume
change. Thus, any measured impedance signal was due to resis-
tivity change only. The electrodes were circular rings of alumi-
num tubing with a machined collar. The tubing sections were
snugly fitted into the collars of the electrodes and glued into
place {3]. Compression clamps made connections to the elec-
trodes. The tubing was 7 mm ID and 9 mm OD, with an
electrode spacing of 20 mm.

Electrodes for the Artery: To measure the impedance signal
from the artery, we used four aluminum electrodes (tape no.
425, 3M Company) 2 mm wide, spaced 15-20 mm apart. They
touched roughly two thirds of the circumference of the artery,
on the lower side, so that they did not restrain the artery. We
have not conducted any study to estimate the error, if any, in
not encircling the artery with these tetrapolar electrodes.

Peripheral Resistance Control: The flow was controlled by
varying the peripheral resistance, which consisted of a 10 cm
long black rubber tubing of 5 mm ID and 18 mm OD. We
used compression clamps on two such rubber tubings to inde-
pendently control the main and side flow,

Tubing Used: Silicone rubber tubing of 7 mm ID and 9 mm
OD was used for elastic tubing sections; these were 100 and
50 cm sections, respectively, on the left and right sides of the
setup shown in Fig. 2. We used short soft-glass (8 mm ID,
10 mm OD) sections to connect the varipus parts.

Data Procurement

Blood: Fresh heparinized blood was employed. We always
primed the system with saline and obtained recordings for
saline before obtaining data for blood. The mixing of saline
and blood was kept to a minimum because of the reservoir
outlet at the bottom. The blood hematocrit was determined
by noting the impedance (with a high constant flow of about

10 ml/s) from the rigid plastic tubing that simulates the artery. -
We determined the cell constant [8] and from it the hematocrit, |

to an accuracy of +3 percent [9].

Artery: Most arterial sections were obtained from the neck
and facial parts of cattle (courtesy of Oscar Mayer and Com-
pany). The artery was perfused in Collins solution and refrig-

-erated to maintain it in stable condition for a period of 24-48

. When we were ready to use it, we injected 0.9 percent cold
saline through it and flushed it. We then tested the artery for
leaks by forcing saline through one end of the artery while
holding the other end of the artery closed. Electrode spacing
was 10-20 mm. Tapered tubing was used on both sides to
mount the artery in the flow system. We recorded from five
arteries. We have provided data for three of them in this paper.
Protocol: We present a detailed protocol elsewhere [10].

REsULTS

Figs. 3-5 show recordings from our flow systemn experiments.
We pumped blood through the system and first recorded the
signals shown in Fig. 3 by maintaining a low transmural pres-
sure and then recorded the signals shown in Fig. 4 for a high
transmural pressure. Fig. 5 shows the recordings again for a
high transmural pressure with 0.9 percent saline in place of
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TABLE I

INsTRUMENTS USED IN THE EXPERIMENTAL SETUP AND THEIR CHARACTERISTICS

Instrument Model Calibration Noise Bandwi th
Type Factor
Electromagnetic | Statham-Medicon Model 2.82 {2.46) 2 memin"l | 12 w2
flawmeter ¥-2000 sine wave type e
for blood (saline)

Imnedance Own design ' 66 m¥/mo 0.33 mn 15 Hz
plethysmographs [73
Pressure Hewlett-Packard 4 m¥-mm Hg'l e 18 Hz
transducer Model 1280
Strain gage Own design Nonlfnear: 20 — 18 Hz
plethysmograph to 100 my.mlla

20nly used for qualitative comparisons,

bleod. In Figs. 3-5, plot (a) is the pressure in the artery, plot
(b) is the flow, plot (c)is the impedance plethysmograph (ZPG)
signal from the artery, plot (d)is the signal from the strain guage
plethysmograph (VPG), and plot (e) is the ZPG signal from the
rigid section (Fig. 5(e) is not shown, as it was always zero).
Fig. 3(a) shows that the minimal pressure in the artery was
low at 20 mmHg. Since the artery was less stretched than when
at high transmural pressure, Fig. 3(c) and (d) shows that it was
more compliant, and had larger ZPG and VPG signals. Fig.3(b)
shows that the flow reverses for a short duration. If the blood
resistivity (and hence shear rate) did not change with flow,
the ZPG signal from the rigid section would be zero. However,
we do record a signal [see Fig. 3(¢)] which peaks with flow, as
expected. Notice also that the arterial volume change signal
[Fig. 3(d}] peaks with pressure. The ZPG signal from the ar-
tery is the sum of the changes due to both volume and resistiv-
ity in the artery. Let AGy and AG, be the copductance

. changes corresponding to the impedance changes AZy and

AZ, (see (1) below). Since the artery is very compliant at
low transmural pressures, AGy is much bigger than AG,,

hence the ZPG signal from the artery looks similar to the VPG
signal.

Fig. 4(2) shows the high transmural pressure case where the
minimal pressure is 80 mmtlg and the arterial compliance is
low. Fig. 4(c) shows that the total ZPG signal from the artery
looks very much different from the VPG signal shown in Fig.
4(d). Now AGy and AG, are of the same order of magnitude.
Fig. 4(e) shows that AG, peaks with flow [Fig. 4(b)], and
hence earlier than AGy which peaks with pressure [Fig. 4(a)].
As a result, the sum of the two signals, ie., the ZPG signal
from the artery [Fig. 4(c)] has a faster rising systolic upswing
as compared to the volume change signal [Fig. 4(d)]. Fig. 4(c)
shows that the waveform changes in the diistolic part of the
ZPG signal from the artery follow the changes in the ZPG
signal from the rigid section [Fig. 4(e)]. However, they do
not exactly match since the shear rate changes in the rigid sec-
tion do not exactly match those in the artery (note that axiat
resistivity decreases 4 percent as shear rate increases from Q to
300 s™! and remains nearly constant at higher shear rates).

We also conducted the experiment with saline in place of

comimm e
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Fig. 3. Flow system recordings for a hovine artery at low transmural
pressure, for blood (same artery as in Figs. 4 and 5). Details: (a} pres-
sure: minimum = 20 mmHg, puise height = 65 mmHg; (b) fow: min-
imum =-1 ml/s, pulse height =5.4 ml/s; (¢} ZPG-artery: pulse
height = AGy + AG, = 180 pS; (d) VPG-artery: used for qualitative
comparisons only: the ordinate scale is for average strain; (&) ZPG—
rigid section: pulse height = 8.7 u§, but AG, = 3.9 8.
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Fig 4. Flow system recordings for a bovine artery at high transmural
pressure for blood (same artery as in Figs. 3 and 5). Details: (a)

pressure: minimum =75 mmHg, pulse height = 30 mmHg; (b) flow:

minimum = 0 ml/s, pulse height = 1.8 ml/s; (¢) ZPG artery: pulse
height = AGY + AGp = 34.5 pS; (€) ZPG—rigid section: pulse height =
5.1 48, but AGp =21 u8. pplaGy, is the height of the ZPG signal
during its systolic upswing, while ppl AGp2 is the height of the ZPG
signal between the foot and peak of the pressure pulse.

(a)Pressure

(A)VPG - Artery

Fig. 5. Flow system recordings for 2 bovine artery at high transmural
pressure for saline (same artery as in Figs. 3 and 4). Details: (a)
pressure: minimum = 70 mmHg, pulse height = 50 mmHg; (b) flow:
minimum = 0 mlfs, pulse height = 2.8 ml/s; {¢) ZPG-artery pulse
height = AGy = 60 uS. Note that AG, = 0.
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blood (see Fig. 5). The pressure is high at 80 mmHg. Since
the saline resistivity does not change with shear rate, the ZPG
signal from the rigid section is zero (not shown). As z result,
the ZPG signal from the artery looks very similar to the VPG
signal from the artery [see Fig. 5(c) and (d)]. Since pulse pres-
sures were not the same for Figs. 4 and 5, we first determined
the equivalent arteria] volume change from the ZPG signal of
the artery from the following equation [S]:

AV=p,1?AG =~ p,1?AR/R* for AR>>R 1)

where

AV = arterial volume change in g
pp = blood resistivity in {2+ cm
1 = length of the arterial section between the voltage elec-
trodes in cm
AG = conductance change measured between the voltage
electrodes in mS
AR = amplitude of the impedance pulse (systolic upswing)
in mf2 (we ignore the reactive component as it is much
smaller than the resistive component)
R = resistance between the voltage electrodes in £2.

We then divided AV by the pulse pressure height to obtain
arterial compliance at the transmural pressure. The two values
obtained for Figs. 4 and 5 agreed to within 3 percent. This
result, surprising at first glance, can be easily understood by
referring to the timing relationship between pressure and flow.
Note that the flow peaks earlier and decreases considerably by
the time pressure peaks. AG, peakswith flow and AGy peaks
with pressure. Thus, in the net signal (ZPG from the artery),
the result is a faster rising systolic upswing, with the foot-to-
peak height of AGy affected very little by the presence of the
AG, signal.

Fig. 6 shows the equivalent arterial volume change as a func-
tion of average transmural pressure (determined as the sum of
the diastolic pressure and 1/3 of the pulse pressure height) on
different arteries. Since the height of the pressure pulse was
not the same for different transmural pressures, we normalized
the arterial volume changes to a 40 mmHg pulse by multiplying
by 40 and dividing by the pulse pressure. Note that with
increases in transmural pressure, the compliance decreases {4],
and hence the arterial volume decreases. For two of the three
arteries represented, there is good agreement for biood and
saline over the whole range of transmural pressures. For the
third artery, the curves do not agree well at high transmural
pressures, with the blood resistivity change contnbutlon bemg
about 10 percent.

Table II tabulates the results for one artery. Column ! hsts
the minima! pressure in the artery and column 2 the pulse
pressure height. Note that the minimal pressure increased from
0 to 80 mmHg. Column 3 gives the minimal flow and column
4 the flaw pulse height. We use the impedance pulse height

. from the arterial ZPG signal to calculate the equivalent arterial

volume change per unit length by modifying (1) as pp/AGy
and list that value in column 5 in units of ul/cm. Column 6
lists the impedance pulse height from the rigid section ZPG
signal, pp/AG,, in pifcm fusing (1)] ,to make it easier to com-
pare it to the ZPG signal from the artery. Column 7 gives the

L 4000 L O A A
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"~ TABLE 11
EXPERIMENTAL DATA FOR ONE ARTERY
(ID =3 mm, OD = 7 mm (at Zero Transmural Pressure),
pr = 158 01 - cm, Hct = 45 Percent

T T T
——

. -

Pressure Flow IPG-artery PG-rigid section
= Column ) 2 3 [] g 6 T 8 9
£ £ = =
Case i i x =
R VR T R 5y S By S
s 3F co 3o 58 28 21 58 218
. =1 21 £3 &5 & £ S8 & Sl
1 0 & 00 88 317 2.25 6.7 225 6.7
2 15 & 0.0 44 22, 1.4 6.6 0.2 1.0
—
315 W 2 69 25 1.37 5.6 0,23 0.9
. & 2 MW -l 5.7 2.0 .64 70 027 1.2
5 2% 5 0.0 4.2 20.0 1.0 &5 0.00 0.0
"6 3 6 .8 55 230 1.2 7.6 0.40 1.8
el 35 80 06 A6 16.7 LS 5.3 035 2.1
] 40 &0 0.0 4.0 14.2 1.00 7.0 0.40 2.8
e s 4 08 27 e 132 157 0.0 0.0
w10 65 e 00 25 7. 1.00 141 0.20 2.8
N 2 00 L7 4T 100 215 0,26 5.5

“Tatio of column 6 to the arterial ZPG signal in column 5 ex-
,.bressed as a percentage. This isa measure of the relative ampli-
‘ude of the resistivity change signal to the volume change signal.
~-Note that the resistivity change signal could be as large as 21 .5
percent of the volume change signal. However, since the resis-
"“ivity change and volume change signal do not add in phase,
...he contribution of the resistivity change signal to the total
ZPG signal from the artery is rarely 21.5 percent. Usually, it is
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much less (5.5 percent or less). To make an estimate of the

actual contribution, we determined the height of the ZPG sig-

nal from the rigid section over the time interval during which
the pressure pulse rises from foot to peak amplitude (see Fig. 4).
Columns 8 and 9 list this parameter, p,/AG,,, as an absolute
value in wlfcm and as a percentage relative to the total ZPG
signal from the artery.

For case 1, the pressure and flow peaked at the same time,
and the resulting contribution of AG, was 6.7 percent. This
case is similar to that of Peura ef al. [3] However, physiolog-
ically, pressure and flow do not peak at the same time, and so
we ignore this case in the discussion to follow.

Note the following from Table II.

1) With an increase in transmural pressure, arterial compli-
ance decreases, which results in a lower AGy (column 5),

2) With flow reversal (nonzero and negative minimal flow’
cases in Table II}), the pulse height of the ZPG signal from the
rigid section increases (column 6).

3) The percent contribution of the resistivity change de-
creases with decrease in transmural pressure (see column 9). -

Exact quantification is difficult because of the following
reasons.

1) Cur experimental arteries were typicaily one half as com-
pliant as the arteries found in the human leg. (Estimated A/R,,
ratio (thickness to outer radius ratio) at a transmural pressure
of 100 mmHg averaged 0.18 for the arteries.) *

2) The pulse pressure in our experiments was typically 60
mmig, while 40 mmHg is a typical physiological value. We
had a higher value because of the interaction of flow and pres-
sure controls.

3) In our flow system, pressure and flow pulses were inter-
dependent: controls to vary one variable invariably affected
the other variable. So flow reversal was typically obtained only
at low transmural pressures. Addition of a pulsatile pump to
vary the flow independent of the minimal pressure is desirable
in a future study.

4) The rigid section may not simulate conditions in the artery
at all transmural pressures. At low transmural pressures, when
the artery is narrower, its shear rates are higher than those in
the rigid section, which resuits in a lower effect of resistivity
change in the artery. :

Discussion

In this paper, we have presented our experimental data on
the relative contributions of arterial volume change and blood
resistivity change to the total impedance signal. Other re-
searchers [1], [3] have tried to quantify the relative contribu-
tions and have either underestimated or overestimated the con-
tributions since they did not simulate physiological conditions.
Our in vitro flow circulation system simulates the physiological
conditions better than that of Peura er al. [3}. We maintained
a minimal transmural pressure of 80 mmHg and obtained the
proper phase relationship between pressure and flow (see Mc-
Donald [11]; the flow peaks earlier than the pressure by about
% of the cardiac cycle). We could not achieve flow reversal
at high transmural pressures because of interaction between
flow and pressure controls in the in vitro system. We find that
the blood resistivity change contribution is strong enough

e ———— —
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(21.5 percent) 1o change the morphology of the impedance
pulse, but because of the phase difference between the two
contributions, it results in less than a 5.5 percent contribution
to the height of the impedance pulse.

Sakamoto and Kanai [1] also have studied the relative con-
tributions, and they found that for the aorta, the contributions
from the volume and resistivity change were about the same
order of magnitude. We computed the average shear rate in
their experiment (see [, p. 694, Fig. 21]) tobe 31.5s™" ,while
McDonald [11] gives the average shear rate in the aorta as
80 s™'. Thus, they simulated conditions similar to Fig. 15(d)
[1, p. 693] in their paper, while Fig. 15(e) represents a more
physiological case for normal resting conditions. Hence, Saka-
moto and Kanai overestimated the contribution due to the
blood resistivity change in the large arteries.

Our paper and those referenced above (1}, [3] have ad-
dressed the quantification of arterial contributions to the non-
invasively measured electrical impedance pulse.

However, an impedance pulse has additional contributions
from veins and smaller blood vessels, due both to volume and
resistivity changes. To-quantitate these contributions, we have
modeled the leg circulation in detail, with more than 80 dif-
ferential equations, to determine the pressure and flow in dif-
ferent sized bload vessels, and hence their contribution to the
impedance signal [6]. Our model explains the differences in
volume and plethysmographic signals under conditions of rest,
reactive hypereinia, atherosclerotic disease, and low transmural
pressures (where arterial compliance peaks). See Table III for
more details. We concluded that, under resting conditions, the
contributions to the impedance pulse from the large arterial
volume change and blood resistivity change were, respectively,
77.5 and 3.9 percent with the rest of the contribution (18.6
percent) from the microcirculation (“microcirculation’™ refers
to all the vessels other than the large arteries). We also con-
cluded that the volume plethysmograph was more sensitive to
the microcirculatory contributions, which is especially evident
in the case of reactive hyperemia,

Atherosclerotic disease was simuiated in the computer model.
In atherosclerosis, the average flow (hence, the average shear
rate} is reduced, and hence the effect of blood resistivity change
is increased. Since all the different contributions are more in
phase now, the contribution of blood resistivity change is con-
siderably higher at 102 percent. Note that the microcirculation
contributes 22.5 percent of the total signal. We did not simu-
late these conditions in the flow circulation system.

Another study was performed on noninvasive determination
of arterial compliance using the ZPG [12]. We wrapped a pres-
sure cuff around the lower leg and increased the cuff pressure.

Note that as the coff pressure was increased, the pressureacross |
the arterial wall decreased. Since the artery was less stretched

now, its compliance increased [4]. Two circumferential elec-
trodes glued in the middle of the cuff recorded the impedance
pulse AZ from which we calculated the arterial volume pulse
AYV. We determined the ratio of maximal arterial volume
change (recorded near a cuff pressure equal to diastolic pressure)
to the blood pressure pulse AP as a measure of the maximal
compliance. This maximal compliance correlates well with car-
diovascular risk factors [13]-{15]. It decreases with age and
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further reduces with hypertension, and still further with pe-
ripheral vascular disease. On the other hand, Chinese and sub-
jects who exercised regularly had values well above the average
for their age group.

To refine this method in ovr compliance study, we simulated
the condition of peak compliance in both the flow circulation
and computer model. Since the average velocity of flow (and
hence, average shear rate) is higher now (the volume of flow is
about the same as for the normal resting case, but the radius is
smaller), the AG,, is smaller and AGy is larger because the
artery is more compliant now. The contribution from other
vessels in the limb section is, however, zero, since they would
be collapsed when the cuff pressure is close to the diastolic
pressure. Thus, the results show that the impedance can be’
used to determine the arterial volume change with less than
2.3 percent uncertainty.

CONCLUSIONS

In this paper, we have provided details of an experimental
study with a flow circulation system to quantitate the contri-
butions to the arterial impedance signal. We have also con-
ducted a separate modeling study to quantitate the contribu-
tions from other blood vessels to a%‘"ﬁ“ifnpedance signal [6].
We provide here the conclusions of both of our studies. , .

1) The arterial blood resistivity change contribution is rong
EotgH" to change the morphology of the impedance pulse ob-
tained from an artery, but because of the phase difference from
the arterial volume change contribution, it results in Jess than a
5.5 percent contribution to the height of the impedance pulse.

2) There are other contributions to the noninvasively ob-
tained impedance signal from a limb segment. Our computer
model estimates that under normal resting conditions, the mi-
crocirculatory contribution can be significant, at 18.6 percent
of the total impedance signal.
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3} With reactive hyperemia, the microcirculatory volume
change contribution to the impedance signal increases.

4) With atherosclerotic disease, thege is a significant mcrefm
of blood resistivity chan %ontﬁutlomo the limb impedance
signal. e ¢ G

5) At lower transmural pressures, the arterial ~3h1phance
increases and the maximal arterial volume can be estimated

from the limb impedance signal with little unc tasm
lid\(f’ [oRLLES &yvh
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as the first model, yet draws from Contini's work to obtain
the body segment parameters. The regults of this model are
seen in Fig. 3. Here again we see a large error in the measured
and calculated center of pressure. For the most part, the two
results thus far are identical. The explanation probably lies in
the fact that the upper body, which is the most massive por-
tion of the body, is modeled identically in both calculations.

Fig. 4 shows results obtairied using the general geometric
solid model of Hanovan for human body segment parameters.
As can be seen, this model provides very good agreement with
direct measorement of the center of pressure. The authors
believe that these resulis justify a statistical evaluation of the
usefulness of Hanovan’s method in quantitative posturography.
Such a study is now underway. ’
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Abstract—(dZ/dt)myn, which is the magnitude of the negative peak of

e the first time dexivative of transthoracic electrical impedance Z, plays a

key rolgf&l impedance plethysmography becsuse it reflects the pumping

. EIGLA G

Manuscript received November 22, 1983 ; revised August 30, 1984.
The authors are with the Department of Anesthesiology, Rush Presby-
terian St. Luke’s Medical Center, Chicago, TL 6061 2.

B

1EEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. BME-32, NO. 1, JANUARY 1885 o \

ownt wd

: Res. (14.) »

action of the heart. Its %l?rﬁt applications for measuring stroke vol-
ume and quantification of myocardial contractility, h?wev I, igno:e the
possibility that (dZ/dt)n;, may be strongly modified y factors that
are independent on the heart. Measurements of (dZ/df)min on 146
volunteers are statistically correlated with the systolic, disstolic, and
mean arterial blood pressure and heart rate. Statistically significant cor-
relations sre obtained between the (@Z/df)my, and blood pressures, but
not with heart rate. The correlations indicate that (dZ/df)miy I8 ex-
pected to decrease as the arterial blood pressure level increases. This
relationship is elucidated with the help of a theoretical model which
combines the parallel conductor theory with 3 mechanical model of an
elastic artery. The analysis of the model is in sgreement with statistical
predictions based on messured data, indicating that (@2/d1)miy, explic-
itly depends on blood pressure level in 2n inverse mannes. It is con-
cluded that the fenctional dependence of dZ/df signals on Z and blood
pressure levels should be taken into account if valid conclusions from
applications of dZ/dt signals are to be drawn. Suggestions sre made to
use the measured correlations as a means {0 eliminate Z snd blood pres-
sure levels as factors in applications of dZ/df signals.

{:(. RERSE

I. INTRODUCTION

Impedance plethysmography [11-[3] continues to attract
the attention of many investigators because of its ability to
provide in a noninvagive manner valuable information about
intravascular and extravascular fluid volume, heart function,
and vascular response to the heart function. Since first sug-
gested by Nyboer er al. [4] this method has been used with
various degrees of success to measure stroke volume and car-
diac output [5]-[8] and total peripheral resistance [9] and to
quantify myocardial contractility [10]. The recent evaluation
by Schimazu et al. [11] of the parallel conductor theory, the
physical basis of impedance plethysmography, indicates that
the error in measuring the blood component of resistivity
caused by this modeling is less than +2 percent, which shows
that the impedance plethysmography signals can be measured
with high accuracy,

Ito, Yamakoshi, and Togawa [15]-[17] and Djordjevich et al.
[12], however, have raised the question of correct application
of impedance plethysmography in impedance cardiography
and quantification of myocardial contractility; these are based
on measurements of (dZ/dt)yin, Which is the magnitude of
the negative peak of the first time derivative of the transtho-
racic impedance Z. They experimentally demonstrated [12]
that this peak is proportional to the time-average value of Z,
and suggested that this dependence should be taken into ac-
count in all applications where the magnitude of the peak is a
major factar, such as in stroke volume measured by impedance
cardiography, or in myocardial contractility, In addition, the
shape and the amplitude of the dZ/dt signal may be expected
to be strongly influenced by the dynamic response of the vas-
cular system to the ejection of blood from the left ventricle,
which in turn is the consequence of nonlinear, viscoelastic
nature of arterial walls. Thus, dZ/dt should also depend on
the rate of ejection, the mean arterial blood pressure, and the
modulus of elasticity of arterial walls.

This communication presents the directly measured rela-
tionship between the (dZ/dr)yn peaks and arterial blood pres-
sure in normal subjects, and offers an explanation for this
relationship.

II. METHODS

Measurements were done on 146 volunteers of both sexes,
who had no known cardiovascular disorder other than hyper-
tension. Normal heglthy volunteers were used to avoid possi-
ble faiture of accurate identification of dZ/dt peaks in various
pathological cardiovascular states. The transthoracic electrical
impedance Z was measured with volunteers in supine position,
after 10 min rest in that position, so that a steady-state circula-

0018-9254/85/0100-0069301.00 © 1985 IEEE
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Fig. 1. Electrode attachments for the impedance plethysmograph.
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. Fig. 2. Recordings of typical signals of Z and dZ/dt.

‘tion is achieved. Z and dZ/dr were measured with the Imped-
- ance Cardiograph, model 200, manufactured by Instrumenta-
tion for Medicine. Fig. 1 illustrates electrode attachments. A
--. constant curreat oscillator produces 4 mA rms current with
100 kHz frequency in the chest region betweéen the two outer
s slectrodes. This combination of current and frequency is con-
sidered very safe, with the current level 20 times lower than
... the threshold of perception. The two inner electrodes serve
as measuring slectrodes, connected to the detection portion of
»-. the impedance meter which measures Z and dZ/dt continu-
ously as functions of time. Typical recordings of the output
«.. are shown in Fig. 2,
Z and dZ/dt signals, in the form of voltage, are connected to
- twe input channels of an analog-to-digital converter which is
part of a PDP-11/03 minicomputer manufactured by Digital
- Equipment Corporation. The negative peaks (dZ/dt) i, of the
dZ{dt signals are detected in every cardiac cycle by a pattern
~- Tecognition routine of the computer program, and their mag-
 nitudes are stored in an array. Another routine simultaneously
... samples the values of Z. After 1 min of sampling, the average
values of Z and (dZ/dt) i are calculated and printed,
~. Simultaneously with impedance measurements, peripheral
arterial blood pressures are measured automatically by a Dina-
...map mode] 845 (Applied Medical Research Corporation} unit
which measures systolic, diastolic, mean arterial blood pres-
- Sure, and heart rate using a cuff placed on the upper arm. Blood
pressure measured in this manner is slightly amplified, but di-
... rectly proportional to the central arterial pressure.
After each measurement on a volunteer, average vales of Z,
e (AZ]d Ymin, systolic, diastolic, mean arterial pressure, and heart
rate are stored in a data diskette. When all 146 volunteers
... were measured, data stored on the diskette were correlated
and statistically analyzed by the computer.

) M. RESULTS

i (dZ[/dV)min represents the average of the absolute values of
magnitudes of the negative peaks of the dZ/dr signals, obtained

»~gduring a 1 min period of measurement on 2 volunteer (Fig. 2).

. For each cardiac cycle, there is one such peak corresponding

w0 the maximum rate of change of Z.

The sample size, on the basis of which all correlations below
rare calculated, is 146. Correlations are obtained by linear re-
" gression. The standard deviation around the correlation o is

reported together with the correlation. The statistical signifi-
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Fig. 3. Corrtlation of dZ/dt pesks with diastolic pressure 2, mean arte-
rial pressure b, and systolic pressure ¢. Correlation of the ratio R
with diastolic pressute d, mean arterial preasure e, and systolic pres
sure f.

. cance of the correlation is determined by calculating the value

of p, which represents the probability that the regression coef-
ficients are zero. The significance of correlations is determined
by the F test of the null hypothesis that regression coefficients

are zero, and that there is no relationship between variables.,

For values of p. which are less than 0.01, the correlation is
assumed to be statistically significant because there is z 99
percent probability that there exists a true dependence of
(dZ[dt)min On the independent variable.

In all correlations below, Z is measured in ohms, dZ/d? in
ohms/s, blood pressure in millimeters of mercury, and heart
raté in beats/min. The mean value of measured (dZ/dt)min
is 1.6325 $3fs.

(dZ[dt)nin is first correlated to the mean arterial pressure
Epy

(dZ/d1)min = 4.220 - 0.02756P,, )

with ¢=0.5236, p <10~%5. This correlation is valid for the
pressure range between 67 and 126 mmHg.

The correlation with systolic pressure P, in the range from
96 to 180 mmHg is

(dZ/dt)pin = 3.3276 - 0.01352P, (2)

with 0 =0.567 and p <1073, .
The correlation with diastolic pressure Py in the range from
54 to 102 mmHg is

{dZ/dt)min = 4.0131 ~ 0.03016P, (3)

with 0 =0.537, and p < 1074,

The results are graphically represented in Fig. 3, which shows
that all three functions are decreasing.

The correlation with heart rate (HR) has p > 0.5 indicating
the absence of relationship between (dZ/d1) i, and HR in the
range from 51 to 117 beats/min.

An earlier study [12] indicated strong correlation between
{dZ/dt)min and Z,, which is the time-average value of Z

(dZ/dt)pin = 0.09932Z, - 0.9038 (4)

with 0 =0.2739 and p < 104,
Equation (4) is used to eliminate the influence of Z, on value
of (dZ/dt)pin by forming the ratio

R = (dZ/dt)pin [(dZ/d1), (5)
and the difference
D= (dZ{dDmin - (dZ/dt), ‘ (6)

where (dZ/dt), is the predicted value of (dZ/dt)y,;, calculated
from (4), for measured value of Z,. R and D are then corre-

U
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Fig. 5. The distribution of raw data points of the ratio R as a function
of the mexn arterial blood pressuze (), and the comesponding Ynear
regresgion line (—).

lated with P,,, »Ps, Py, HR, and Z,

R=12.1312 - 0.012747,, . )
with 0 = 0.2242 and p < 10-5,

R = 1.546 - 0.00487P, : (8)
with ¢ = 0.2522 énd p < 10-2, and

R =2.0504 - 0,01413P4 : 9)

with 0 =0.2299 and p <107°. All three equations (7)-(9)
represent decreasing functions in the respective domains, as
seen in Fig. 3. The slopes of all six correlations depend on
the physiologic range of respective blood pressures. Hence,
the two correlations with Pz (lines ¢ and d in Fig. 3) are the
steepest because the range of Py is the smallest, while lines ¢
and f are considerably less steep because of the large range of
P,. The typ:ul scattergrams, showing all 146 raw data points,

are given in Fig. 4 for (dZ/dt)min, and Fig. 5 for the ratio R.

_ Both show the distribution over the range of the mean srterial

blood pressure P,,. The scattergrams over the range of P, and
Py {(not shown to avcud crowding of points) are very snmlar
to Figs. 4 and 5 because the ordinates for each point are iden-
tical, while only abscissas differ. This is reflected in small
differences between the respective standard deviations.

The correlation of R with HR results in p > 0.05 while the
correlation with Zy results in p > 0.25. It is therefore con-

_ cluded that R does not depend on HR and Z,;. Similarly,

D=2.145 - 0.02408P, (10)

with o = 0,4048 and p < 10-5,

D = 1.2402 - 0.010827, an
with 0 = 0.4525 and p < 10-?, and
D=1931~ 0,02593P, (12)

with 0 = 0.4198 and p < 10-5. Again,all three functions (10)-~
{12) are decreasing in respective domains, Correlation of D
with HR gives p = 0.043, which is on the bordesline of being
statistically significant. However the correlation of R with
Zg results in p = 0.88. Hence, both R and D are independent
of ZQ.

The correlations of Zy with P, Py, P4, and HR all resulted
in p > 0.1, indicating the absence of a functional relationship.

IV. DiSCUSSION

The basic finding of this study, as evidenced by (1) (3), is
that the magnitude of the (dZ/df}pmin peaks is a function of
arterial blood pressure, in addition to the dependence on Z,,
which was reported earlier [12]. FElirhination of the influence
of Z,, using (5) and (§), stili leaves the corrclation between
dZ[dt peaks and blood pressure urnichanged, as seen in (7)-
(12), indicating that the depéndence on blood pressure is di-
rect and not through Z,. Thus, dZ/dt peaks depend at least
on blood pressure levels, Z, [12}, [15], [16], and rate of gjec-
tion of blood from heart (or aortic flow wave) as pointed out
by Ito, Yamakoshi, and Togawa.[15], [17]. These relation-
ships can be elucidated by analyzing a simple dynamic model
of elastic arterial expansion caused by the variation of blood
pressure during the cycle.

Starting with the parallel conductor mode} of impedance
plethysmography [11], we can write

1Z=1/Z, +1/Z, (13)

where Z is the total impedance, Z), is the impedance contrib-
uted by volume of blood, which, according to the basic as-
sumption of impedance plethysmography, contains the only
variable component of impedance. Z, is the constant pottion,
attributed to the rest of the tissues, The first time derivative
of Z is therefore

dZfdt = ZYZ} X dZp/dt. (14

On the other hand, the simple relationship between the cross-
sectional area (7} of an elastic artery and blood pressure (P} as
derived by Bergel [13], can be written as

T a=ag2PIEK? - 1)+ 112 s

where g, is unstretched cross-sectional area, which corresponds

 to P=0, E is the modulus of elasticity of arterial wall, which

is a function of P, and X is the ratio of the outer to the inner
diameter of the artery in the unstretched state.

Assuming eylindrical geometry of blood vessels in the region
of length. L between the measuring electrodes, and that the
only variable component of impedance signal comes from blood
in the vessels, the relationship between a and Z,, is given by

a=pLlZ,, - {16)
50 that

ao=pLiZpo an
where p reprmnts'tlie electrical resistivity of blood.

Differentiating (15) we obtzin
dajdt = [4ag [(K* - 1) [2P + E(K? - 1))
‘lE- P(dE/dP)]IE 3(dP/dr). (18)

szferenuatmg (16) we obtain

dajdt = ~(pL[Z})(dZ,}d1). (19)
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Combining (14) and (17)-(19)
dzZjdt = —(Z*Zpe ) 4/(K? - 1)"'][21’7*' E(K2-1))

- [E - P(dE[dP)|{E3(dP[dr). P}

™ The peak of the dZ/dt signal, (dZ/dt)min, Occurs when the ab-

[

solute value of the right side of the squation (20) i3 at maxi-
mum, which timewise closely corresponds to the moment
when the rate of ejection of blood from the left ventricle dur-
ing the cardiac cycle is at maximum, and which in turn causes

.. dP/dt to be st maximum,

In terms of Z,, Z can be written as

Z=Z, +AZ(t) (21}

.. where Z, is the time-average value.of Z and AZ the variable

portion of the signal. Typical values of Zg are 20-30 £}, while

... the maxima of AZ are of the order of only 0.1-0.2 . Hence

the predominant portion of signal Z is Z,.

It is possible now to offer an explanation for the correlations

" listed in Section IIL. -

According to (20), (dZ/dt)min is directly propomonal to
the Z3/Z,, factor. Hence, in view of (21), the direct propor-

. tionality expressed by (4), which statistically confirms the in-

crease of dZ/dt peaks when 24 i3 increased, :
The correlations with blood pressure can be explamed using

‘ (20), by keeping in mind that thé modulus of elasticity £ isa
. monotonically increasing nonlinear function of blood pressure

{141, E can be expressed in terms of P either as a polynomial

. such as

[

E(P)=Ag+ AP+ AyPP 4 - (22)

of at least second degree, or as an exponential function of P,

< such as

E(P)=Bo+Bye?? + By 4 -+ (23)

In either case, when (22) or (23) are substituted in {20), the
resulting function of P is of the negative net exponent because
of the predominance of the E* term in the denominstor in
{20). This, in terms of the mechanics, means that as the aver-
age blood pressure increases, then the arteries become more
distended and more rigid causing the change of their volume
during the cardiac cycle to be less pronounced. Therefore, the
dZjdt peaks tend to decrease when blood pressure increases,
as statistically confirmed by correlations in Section IIf. In this
model the presence of mechanical factors, such as vasoconstric-
tion, vasodilatation, and total peripheral resistance, is reflected
in the magnitude of P, and the numerical values of coefficients
Aot B, in the expressions (22) or (23) for E(P).

The absence of a conclusive correlation between the dZ/dt
peaks and heart rate indicates that the normal physiclogic
range of hesrt rates is too narrow, or that the underlying fre-
quencies are too low to significantly induce viscoelastic ef-

» fects, which otherwise may be expected due to the viscoelastic

nature of arterial walls.

V. CONCLUSICONS
It was demonstrated by direct measurement that the magni-

- tudes of the dZ/dt peaks depend on blood pressure levels in

an inverse manner. It was further shown that this dependence

- is retained even when the influence of the base impedance Z,

is eliminated as a factor through dividing the experimentally

- measured peaks by calculated pezks obtained from the correla-

tion of (dZ/dt)min with Z,. Similar results were obtained for

- the differences between the measured and the calculated peaks.

It was also demonstrated that Z, and blood pressure are mu-

- tually independent. It was therefore concluded that the mag-

nitude of dZ/dt peaks, primarily determined by the rate of
ejection of blood from the heart (which is reflected in the mag-
nitude of dP/dt), is also significantly modified by the magni-
tudes of blood pressure level.
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This conclusion is consistent with the analysis of a model of

elastic arteries having modulus of elasticity which is a nonlinear
function of biood pressure,

dZ/dt peaks play a crucial role in current applications of im-
pedance plethysmography, impedance cardiography, and in
quantification of myocardial contractility, but in a manner
which tends to ignore the discussed factors. This may lead to
inaccurate results and erroneous interpretations. Although

- the measurements of impedance plethysmography signals and

the underlying parzllel conductor theory are accurate [11],
their applications may not be. The correlations suggest that

. the ratio R or the difference D, as defined in Section III, are

better suited than (dZ/dt),;n for applications in impedance
cardiography and the analysis of myocardial contractility be-

cauge they eliminate the influence of Z,, which is an artifact -

in these applications. However, the dependence on blood pres-
sure still remains. It could, perhaps, be eliminated by means
of the above reported correlations with blood pressure. In any
case, this dependence should be taken into account whenever
the dZ/dt signal is a significant factor,
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Measurement of the bIood-préssure_ constant k, ¢ e
a pressure range in the canine radial artery

M. Voelz

Potier Building, Biomedical Engineering Contre, Purdue University. West L afayetie. indiana 47907

Abstract—The value of the blood pressure constant k in the now known equation

M= D+k(S-D)

was measured over 8 wide pressure range in the canine.radial artery. This equation is used 1o esivrg!-
the value of the mean blood pressure from the measured values of the disstolic and systofic bio..:
pressures. It was found that k varies widely. It is concluded that this eqaation cannot give
accurate estimate of the mean bload pressure from the systolic and diastolic pressure readings

Keywords—Diastolic blood pressure, Mean blood pressure, Systolic bloed pressure

1 Introduction
In clinical practice, three arterial pressures. systohc,
mear and diastolic, are tmportant in the assessment of

“cardigvascular dynamics. Systolic biood pressure 1s

the maximum and diastolic is the minitum pressure.
Mean blood pressure is the average pressure forcmg

" blood through the arteries. Because the blood pressure

pulseisnot Symmetncal about the time axis, the mean
blood pressure is not the average of the systolic and

diastelic pressures. The mean pressure is the area -

under oneblood pressure pulsedivided bythe period of

i the same pulse (Fig. 1}.

Mean blood pressure can be measured directly with
a blood-pressure transducer coupled to anartery. The
signal from the transducer can be processed using a
long rise time constant which dampens out the
pulsations of the signal, yielding the. mean blood
pressure. .

Mean blood pressure can be calculated accurately
using the following expression

T .
J-\4=1.fTJ.;Pmd:}. £ 1
i [}

where M is the mean blood pressure, T is the period of
one pressure pulse, and the integral of P(t) dris the area
under the pressure pulse.

When the bliood pressure is measured indirectly
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[GEDDES, 19701, it is often esumated using the
following expression

M=D+kS-D)y . . . . . (2
where M is the mean blood pressure, § and D are the
systolic and diastolic blood pressures, respectively.
and k is a constant with values ranging from 1/2 to 1/4,
depending on the site of measurement. In reality, &
represents {he fraction of the pulse pressure waveform
above diastolic that identifies mean pressure.
- If the pulse waveform was a sinewave, the mean
value of the pressure pulse would be half way between
the peak and the trough of the waveform (Fig. 2).
Because the blood pressure waveform is broad at the
base and narrow at the top, the mean pressure is

lZO'I

Y2 R—

w
o

MEAN = AREA + BASE

4
(o]

BLLOOD PRESSURE, mmHg

o

3
]
L pasg —d

Fig. I Meas blood pressure is not the averaye of the systefic
and diustolic hinod pressure: it is the arex under one
blood pressure pulse divided by the base or the peric.,

of the pulse
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To date there is very little information a1 pread
vatues of k. This report presents the wiuer for &
measured over a wide pressuse. rdnge i . anine
radial .trter)'

2" Methods and materials
Ten dogs, ranging in weight from 120 2k . werc

" anaesthetised with sodium pentobarbital. It: nigh

radial artery was cannulated, with 1 :tiff-wallec
catheter, and the bleod pressure was recorzed sing &
Microswitch blood pressure transducer { Mi_ro~witch

Model experimental) which had .a uniforn irequeacy
response extending from 0 1o 150 Hz when coup:adzo
(58 mm -internal diameter catheter, '3Imn. long.
Hypertensive episodes were induced by the cor iroiled
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Fig 5 presents the mean values of & plus and minus
one standard deviation {or pressure classes 20mm Hg
wide throughout the pressure range. Note that the
value of & 15 not unique over the pressure range.

SOk
t
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03 - P t

0-2r

G 20 40 60 80 W00 0 %0 160 180
BIASTOLIC DIRECT BP mmHg

Yhe data from ten dogs were separated into pressure
classes 20 mm Hg wide and the mean and standard
deviation of each class is shown. The circies are the
maan of each pressure class and the vertical lines are
plus and minus one siandard deviation of each pressure
class
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4 Sumnary.

In the dog raduw® artery, the value for 1 s
measured over a wode blood pressure ranpe 10 we .
found that & does not have a unique value a cach
pressure. Therefore, it 1s notl possible 10 obltam an’
accurate value for the mean blood pressure ustug Lhe
systolic and diastolic pressures and selecting a singit
value for k.
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CONCLUGIONES

Fste trabajo mostrd la relacidn de la presion arterial ogeneral
del cusrpo humano, con los factares nur la regulan, miden v =
wodifican,en un punto de vista no especializado en alto grado
de fisiologia, ingenierfa v patologia,

£n un enmarcamiento fisiologica (que incluia la anatomia del-
aparato cardiovascular) las iunciones organicas ¥y mecanismne
nue influyen en la presidén arterial cel aparato vascular en

en conjunto con organos como glandulas suprarrenales,cerebro,
rifiones,estc,., se trato.

£n el wmarco ingenieril, se observaron caracteristicas de la -
utilizacién de los diferentes aparatos. Estos destinados al -
servicio de monitoreo, transduccidn y medicifn de los paréme
tros de la presidn{presifn sistéldca, presidn diastélica etc.)
Se vio como era ideal la auquisicién y transmisifn de las di-
ferentes maneras en que se manifestaba el fendmeno involucrado
Lomo llegaban a utilizarse las sceffales obtenidas y su relacifin
con el estado de salud del paciente,

En el marco médico incluimos peto’ ogias de la presidn arterial
tales comno son presifin alta y presifin baja.Junto con los meca-
nismos que hacen desembocar en estos padecimientos v consecu
encias de estas,en diferente: drganos de leos pacientes invo-
lucrados en estos padecimientos(en casos de inhabilitacién de
la persona como apoplejias causacos por presidn alta,o la per
dida de la vida por los peligrosos choques causados por la v-
presifdn bajas

toncluimos que este trabajo trato de alcanzar el objetive pa-
ra vl cual fué elaborado,pern no fué conseguido en su totali-
dad.En parte por la inexperiencia en dichas ramas de los que
participarén en la elaboraci6n de este,.

Pero esperamos aque si es retowado el tema,a los .que lo tomen

sirva de auxilio ern dicha tarea.
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Noeexiste ningdn sistema ideal de registro de presién,

Respuesta de frecuencia_de los sistemas de registro

llna reproduccién de la alta fidelidad de una dorme de onda
puede ser registrada por medio de un sistema que nos de una
repuesta uniforme a la decima ar-onica de su frecuencia fun
damental., Con la frecu ncia cardiaca de 240 lat/min., la frecu-
encia del pulsao es de 4/seg. y entonces la decima armonica es
de 40 ciclos/seq., necesaralpara nque los cembhios m&s rapidos
de la presidn durante el pulso sea registrado firmenente,

Es mas importante probar la respuesta dinamica del sistema
completo, cuando £l transductor es conectadn con un cateter
lleﬁn de liquido, le respuesta de frecuancia del manometro
se reduce grandemente para aue una masa aue debe los cambios
de presifn y su inercia se reduce y la frecuencia de respuesta
del manometro, también,

La masa del liguido puede ser reducida emplando tubos del
cadlibre muy corto, y de aumentar la resistancia friccional
al mivimiento del liquido, una parte de l& energia se disipa
en frnrma de friccidn esta es una forma de amortiguacién.

5i se iqguala con ur grado eptimo de amortiguacion, ~ejorara

grandemente las caracteristicas de las repuestas,
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