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CARTA DEL EDITOR

Estimados lectores:
La Revista Mexicana de Ingeniera BiomZdica !The

Mexican Journal of Biomedical Engineering , —rgano
o#icial de divulgaci—n de la Sociedad Mexicana de
Ingenier’a BiomZdica, se ha consolidado como una de
las mejores revistas cient’ #ca de su campo en AmZrica
Latina, tal logro es el resultado de 41 a—os de un

esfuerzo continuo de muchas personas.

Mi nombre es CZsar Antonio Gonztlez D’'az y tengo el
honor de fungir como actual editor en jefe ~ 12020-2021 ".

Me desempe—o como profesor e investigador en el
Dr. CZsar A. Gonztlez D'az Instituto PolitZcnico Nacional-MZxico, y cuento con 15
EDITOR EN JEFE2ZD220 a—os de experiencia en la publicaci—n y revisi—n de art’

culos cient’ #cos originales. Considero que liderar el actual comitZ editorial de nuestra revista, es
una responsabilidad y tambiZn una oportunidad para contribuir en el fortalecimiento de nuestra
comunidad de Ingenier'a BiomZdica.

Dentro de los objetivos relevantes que me he propuesto como actual editor en jefe, son el de incre -
mentar la visibilidad internacional de nuestra revista, as’ como su 'ndice de citaciones y factor de
impacto. Para tal efecto, la estrategia que hemos dise—ado consiste en dos aproximaciones funda -
mentales: 1 " la integraci—n de un s—lido y reconocido comitZ cient’ #co editorial y asistentes edito -
riales, y 2" la publicaci—n exclusiva en el idioma inglZs. El equipo que hemos integrado nos hemos
comprometido a velar por mantener un contenido editorial con calidad acadZmica y rigurosidad
cient’ #ica.

Los exhortamos a unirse a nuestro esfuerzo, y lograr con nosotros el engrandecimiento de nues
tra revista, el env’o de sus reportes cient’ #cos de investigaciones originales, revisiones, notas
tZcnicas o cartas al editor sin duda contribuirtn en el logro de los objetivos planteados.

Por celtimo, quiero reconocer y agradecer la con #anza que me ha brindado la actual mesa directiva

de la Sociedad Mexicana de Ingenier'a BiomZdica para dirigir el rumbo de nuestra revista, estoy
seguro de que cumpliremos con sus expectativas. Gracias.

Dr. CZsar A. Gonztlez D'az
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EDITOR'S LETTER

Dear Readers:

Greetings from the Mexican Journal of Biomedical Engineering !'MJBE" !Revista Mexicana de
Ingenier'a BiomZdica ", of#cial organ of the Mexican Society of Biomedical Engineering ISociedad
Mexicana de Ingenier'a BiomZdica ". The journal has become the best scienti #c journal inits #eld in
Latin America. This achievement is the result of 41 years of continuous effort of a large number of
people.

I, CZsar Antonio Gonztlez D’az, have the honor of acting as the current editor-in-chief of the jour -
nal for the next two years. | am a professor/researcher of the Instituto PolitZcnico Nacional in
Mexico City, Mexico, and have been publishing original scienti #ic articles for over 15 years. The
position of editor-in-chief is a great responsibility and at the same time an opportunity to contribute
to the strengthening of our community of biomedical engineers.

Among the most important objectives that | have set for the journal in the near future is to increase
its international visibility and impact factor. To meet these goals, the editorial staff has established
two relevant policies: 1 " the integration of a well-recognized group of researchers as an editorial
committee to review the scienti  #c manuscripts that are sent to the journal, and 2 " the decision to
publish articles exclusively in English. The newly formed committee has committed itself to strict
standards of academic quality and scienti  #c rigor.

The editorial committee exhorts all researchers in the #eld to join the effort in making the MJBE
an internationally recognized journal. We ask that you send manuscripts related to biomedical
engineering in order to be published in our regular or special issues, whether they be original
research, review papers, short communications or letters to the editor.

Finally, I would like to express my gratitude to the Board of Directors of the Mexican Society of
Biomedical Engineering for trusting in me to lead the course of the journal for the next two years. |
am sure that we will meet our goals.

Prof. CZsar A Gonztlez D'az
EDITORICHIEF 202021
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Desarrollo y Simulaci—n de un Algoritmo de Control Automatizado para
Insulinoterapia de Urgencias HiperglucZmicas en Diabetes

Development and Simulation of an Automated Control Algorithm for Insulin Therapy of
Hyperglycemic Emergencies in Diabetes

J. Becerril-Rico
Universidad Abierta y a Distancia de MZxico; Universidad Aut—noma Metropolitana

RESUMEN
El presente trabajo describe el desarrollo y simulaci—n de un algoritmo para el control automttico de la infusi—n de
insulina en el manejo glucZmico de pacientes con cetoacidosis diabZtica (CAD) y estado hiperosmolar hiperglucZmi
co (EHH). Se program— un algoritmo que calcula la insulina necesaria para lograr un descenso glucZmico de 50 mg/
dL/h hasta llegar a glucemias de 250 mg/dL, para posteriormente mantenerlas en 220 mg/dL hasta la remisi—n de la
patolog’a. La simulaci—n del software se realiz— haciendo uso de registros glucZmicos de 10 pacientes con CAD ma
nejados en el Hospital Jutrez de MZxico. Los resultados de la simulaci—n mostraron una incidencia 6 veces menor
de hipoglucemias, as’ como un 33.7% menos de insulina necesaria dentro del tratamiento, sin diferencias entre los
descensos medios de glucosa por hora de las mediciones reales y simuladas. Este software propone un uso innova
dor de los llamados ptncreas arti ficiales al aplicarlos en urgencias hiperglucZmicas, implementando ademis el uso
de la sensibilidad a la insulina como variable para el funcionamiento de los mismos. Los resultados demuestran que
el algoritmo podr'a ser capaz de lograr un manejo glucZmico apegado a las gu’as de tratamiento, generando un me
nor gasto de insulina y evitando hipoglucemias durante la terapZutica, con una posible aplicaci—n en dispositivos
biomZdicos aut—nomos.

PALABRAS CLAVE: Sistema de infusion de insulina; control de glucosa en lazo cerrado; complicacién diabética; cetoacidosis
diabética; pancreas artificial.
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ABSTRACT
This paper describes the development and simulation of an algorithm for the automatic control of insulin infusion,
in the glycemic management of patients with diabetic ketoacidosis (CAD) and hyperglycemic hyperosmolar state
(EHH). An algorithm was programmed to calculate the requirement insulin for a glycemic decrease of 50 mg/dL/h
until reach 250 mg/dL in blood glucose levels, and thus maintaining it at 220 mg/dL until the pathology remission.
The software simulation was performed using glycemic records of 10 patients with CAD managed in the Hospital
Jutrez de MZxico. The results of the simulation showed a lower incidence of hypoglycemia, as well as a lower insu -
lin requirement within the treatment, without di fferences in the average glucose decreases per hour between real
and simulated measurements. This software proposes an innovative use of the arti ficial pancreas in hyperglycemic
emergencies, and also implementing the use of insulin sensitivity as a variable for their function. The results show
that the algorithm could be able to achieve glycemic management attached to the treatment guidelines, generating
lower insulin expenditure and avoiding hypoglycemia during therapy, with a possible application in autonomous
biomedical devices.

KEYWORDS: Insulin infusion system; closed-loop glucose control; diabetes complications; diabetic ketoacidosis; artificial

pancreas.
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INTRODUCCIIN

La cetoacidosis diabZtica y el estado hiperosmolar
hiperglicZmico son complicaciones agudas de la diabe -
tes que se caracterizan por ser claras emergencias
hiperglucZmicas que ponen riesgo la vida de los pacien -
tes W, Su manejo amerita un control glucZmico estre -
cho debido a las posibles complicaciones que pueden
generar @ lo que involucra una alta demanda de
f'cil de
cumplir en centros hospitalarios de alta demanda y alta

tiempo del personal de salud, un aspecto di

saturaci—n. El objetivo de este trabajo es describir el
dise—0 y simulaci—n de un software para el control
automatizado, tipo Proporcional Integral Derivativo

(PID) para el manejo de pacientes con cetoacidosis dia
bZtica (CAD) o estado hiperosmolar hiperglucZmico
(EHH) en el servicio de urgencias. El sistema descrito

basa su funcionamiento en los conocidos pfncreas arti
ficiales, sin embargo, su utilizaci—n busca el descenso

controlado de la glucosa sZrica en un servicio de urgen
cias mZdicas con la finalidad de evitar complicaciones

en el manejo, como son la hipoglucemia, edema cere
bral y deshidrataci—n, ademis de buscar un posible
mejoramiento en los resultados terapZuticos tras su
utilizaci—n dentro de bombas de infusi—n aut—nomas.

Generalidades: CAD y EHH

A pesar de los avances en el manejo de la diabetes
mellitus, la CAD y el EHH son acen causas importantes
de morbilidad y mortalidad. La incidencia anual de la
CAD se estima en 4 - 8 episodios por cada 1,000
pacientes diabZticos . La incidencia de EHH es menor
gue la de CAD, siendo causa de menos del 1% de las
admisiones en pacientes diabZticos, sin embargo, tiene
mayores tasas de mortalidad .

La CAD se caracteriza por datos bioqu’micos de hiper

glucemia, cetonemia, y acidosis con ani—n gap ele

vado. Por su parte el EHH se caracteriza por hiperglu

cemia, grados m’nimos y variables de cetonemia,
existencia de hiperosmolaridad sZrica, un mayor grado
de deshidrataci—n, y por lo general ausencia de acide

10

mia ™. Otra diferencia entre estas dos patolog’as es que
el EHH afecta con mayor frecuencia a pacientes con
diabetes tipo 2, mientras que la CAD se relaciona con
diabetes tipo 1, sin embargo, dentro de la poblaci—n
mexicana existe mayor prevalencia de CAD asociada a
diabetes tipo 2 PIRIE]

Dentro de la CAD se genera una total de ficiencia de
insulina sZrica, lo que desencadena un estado catab— -
lico caracterizado por glucogen—lisis, prote—lisis, y
lip—lisis, permitiendo esto celtimo la utilizaci—n de fci -
dos grasos para la s'ntesis de cuerpos cet—nicos en el
tejido hep#tico, que pueden ser utilizados como sus -
tratos energZticos por algunos tejidos, sin embargo,
resulta tambiZn en cetonemia con la consecuente dis -
minuci—n del pH sZrico . En el EHH hay una insulino -
penia no tan extrema como en la CAD, lo que evita la
generaci—n de lip—lisis y cetogZnesis %,

Estos eventos fisiopatol—gicos se generan tras algoen
factor precipitante, como lo puede ser una terapia

inadecuada de insulina, infecciones, un evento vascu
lar cerebral u otros eventos isquZmicos de coraz—n 0
pulm—n, pancreatitis, abuso de alcohol o drogas y el
consumo de ciertos medicamentos, como corticoeste -
roides, tiazidas, diurZticos, simpaticomimZticos y
antipsic—ticos .

En cuanto a la presentaci—n cl'nica de la CAD vy el
EHH, se basa en poliuria, polifagia, polidipsia, debili -
dad, y signos f’sicos de deshidrataci—n. La respiraci—n
de Kussmaul, ntuseas, v—mito, dolor abdominal, y
aliento a manzana, se relacionan mts a CAD ", La pre-
sencia de alteraciones en el estado de alerta, que van
desde la somnolencia hasta el coma, son mis usuales
en el EHH 1,

El manejo de dichas entidades cl’'nicas consiste en
primera instancia en la reposici—n de fluidos utili -
zando soluci—n de cloruro de sodio (NaCl) al 0.9%, a
una velocidad de 15 - 20 ml/kg/h en la primera hora,



11 REVISTA MEXICANA DE INGENIERIA BIOMEDICA | Vol. 41| No. 2 | MAYO - AGOSTO 2020

segcen la ADA (American Diabetes Association ) ©. En
las siguientes horas es posible continuar el manejo con
NaCl 0.9% o NaCl 0.45%, segcen sean los niveles sZricos
de sodio; ambas opciones se dan a 250 - 500 ml/h + 20

- 30 mEg/L de cloruro de potasio [,

Los niveles sZricos de potasio deben evaluarse antes
de iniciar la insulinoterapia, ya que si estos son meno -
res a 3.3 mEqQ/L se debe de reponer potasio antes de
iniciar con la administraci—n de insulina. En caso de
tener niveles mayores a 5.2 mEqg/L se recomienda no
a—adir potasio en las soluciones intravenosas. Si los
niveles de potasio se encuentran en 3.3 b 5.2 mEq/L se
recomienda a—adir 20 © 30 mEq de cloruro de potasio
(KCI) por cada litro de soluci—n intravenosa (V) infun

dida, procediendo a la insulinoterapia .

El tratamiento con insulina se inicia con un bolo de
0.1 Ul/kg, seguido a los 5 minutos por una infusi—n
continua de 0.1 Ul/kg/h; alternativamente puede omi -
tirse el bolo de insulina e iniciar con la infusi—n conti

nua de 0.14 Ul/kg/h. Si los niveles de glucosa no dismi

nuyen en 50 - 70 mg/dL en la primera hora, se debe
duplicar la dosis de infusi—n cada hora hasta alcanzar
esta meta 5.

Al alcanzarse glucemias de 200 mg/dL en CAD y 250

- 300 mg/dL en EHH, se cambian las soluciones a solu
ci—n glucosada al 5% (SG5%) + NaCl 0.45% a una velo -
cidad de 150 b 250 ml/h, manteniendo una infusi—n de
insulina de 0.02 - 0.05 Ul/kg/h, siempre evitando valo -
res de glucosa sZrica menores a 200 mg/dL en CAD y
250 B 300 mg/dL en EHH, para evitar causar edema
cerebral ®IE],

Una vez alcanzados los criterios de resoluci—n para
CAD y EHH se suspende la insulina IV y se contincea
con insulina subcutfnea en dosis 0.5 - 0.8 Ul/kg/d'a .
Los criterios de resoluci—n para CAD incluyen glucosa
< 200 mg/dL y dos de los siguientes: HCO3 = 15 mEq/L,
pH > 7.3, y ani—n GAP < 12 mEQ/L M,

Diagnéstico
de CAD o EHH

éNiveles de
Potasio?

\ <3.3 mEq/L

3.3-5.2 mEq/L

NaCl0.9%
15-20ml/kg/h Retrasar
msullnoterapla

>5.2 mEq/L

Administrar 20- Administrar 20-

30mEq de KCl por 30mEq de KCI por No administre KO
litro desolucion IV litro GESoluaon[V

|
NaCl0.9%o - -
0.45% Insulinoterapia
250-500 mi/h
Bolo 0.1 Ul/kg
0.14Ul/kg/h

0.1Ul/kg/h
éGlucosa < 200mg/dL en CAD?

éGlucosa < 250mg/dL en EHH?

S

Insulina0.02-0.05
Ul/kg/h
+
NaCl 0.45%+ SG5%
150-250ml/h

NO

éCriterios de resolucion?
si

Insulinasubcutanea
0.5-0.8 Ul/kg/dia
FIGURA 1Algoritmo de tratamiento para CAD y EHII B,

En cuanto a los criterios de resoluci—n para EHH, son
osmolaridad sZrica < 320 mOsm/kg y la recuperaci—n
del estado de alerta ™M,

Entre las principales complicaciones del manejo de
CAD y EHH se encuentran desequilibrios electrol'ti -
cos, principalmente de potasio, as’ como edema cere -
bral (0.3 - 1%) e hipoglucemia ©.

Sistemas PID y pincreas arti ficial

El objetivo de un sistema de control es regular las
se—ales de salida de un sistema con base en respuestas
o modi ficaci—n de variables de operaci—n, con el fin de
mantener la o las variables objetivo dentro de partme -
tros preestablecidos, esto a pesar de perturbaciones
que pudieran afectar el sistema [, En las celtimas
dZcadas, se ha buscado la aplicaci—n de estos sistemas
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para el control de pacientes diabZticos, con la inten -
ci—n de mantener un control mts estricto en los niveles
de glucosa sZrica, similar a como se har’a de manera
fisiol—gica. Estos equipos han sido llamados pfncreas
arti ficiales, los cuales sensan continuamente los nive -
les glucZmicos del paciente y generan una respuesta de
liberaci—n de insulina, basados en el valor de referen -
cia de glucosa y la se—al de error del controlador,
siendo comeen el uso de sistemas tipo PID para esta

tarea 002l

Como ejemplo de la aplicaci—n de sistemas de control
PID en el manejo glucZmico se encuentra el trabajo de
Steil %1, donde se evaleea un sistema PID de lazo
cerrado con monitoreo glucZmico y liberaci—n de insu -
lina v’a subcuttnea, comparindolo con el uso de una
bomba de infusi—n de insulina de lazo abierto, en el
manejo de pacientes con diabetes mellitus tipo 1. En
este trabajo se observ— una incidencia de hipogluce -
mias similar entre ambos manejos, sin embargo, con el
uso del sistema PID no se observaron hiperglucemias
severas 3!, Otro trabajo que ejempli fica esta aplicaci—n
es el presentado por Huyett, el cual propone un sis -
tema implantable con operaci—n a nivel intraperito -
neal con un funcionamiento que incluye un sistema
PID, modelo de control predictivo y l—gica fuzzy 04,

Dentro de los sistemas de lazo cerrado para el control
glucZmico, el algoritmo de control resulta una de las
partes mis importantes y complicadas de desarrollar,
pero que marca la manera en c—mo funcionar? el sis -
tema, sus ventajas y desventajas. En estos sistemas, es
comeen el uso de algoritmos de control tipo PID, princi -
151 En

el trabajo de Hu y Li, por ejemplo, se muestra el desa -

palmente debido a su robustez y ffcil desarrollo

rrollo y simulaci—n de un algoritmo de control PID que
basa su funcionamiento en la estimaci—n del tiempo
de acci—n de la insulina (IOB), un punto que resulta
innovador. Estos autores establecen el I0OB como un
factor que var’a de forma interpersonal e intrapersonal
debido a meeltiples factores, cuyo ctlculo y uso dentro
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del algoritmo PID permite mejorar los resultados y evi -

tar hipoglucemias !, El uso del IOB permite al algo
ritmo tomar en cuenta el estado metab—Ilico actual del
paciente para generar la se—al de salida del sistema, un
punto poco considerado por muchos de estos sistemas
para insulinoterapia, pero de gran importancia en
estados patol—gicos como CAD y EHH.

A pesar de que los algoritmos tipo PID son los mis
utilizados en sistemas automatizados de insulinotera

pia, no son los cenicos, existen los que emplean mode

los de control predictivo (MPC), control adaptativo,
control en modo deslizante, etc. En el trabajo de
Pinsker et al, por ejemplo, se compara el uso de un
algoritmo de control PID con uno MPC en el control
glucZmico de pacientes con diabetes tipo 1. Dentro del
mismo se observ— que el algoritmo MPC logr— mante -
ner a los pacientes en rangos glucZmicos meta durante
mayor tiempo que el algoritmo PID, ademis de lograr
cifras glucZmicas menores 5 h posteriores a la ingesta

de alimentos. Sin embargo, no se encontraron diferen

cias estad’sticas en el tiempo que tardaron ambos

algoritmos para llevar a los pacientes a cifras glucZmi
cas meta posterior a la ingesta de alimentos, lo que
deja ver que ambos responden de manera similar ante
cambios glucZmicos bruscos 1],

A pesar de la existencia de diversos dispositivos de
este tipo para el manejo glucZmico de pacientes con
diabetes mellitus, no existe en la literatura ningcen
trabajo que enfoque tales dispositivos al manejo de
urgencias hiperglucZmicas en este grupo de pacientes.
Como se ha mencionado, las caracter’sticas intr'nse -
cas de la CAD y el EHH vuelven todo un reto el control
glucZmico de estos pacientes, dado principalmente por
las fuertes variaciones en la sensibilidad a la insulina,
liberaciones incrementadas y variables de glucosa en
el h'gado, as’ como por los mismos desequilibrios
fisiol—gicos generados por el propio manejo, como es el
caso de la rehidrataci—n h’'drica agresiva y otros medi -
camentos que generan variaciones en el volumen
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intravascular. Esta di ficultad en el control glucZmico
genera una gran demanda de tiempo para el personal
en los servicios de urgencias mZdicas, por lo que la
automatizaci—n de esta tarea podr’'a resultar en una
disminuci—n de tiempo, costos y personal requerido
para el manejo de pacientes con CAD y EHH.

En pirrafos anteriores se ha mostrado que la utiliza -
ci—n de sistemas de lazo cerrado con liberaci—n auto -
matizada de insulina podr’a resultar en mejores resul -
tados terapZuticos en pacientes diabZticos, por lo que
siguiendo esta premisa, el presente trabajo busca
ampliar las aplicaciones y bene ficios de estos disposi -
tivos al frea de las complicaciones agudas de la diabe -
tes mellitus. Como primer paso en el desarrollo de un
sistema de lazo cerrado con liberaci—n automatizada
de insulina para el manejo de CAD y EHH, se presenta
el desarrollo y simulaci—n de un algoritmo de control
automatizado tipo PID, que fija las bases te—ricas para
el funcionamiento de este tipo de sistema. Por otra
parte, se mencion— que el uso de variables como |IOB
mejora el funcionamiento de sistemas PID para el con -
trol glucZmico, por lo que el algoritmo aqu’ planteado
intenta retomar esta idea utilizando la sensibilidad a la
insulina como mZtodo indirecto en la evaluaci—n del
estado metab—lico altamente cambiante de pacientes
con CAD y EHH.

METODOLOGEA

Se contempl— un controlador automatizado tipo PID
con retroalimentaciones de glucosa cada hora, que
pudiera establecer la insulina necesaria para el manejo
de paciente con CAD y EHH. La decisi—n de un sistema
PID se bas— en su robustez, adaptabilidad, fcil imple -
mentaci—n y gran capacidad para compensar errores
previos, actuales, as’ como predecir errores futuros,
caracter’sticas de relevancia para el control de se—ales
con alta variabilidad, como son los cambios glucZmi -
cos en pacientes con CAD y EHH [l E| sistema se
dise— como software tipo aplicaci—n (Figura 3), para
mayor facilidad en el uso por parte del personal

mZdico, bajo costo para su aplicaci—n cl'nica, y pen -
sando en una posterior fase de prueba, antes de una
posible implementaci—n como dispositivo biomZdico
aut—nomo con monitoreo glucZmico continuo v'a
intravenosa o subcuttnea.

El controlador del sistema tendrt como se-al de
entrada, a travZs de cajas de texto en el software, los
niveles de glucosa capilar ingresados cada hora  (tiempo
de muestreo del sistema ) y el peso del paciente. Como
se—al de salida, se contempla las unidades de insulina
(Ul) a infundir durante la siguiente hora de trata -
miento. Con esta se—al de salida se busca cumplir
como metas de tratamiento un descenso de la glucosa
capilar de 50 mg/dL/hora hasta llegar a valores de 250
mg/dL, a partir de lo cual se buscart mantener los
niveles de glucosa en 220 mg/dL con oscilaciones
esperadas entre 200 B 250 mg/dL, que se llamarin
hipoglucemias e hiperglucemias, respectivamente. Se
eligi— como valor de referencia 220 mg/dL, ya que es
un punto entre lo recomendado para CAD  (mayor de
200 mg/dL ) y EHH (250 mg/dL ) ®1, ademts de ser un
valor de referencia seguro ante posibles compensacio -
nes excesivas del sistema que pudieran desencadenar
hipoglucemias.

Segeen lo expuesto en el ptrrafo anterior, el funciona

miento del controlador se divide en 2 fases: el funciona

miento cuando existen niveles de glucosa capilar mayo -
res a 250 mg/dL, y el funcionamiento del mismo con
glucosas menores a 250 mg/dL. La Figura 2 muestra el
algoritmo de decisiones del software para ambas fases.

Funcionamiento del sistema
con glucosa > 250 mg/dL
Cuando las glucosas ingresadas al programa son
mayores a 250 mg/dL se calcularf la infusi—n de insu -
lina con la finalidad de reducir la glucemia en 50 mg/
dL/hora, como se recomienda en las gu'as de trata -
miento &7, El ctlculo de la insulina a infundir se rea -
liz— tomando en cuenta: 1 ) la sensibilidad a la insulina
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U;,¢= Peso (0.14U1)

Ujns=Un +u(t) - Up

éGlucosa
inicial?

> 250 A

N _AGlucosa
gz 'l Uinf—ant

<250

Efecto
biolbgico

\

2[ Uing= [Peso (0.02 UI)] + u(t) - Up ]—

FIGURA 2Algoritmo de decisiones del sistema.
g,: glucosa actual,U, : insulina total a infundir en la
siguiente hora, U, insulina activa de lo infundido en la hora

anterior, U : insulina necesaria para bajar glucosa 50 mg/dL

en la siguiente horaFS sensibilidad a la insulina.

del paciente en el momento actual, 2 ) lainsulina nece -
saria para bajar la glucosa capilar 50 mg/dL/hora, 3 ) la
insulina calculada por el sistema PID para corregir el
error en el descenso de la glucosa capilar, 4 ) la insulina
circulante con potencial actividad farmacol—gica den -
tro del cuerpo del paciente.

Como se mencion—, la sensibilidad a la insulina (FS)
es un reflejo del estado metab—Ilico del paciente en un
momento dado, multifactorial, y altamente variable a
lo largo del tratamiento de CAD y EHH. Para saber la
insulina que necesita el paciente es necesario conocer
antes la sensibilidad a la insulina, sin embargo, solo es
posible saber el nivel de sensibilidad a la insulina
observando la respuesta que tiene el paciente ante la
administraci—n de la misma. Segocen esto, no es posible
saber la sensibilidad a la insulina sin antes infundirla
al paciente, por lo que la primera acci—n del programa
consiste en solicitar la glucosa inicial del paciente y su
peso, para recomendar la infusi—n de insulina en dosis
de 0.14 Ul/kg durante la siguiente hora, segcen lo reco -
1, Tras dicha

infusi—n, el programa espera reducir la glucosa en 50

mendado por las gu’as de tratamiento

mg/dL para la siguiente hora [,

Una vez transcurrida la primera hora de tratamiento,
el software obtiene la sensibilidad a la insulina del
paciente conforme a la siguiente ecuaci—n 9!

#3;,69E9%
E ' @
$59;32:3-*.53%168"5 .82 618G

DespuZs de transcurrir la primera hora, y sabiendo la
sensibilidad a la insulina que tiene el paciente, el sof -
tware calcula la insulina necesaria para bajar 50 mg/dL
(Un) en la segunda hora de tratamiento, contemplando
la glucosa actual (g,) y el valor de referencia para la
siguiente hora

haciendo uso de la ecuaci—n que se—alamos a conti -
nuaci—n, la cual se deriva a su vez de la ecuaci—n 1 al
despejarla para la insulina y proyectarla hacia la
pr—xima hora:

0. FO. 40 -&G

(@)

El siguiente paso ser’a calcular la insulina necesaria
para compensar el error de descenso en la glucosa, la
cual denotaremos como uf(t), cuyo ctlculo se basa en la
siguiente ecuaci—n general [0

- .EG

OE - OCP O €7 = @3)

Donde e(t) hace referencia al error en el descenso de la
glucosa que se tuvo durante la hora anterior. Para
explicar matemiticamente esto, tomaremos a (g,
como la glucosa obtenida en la hora anterior. Por ello,
e(t) podr’a de finirse como:

D %) )
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Las constantes para la ecuaci—n 3 se establecerfn
(TD) de 90 min, y un
tiempo integral (TI) de 150 min. Estos valores se deri -

como un tiempo derivativo

van de simulaciones del algoritmo realizadas convalo -
res prueba de TD entre 60 - 90 min, y de TI entre 150
D 450 min, valores utilizados por Steil 2, encontrfn -
dose que con TD =90 miny TI = 150 min: se obtuvie -
ron resultados menores en el e(t) , as’ como menor
frecuencia de hipoglucemias y descensos de glucosa

por hora mayores a 100 mg/dL. La constante propor -
cional (Kp) se estableci— como una variable depen -
diente de TD y la sensibilidad a la insulina segcen la

siguiente ecuaci—n ®3I;

Eiee ()

Con los valores de Un y u(t) se tiene la insulina que
necesitar} el paciente para la siguiente hora, lo cual se

denotarf como insulina subtotal (U ).

o+.E C FG (6)

No obstante, a esta cifra es necesario restarle aquella
insulina que fue infundida la hora anterior y que toda -
v'a permanece activa en el cuerpo del paciente. Ello
depende de la tasa de degradaci—n de la insulina. Para
el presente trabajo fue planteado un sistema unicom -
partimental intravascular, donde se considera que la
tasa de degradaci—n de la insulina es de 0.18 Ul/min, es
decir, 10.8 Ul/hora 1122131 Por ende, para poder deter -
minar la cantidad de insulina que permanece activa de
lo infundido en la hora anterior  (Up), se debert restar
10.8 unidades a la insulina infundida durante la hora

anterior (U_,!:

7E 5 D )

Finalmente la insulina total a infundir durante la

siguiente hora (U. ), es decir, la se—al de salida del con -

inf

trolador ser’a:

= E C()D 4 ®

Este proceso se repite cada hora para el ctlculo de la
insulina a infundir en la hora siguiente.

Como medida de seguridad se limit—a U

inf

para valo -
res m¥ximos de £15 unidades para pacientes con peso
50 - 90 kg, £12 unidades con peso < 50 kg, y +18 con
peso > 90 kg. Tal decisi—n se tom— basada en simula-
ciones anteriores que mostraban la generaci—n de fuer -
tes descensos de glucosa/hora, por lo que esta adecua -
ci—n al algoritmo busca limitar la intensidad en el
descenso de la glucosa, as’ como el riesgo de hipoglu -
cemia e hiperglucemias.

Funcionamiento del sistema
con glucosa < 250 mg/dL
Una vez que se han alcanzado niveles de glucosa capi -
lar menores a 250 mg/dL, o si la glucosa inicial del
paciente era menor a esa cifra, el software cambia el
valor de referencia de glucosa al cual quiere llegar,
estableciZndolo en 220 mg/dL. En este punto, el sof -
tware funciona de manera similar a lo explicado con
niveles mayores a 250 mg/dL.

De igual manera, la infusi—n de insulina se hace
bastndose en la ecuaci—n (7), sin embargo, se rede fine
la ecuaci—n (2) con la que se obtiene Un. La nueva
ecuaci—n(2) consiste ahora en:

E 9)

La anterior ecuaci—n se deriva de la infusi—n de insu -
lina base que recomiendan las gu’as de manejo una
vez que se han alcanzado niveles de glucosa de 200
mg/dL en CAD y de 250 mg/dL en EHH, la cual es de
I Esta insu -

lina de base se establece bajo la suposici—n de que al

0.02 - 0.05 Ul por kilogramo de peso

alanzar esas cifras glucZmicas se iniciart una infusi—n
continua de soluci—n glucosada al 5% y cloruro de
sodio al 0.45% a raz—n de 150 B 250 ml/hora, segcen lo
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marcado en las gu’as de manejo B algo que har'a
elevar la glucosa sZrica del paciente, factor que se com -
pensa por la insulina de base [M#!,

Para tal punto, el sistema regularf la insulina de base
para que la glucosa capilar se mantenga cercana a los
220 mg/dL. DAsimismo, el sistema sigue tomando en
cuenta la insulina circulante en el cuerpo del paciente.

Programaci—n del algoritmo
Basado en las ecuaciones y estipulaciones antes men

cionadas, se program— el algoritmo para el control glu
cZmico utilizando el programa NetBeans IDE 8.2 con el
lenguaje de programaci—n Java (Figura 3), haciendo
uso de un equipo de c—mputo con sistema operativo de
64 bits Windows versi—n 10, procesador Intel Celeron
N400 de 1.10 GHz, y 4GB de memoria RAM.

5 — O X

Ingresa los datos requeridos y oprime calcular

Peso: |86

Glucosa actual: |344

Insulina a infundir

en la siguiente hora 3.2559187

Insulina subtotal: 44959188

Calcular

FIGURA 3Interfaz grifica del software.

Para probar la funcionalidad del software dise—ado se
utilizaron los datos obtenidos del manejo de 10 pacien

tes con diagn—stico de CAD, tratados dentro del servi -
cio de urgencias del Hospital Jutrez de MZxico durante
los a—o0s 2018-2019.

La simulaci—n consisti— en utilizar la glucosa inicial
reportada, el peso del paciente, y la sensibilidad a la
insulina calculada durante cada hora de tratamiento.
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Con lo anterior se busc— observar la respuesta del
software ante el cambiante estado metab—Ilico de los
pacientes. La Figura 4 muestra el mZtodo por el cual se

realiz— la simulaci—n del software.

Glucosa Algoritmo de
g2 82 (FSx Ugpy) esperada Ugpe
FS/h
Registros
AGlucosa glucémicos
Uinf—real reales de
pacientes

FIGURA 4Metodolog’a para la simulaci—n.
g,: glucosa actual,FS sensibilidad a la insulina,
FS/h: sensbilidad a la insulina por horalJ_ : insulina

sbt®
subtotal, U »insulina real infundida.

inf-real”
Se utiliz— la ecuaci—n(1) para la obtenci—n de la sen-
sibilidad a la insulina para cada hora de tratamiento, lo
gue permiti— hacer una reproducci—n del estado meta -
b—lico del paciente a lo largo de su tratamiento.
Posteriormente, se ingres— al software el peso y glu -

cosa inicial del paciente. Una vez que el software esta
bleci— la insulina a infundir durante la siguiente hora
se realizaron las predicciones sobre la glucosa espe

rada (GE), segeen la sensibilidad a la insulina del
paciente durante la hora espec’ fica, basado en la
siguiente ecuaci—n:

E DF 9+ G (10)

Esta ecuaci—n se deriva de un despeje y proyecci—n
hacia la pr—xima hora de la ecuaci—n (1) haciendo a g, =
glucosa esperada, y a insulina usada en la hora anterior
=U,,. Se utilizaa U_, debido a que la glucosa esperada
dependeri del total de insulina que existe en el cuerpo
del paciente durante la siguiente hora, es decir, la
suma entre la insulina infundida y la acen circulante

u,, + Up), que resulta matemiticamente en U, .
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Los valores de glucosa esperada se ingresaron al sof - RESULTADOS Y DISCUSIIN
tware, repitiZndose el proceso el mismo noemero de La poblaci—n cuyos registros fueron utilizados en este
veces que de horas de tratamiento en el servicio de estudio const— de 5 hombres y 5 mujeres, con una edad
urgencias hasta la resoluci—n de la CAD o hasta el inicio media de 36 a—os con DE 16.32, un peso medio de 71.9
de soluciones glucosadas intravenosa, siempre usando kg con DE 22.42, as’ como una glucosa inicial media de
el valor de sensibilidad a la insulina que manej— el 485.2 mg/dL con DE 90.69. Dentro de las Figuras 5y 6
paciente en el momento espec’ fico del tratamiento. se muestran los descensos de glucosa por hora en las

mediciones reales y simuladas, para cada uno de los 10
Antlisis estad’stico pacientes.
Con la finalidad de medir la efectividad del sistema

700

con valores de glucosa > 250 mg/dL, se obtuvo el valor
de descenso en la glucosa por hora (tanto en la glucosa 600
) - s P (real)
real como en la simulada ) para cada uno de los 10 casos, % 500 o1 (simulaco)
calcultndose posteriormente el descenso medio de glu - E 200 P2 real)
- . E ,
cosa’hora (DMG), de las mediciones reales y simuladas. 5 P2 (amulace)
. . 8 300 s P3 (real)
Ademis se evalu— la cantidad de horas necesarias para b P3 (simulado)
o
llevar la glucosa a niveles por debajo de 250 mg/dL en G 200 me——— e P4 (real
. L. e L LT T L) P4 (simulado)
ambos tipos de mediciones, al igual que el noemero de 100 e 5 rea)
descensos de glucosa mayores a 100 mg/dL/h. o PS (simulado)
01 2 3 45 6 7 8 910
. . . Horas de tratamiento
Para valorar el funcionamiento del sistema en gluco -
sas < 250 mg/dL se evalu— la existencia de hipogluce - FIGURA 5Descenso gucZmico por hora de pacientes 1 B 5.
mias (glucosa < 200 mg/dL ) o hiperglucemias (glucosa
~ 600
> 250 mg/dL despuZs de haber entrado al rango de <
250 mg/dL ) en mediciones reales y simuladas. 500
- e P6 (real)
% 400 \\ ’'~ P6 (simulado)
Se calcul— ademis la cantidad total de insulina real E ﬁ"v‘ SeelIn — b7 rea)
infundida y de insulina simulada. = 300 b\ \ P7 (simulado)
] \ \ e P8 (real)
\
§ 200 \I A P8 (simulado)
o h
Finalmente, mediante IBM SPSS Statistics Versi—n 25 & N e P9 (real)
. . R n P9 (simulado)
(IBM Corporation, USA ) se busc— comparar las medias 100 pms('mul) °
- - real
de las variables cuantitativas con la prueba tde Student . P10 (simulado)
para muestras relacionadas ©4. Para evaluar silos DMG 012345678910
real o simulada difer'an de 50 mg/dL/h, valor estable - Horas de tratamiento
cido como referencia para los DMG, se aplic— la prueba FIGURA 6 Descenso ducZmico por hora de pacientes 6 B 10.
t de Student para una muestra con un valor de prueba
de 50 mg/dL/h. La comparaci—n de las variables cuali - Se obtuvo un DMG de 51.94 mg/dL para las medicio -
tativas binarias se efectu— con la prueba de McNemar nes reales, mientras que para las mediciones simula -
241 En todas las pruebas estad’sticas se utiliz— un valor das el DMG fue de 51.73, no existiendo diferencia
p < 0.05 para considerar la existencia de diferencias estad’stica entre ambas (Tabla 2). Por otra parte, si

signi ficativas entre las mediciones evaluadas. bien los DMG para mediciones reales y simuladas no
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mostraron diferencia estad’stica con los 50 mg/dL/h
recomendados por las gu'as de tratamiento 7! (p =
0.8), acen as’ existieron algunos descensos de glucosa
por hora que no se apegaron a las recomendaciones, tal

y como se aprecia en las Figuras 5y 6. En la Figura 7 se
presenta de manera gri fica la dispersi—n los descensos
de glucosa por hora, tanto en mediciones reales como
simuladas. En esta figura se aprecia que las dispersio -
nes de mediciones reales y simuladas resultan simila -
res, es decir, el manejo brindado por mZdicos y por el
algoritmo podr’a tener las mismas caracter’sticas.

300

200

100 i
[
U
II -.. il i
Ul es B0 i .
0
-100
Y W VWU WU o v v -l
me/dt/h RR RSS2 IRIRIIIBIIZZ
DO DO IVDIND DT LOINOIOLD OO0 *9
wv

FIGURA 7Dispers—n en descensos de glucosa
por hora en mediciones reales y simuladas.
P: Pacieng, R: Medici—n real, S: Medici—n simulada.

Dentro de la Tabla 1 se muestra la cantidad total de
insulina infundida de manera real y simulada en los
pacientes. Dentro de algunas de las simulaciones, el
software realiza la recomendaci—n de valores negati -
vos de insulina, debido a que busca generar un aumento
en los niveles de glucosa, o contrarrestar la acci—n de
un exceso de insulina circulante. En las sumas totales
de insulina se toman en cuenta solo los valores positi -
vos debido a que los negativos tienen otro signi  ficado
gue se comenta dentro de la discusi—n.

Se encontr— una incidencia de hipoglucemias 6 veces
menor en las mediciones simuladas, con respecto a las
reales, cuya diferencia result— estad’sticamente signi -
ficativa. Por otra parte, hubo una disminuci—n del

TABLA 1lnsulina total infundida y simulada

34

2/
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12%/
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-10

-5

21

/2

-21

53%1

.-%)-

/0%5

4% 4

VU () (=2 /0L (O, 27 . /0 ) " B /045

33.7% en la cantidad de insulina necesaria para alcan
zar las metas de tratamiento. No se encontr— diferen
cia estad’stica entre las mediciones reales y simuladas

18

en cuanto al DMG, as’ como en el ncemero de horas de

tratamiento necesarias para obtener glucemias meno

res a 250 mg/dL y en descensos de glucosa mayores a

100 mg/dL/h. Como se coment— anteriormente, tam
poco se encontr— diferencia estad’stica entre los DMG
y el valor de prueba de 50 mg/dL de glucosa, meta de

descenso glucZmico por hora segoen las gu’as de trata -

miento, lo que demuestra un apego a las gu’as de tra

tamiento 7. En la Tabla 2 se resumen los resultados

estad’sticos de las pruebas de McNemar y t de Student

para estas variables. Con estos resultados no solo se
demuestra que el algoritmo presentado logra un
manejo similar al brindado por el personal mZdico,
sino que tambiZn podr’a generar mejoras en la fre
cuencia de hipoglucemias e insulina necesaria para el
tratamiento, por lo que su utilizaci—n dentro de dispo
sitivos automatizados de manejo glucZmico para CAD

y EHH resultar’a viable.

Si bien dentro de la literatura reciente existen nume
rosos trabajos que proponen sistemas de control auto
matizado para el manejo glucZmico de pacientes dia

bZticos 111121031041 e| presente trabajo busc— innovar en

algunos puntos como son: la aplicaci—n de estos siste -

mas en complicaciones agudas de la diabetes, su apli
caci—n en el medio intrahospitalario y el uso de la
sensibilidad a la insulina como parte de las variables
de entrada para el control glucZmico por parte del sof

tware controlador.



19 REVISTA MEXICANA DE INGENIERIA BIOMEDICA | Vol. 41| No. 2 | MAYO - AGOSTO 2020

TABLA 2.Pruebas esad’sticas
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Segeen los datos arrojados por el antlisis estad’stico,
el software genera DMG similares a cuando los niveles
glucZmicos son manejados por un mZdico, reduciendo
ademts la incidencia de hipoglucemias. Esto da lugar a
la suposici—n de que es posible la aplicaci—n de este
software dentro de un dispositivo biomZdico aut— -
nomo para el manejo glucZmico de pacientes con CAD
sin la necesidad de la intervenci—n del personal mZdico.
Lo anterior resulta en una gran ventaja, ya que reduci

r'a el tiempo que necesita invertir el servicio de urgen

cias en este tipo de pacientes, un punto de gran bene
ficio principalmente en unidades hospitalarias de alta
saturaci—n y poco personal disponible. Asimismo, abre
la posibilidad de una reducci—n en las complicaciones
derivadas del tratamiento con insulina, aumentando
la seguridad en el manejo de estos pacientes.

Por otra parte, en los resultados de la simulaci—n se
observ— que el software, a menudo, recomienda admi
nistrar cifras negativas de insulina: sin embargo, de
manera real no es posible, por lo que es de suponerse

gue en estos casos ser'a necesaria la administraci—n de

voleemenes espec’ficos de soluci—n glucosada intrave
nosa, ante la solicitud del sistema de un efecto hiper
glucZmico, contrario a lo generado por la insulina. Esta
tarea deber’a ser realizada por el mismo equipo biomZ
dico para conservar su autonom’a; es decir, se requiere
de una bomba de infusi—n dual de insulina y glucosa,

similar a lo propuesto por Jacobs et al. con su ptncreas

arti ficial dual de insulina-glucag—n
glucosa intravenosa a infundir deberf depender de la
glucosa a aumentar en la siguiente hora, es decir, del
error proporcional, obtenido mediante un despeje de

251 | a cantidad de

la ecuaci—n (1) con respecto a 6Glucosa, as’ como de la

farmacocinZtica de la glucosa en el cuerpo humano
Este celtimo punto no se evalcea dentro de este trabajo
debido a que no es el objetivo, no obstante, es un

aspecto a resolver para la implementaci—n del algo

ritmo en una fase cl’'nica posterior.

~A Ldr} cge;()y,lt@do interesante en la simulaci—n fue la
reducci—n estad’sticamente signi ficativa de la canti
dad necesaria de insulina para alcanzar las metas tera
pZuticas. Ello puede deberse a que el software toma en
cuenta la sensibilidad a la insulina y la insulina circu
lante, logrando as’ aprovechar los momentos con alta
sensibilidad a la insulina para generar descensos glu
cZmicos apropiados para el estado metab—lico del
paciente, a la vez que evita infundir mis insulina de la
necesaria cuando acen existe insulina circulante en el
organismo. Lo anterior resulta en otro potencial bene
ficio de la implementaci—n del software en el manejo
de pacientes con CAD, una posible reducci—n en el
costo de la atenci—n mZdica de los mismos.

Desafortunadamente no se encontr— diferencia esta
d’stica entre los descensos de glucosa > 100 mg/dL
entre las mediciones reales y simuladas, debido a que

[26],
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tales eventos se derivan de sucesos poco predecibles
en el metabolismo de los pacientes que resultan en
cambios drifsticos en la sensibilidad a la insulina. La
soluci—n ante este problema es un monitoreo glucZ -
mico mis frecuente, que permita al software notar a
tiempo los cambios en la sensibilidad a la insulina, lo
cual ser’a posible con la implementaci—n de un moni -
toreo glucZmico continuo que permita al software la
toma de decisiones en periodos mits cortos de tiempo.

De tal manera que podr'an generarse DMG mis esta
bles y con menor variaci—n entre horas, lo que har’a
posible su aplicaci—n no solo en pacientes adultos, sino
tambiZn en pacientes pedittricos, donde el manejo

glucZmico debe ser mts estricto dada la mayor facili
dad con que generan edema cerebral, resultado de
variaciones fuertes en la osmolaridad sangu’nea 26,

CONCLUSIONES
El algoritmo de control automatizado evaluado en el
presente trabajo intenta brindar una opci—n de manejo
que permita al mZdico ahorrar tiempo en el trata -
miento de estos pacientes, as’ como mejorar los resul -

tados terapZuticos y disminuir el riesgo de complica -
ciones derivadas del mismo. La principal limitaci—n
del estudio fue la imposibilidad de realizar pruebas del
software con pacientes reales, sin embargo, la simula -
ci—n fue un punto necesario debido a que: 1 ) no existe
literatura sobre aplicaciones de sistemas de control
automatizado en el manejo de estas patolog’as, y 2 ) el
estado crtico de los pacientes vuelve poco Ztico su
aplicaci—n en humanos sin resultados previos de su
funcionalidad. Dentro del trabajo se comprob— que el
propio sistema podr'a ser capaz de lograr un manejo
glucZmico similar al brindado por el personal mZdico

en el tratamiento de la CAD, apegfndose a las gu’as de
tratamiento, ademis de evitar hipoglucemias y gene -
rar un menor gasto de insulina durante la terapZutica.

Lo anterior abre la puerta a una posible utilizaci—n de
este sistema dentro de un dispositivo biomZdico aut— -
nomo para el manejo glucZmico de pacientes con com -
plicaciones agudas de la diabetes dentro del servicio
de urgencias, pudiendo as’ acercar a la medicina un
paso mits hacia la automatizaci—n de la terapZutica en
el paciente cr’tico.
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Regularized Hypothesis Testing in Random Fields with Applications
to Neuroimaging

Pruebas de Hip—tesis Regularizadas en Campos Aleatorios con Aplicaciones a Neuroimfgenes

Oscar S. Dalmau-Cede—o, Dora E. Alvarado-Carrillo, JosZ Luis Marroqu’n
Centro de Investigaci—n en Matemtticas, CIMAT A.C.

ABSTRACT
The task of determining for which elements of a random I eld (e.g., pixels in an image) a certain null hypothesis may
be rejected is a relevant problem in several scienti ! ¢ areas. In the current contribution, we introduce a new method

for performing this task, the regularized hypothesis testing (RHT) method, focusing on its use in neuroimaging re
search. RHT is based on the formulation of the hypothesis testing task as a Bayesian estimation problem, with the

previous application of a Markovian random I eld. The latter allows for the incorporation of local spatial informa
tion and considers di " erent noise models, including spatially correlated noise. In tests on synthetic data showing
regular activation levels on uncorrelated noise I elds, RHT furnished a true positive rate (TPR) of 0.97, overcoming

the state-of-the-art morphology-based hypothesis testing (MBHT) method and the traditional family-wise error

rate (FWER) method, which a " orded 0.93 and 0.58, respectively. For ! elds with highly correlated noise, the TPR
provided by RHT was 0.65, and by MBHT and FWER was 0.35 and 0.29, respectively. For tests utilizing real func
tional magnetic resonance imaging (fMRI) data, RHT managed to locate the activation regions when 60% of the
original signal were removed, while MBHT located only one region and FWER located none.

KEYWORDS Regularized hypothesis test; Markovian random ! elds; Bayesian estimation; functional Magnetic resonance
imaging.
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RESUMEN
En varias freas cient’ ! cas aparece el problema de determinar los elementos de un campo aleatorio (por ejemplo,
p'xeles en una imagen) en los que se puede rechazar una cierta hip—tesis nula. En este art’culo presentamos un nue -
vo mZtodo para realizar esta tarea, centrado en aplicaciones para investigaci—n de neuroimagen. Nuestra propuesta
se basa en la formulaci—n de pruebas de hip—tesis como un problema de estimaci—n Bayesiana, usando como a priori
un campo aleatorio Markoviano, que permite incorporar informaci—n espacial local y considera diferentes modelos
de ruido, incluido el ruido correlacionado espacialmente. Para pruebas en datos sintZticos con niveles de activaci—n
regulares sobre campos de ruido no correlacionado, nuestro mZtodo obtiene una tasa de verdaderos positivos (TPR)
de 0.97, superando al mZtodo del estado del arte MBHT y al mZtodo de control FWER que obtienen 0.93 y 0.58 res -
pectivamente; para campos con ruido altamente correlacionado, nuestro mZtodo obtiene un TPR de 0.65, mientras
que MBHT y FWER obtienen 0.35 y 0.29 respectivamente. Para pruebas con datos reales de fMRI, nuestro mZtodo
localiza las regiones de activaci—n cuando removemos 60% de la se—al original, mientras que MBHT no localiza re -
gi—n alguna y FWER localiza una de las dos regiones.

PALABRAS CLAVEPrueba de hipoétesis regularizada; campo aleatorio Markoviano; estimacién Bayesiana; Imagenes de
Resonancia Magnética Funcional.
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INTRODUCTION
In areas of scienti #ic research where imaging is
involved $.g., neuroimaging, remote sensing, etc. %it
is often necessary to test statistical hypotheses at each
element of a 2 or 3-dimensional #eld of sites $ixels or
voxels % The purpose is to determine the set of sites at
which the response to a given experiment may be dif -
ferent from baseline, or whether it is signi  #cantly cor -

related with another parameter.

For instance, researchers in the area of neuroscience
typically conduct studies to identify the area of the brain
responsible for a certain cognitive task. The experi -
ments are composed of stimulus and rest periods applied
to a single subject or several people & & & & & anplying
a functional imaging approach such as positron emis -
sion tomography $PET%or functional magnetic reso -
nance imaging ¥MRI % Subsequently, the regions of
voxels with a signi #icant degree of activation have to be
detected by performing simultaneous hypothesis tests
over 2 or 3-dimensional measurements.

Because hundreds of thousands of comparisons are
made at the same time, the well-known problem of
multiple comparisons appears ® &. The researcher is
thus obliged to seek a solution to the resulting increase
in the percentage of false positives $&ype | errors % A
popular family of approaches to deal with this problem
are the so-called pointwise $W%methods, which uti -
lize some type of thresholding technique to control
FWERY® €. Although they

present a simple and easy to interpret solution, there is

the family-wise error rate

a high rate of type | errors.

Some authors address the problem through the
Gaussian random #elds $GRF%theory ® €% under the
assumption that the spatial correlation of the data is
known or can be estimated. Since this is not true in
practice €Y, a smoothing #lter is applied to the raw
images to ensure that these assumptions are met. Such
a pre-processing process causes a loss of spatial resolu -

tion ®. On the other hand, threshold-free methodolo -
gies €2 employ erosion and dilatation morphological
operators with a set of structuring elements of various
sizes to detect regions exhibiting moderate activation
levels and wide spatial size. However, their results are
subject to the form of the structuring elements, which

is determined arbitrarily.

In the current contribution, we propose a new
method, denominated the regularized hypothesis
testing $RHT%method. It is based on the formulation
of the hypothesis testing task as a Bayesian estimation
#eld $MRF%to
incorporate local spatial information. Firstly, mention

problem using a Markovian random

is made of the state-of-the-art methods available to
solve the problem of hypothesis testing in 2 and
3-dimensional #elds. Thereafter, RHT is explained
along with related theoretical considerations. The
problem of parameter selection is addressed by pro -
posing two algorithms for automatic calibration.
Having laid out the new method, it is validated by
experiments with simulated and real data. Finally, the

results are discussed and conclusions are drawn.

Theoretical framework
The problem of testing statistical hypotheses at each
element of a 2 or 3-dimensional #eld can be conceived

as the following general problem:

of sites, there is a statistic Tq%de#ned
for each site u b for which one wishes to test a null

Given a set

hypothesis $H %According to this hypothesis, all ele -
P, $T%the
null distribution  %H  is assumed to be of the form:

ments T8%are furnished by the distribution

Oa ¢ n€ ] 0a€v ﬂ%

where H  is a marginal null hypothesis about the
probability distribution of the measurements at site u.
At H,,, consequently, T%u%is generated by P,. In the

active region, is de#ined as the set of sites u where
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H,, does not hold, thus af #rming the alternative
hypothesis H, . The problem then is to #nd an esti -

mate forteset $hote: and may be empty %
Once a method is selected, its performance must be
evaluated with standard tools. Some very common

tools that will be used presently are described.

1. The false positive rate $PR%is de#ined by:

/45 [[:‘%[] ®%

where  ¢is the complement of the active region !
denotes the cardinality of a set and E & refers to the

expected value of a random variable.

It is also possible to de #ne FPR for elements that are
not adjacent to the boundary of the active region:

K [ [

[45-« |13 8%

where the r-dilation D, of is de#ined as:

LMoy v N g %

This measure is de #ned for two reasons. Firstly, the
boundary of the active region is usually not well local -
ized, since the activation level often decreases slowly
as one moves away from . Secondly, the methods
that consider the neighborhood of each element for
estimating likely indicated an increased number of
false positives nearby to the boundary of the active
region If most false positives are of this kind, they
should have less impact on the measured performance

than the false positives disconnected from

Thus, FPR could be a better performance measure in
such a case.

2. The true positive rate $TPR%also called sensitiv -
ity, is de #ned by:

745 . [%] %

denoting the expected proportion of sites correctly
estimated as the activation region.

3. The family-wise error rate  $FWER%is de#ined by:

/9.5« 4H ¢ [« +— %

representing the probability of having at least one
false positive, given that the activation region is
empty.

4. The false discovery rate $DR%is de#ined by:

. [*0],__t#pg
/-5 [ r ] [ #npdspq $7%

with W=g |-| |4 |,

portraying the proportion of wrongly rejected null
hypotheses in

Some of these measures can be combined. For exam -
ple, a widely accepted way of characterizing the per -
formance of a method is through the receiver operat -
ing characteristic $ROC%curve €', which indicates, for
atixed , the maximum attainable TPR for any given
maximum allowable FPR. For one-sided tests, the
maximum TPR is generally an increasing function of

the maximum allowable FPR.

To construct the curve, the true region and the
a=E&% ub mustbe
known. Then, the study of a method that depends on a

corresponding activation level

parameter  involves setting a value for to obtain a

point on the ROC curve. The parameter acts as a cut-
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off point to distinguish between the sites considered
positives or negatives. Take as an example the meth -
ods based on the following computation:

[« {MHNNM" U, 8%

where pviu%depicts the p-value of T3u%and therefore
pvau%e= 1-P, $TR%Ihis class of methods, denominated
PW, encompasses most of the standard methods. They
differ from each other only in the way the threshold
is computed $ote: all PW methods have the same ROC
curve, regardless of the way is computed % Thus, for
the application of the threshold based on a signi  #-
cance level ., without correction for multiple hypothe -
ses uncorrected method %it holds that = .. For the
FWER method & & &4 with signi #cance level it

follows that:

‘FWER’

Us o 440 P Rntig— 9%
where P} is the distribution of max  , T9u%under H,.
Consequently, FWER can be controlled by choosing as
8- . e Yportion
of the right side of P}". For an elaborate discussion on

the threshold the value located at the

the association of FWER with the maximum statistical
value, see Pantazis &°.

In the case of FDR, with a signi #cance level . %%,
the procedure for #nding the threshold begins with
ordering the individual p-values of sites u BL from the

largest to the smallest. Accordingly,  pv$u, % pv3u,% ®
pvau Ywith N =| |. Let k be the index of the #irst site on
the list, at which the p-value is less than or equal to the
desired FDR proportion. Hence,

and is setas:

Us HNHV— 0%

For more details on the method, consult Benjamini ar,
éfor FPR__,
$.g., & 10°5%]f the local hypotheses

Alternatively, given a desired value can
simply be set as
H,, are independent, this is equivalent to the applica -
tion of the standard PW method without correction for
multiple hypotheses, but with low level of signi #icance
. = & Since $as mentioned %the maximum TPR is an
increasing function of FPR, the value of * = 8will be
the one that maximizes the TPR while keeping FPR

under control:

7TA5 KWK C?EIL45" Y 1%

where é&is a user-speci#ied small positive number.
Although the actual ROC curve for a given problem is
unknown $because it depends on the values of T3u%or

u & %itis possible to specify the value of  &Thus, the
optimal PW method, according to Eq.  $l1%with = *
will correspond to the UC method with .=1- élt may

be applied if the #eld of p-values, or equivalently the
#Held P, $TQ% € , is known. Such #elds can be esti -
mated either theoretically or by non-parametric empir -
ical means %.g., permutation or re-sampling proce -
dures%® €%, The optimal PW method will be denoted
by PW* $&6

The signal-to-noise ratio $SNRY is de#ined as:

hfi (-€—
_&l

635 fr '

$12%

where 1 is the variance of T under H, and the mini -
mum activation level in T has been arbitrarily assigned
as the information signal. This represents the worst-
case scenario in which the entire region has a mini -
mum value. On the other hand, the mean activation
level or the amplitude could also be employed, as dis -
cussed by Welvaert and Rosseel &" and Acosta-Franco
et al. ®. For low values of SNR, the value of TPR
obtained with PW* $&in the corresponding PW ROC

curve is usually low for reasonable values of &
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Consequently, PW methods have low sensitivity and
the estimated " is too conservative.

Hence, more sensitive methods must be developed
that are able to accurately reflect the active regions,
which in most cases consist of clusters of several con -
tiguous elements of and not of isolated elements.
#ield T as a start-
#eld '? The new

into account,

Customarily, these methods use the
ing point for the generation of a new
statistic takes the spatial correlation of
and then processes ? with a PW method as before. For
example, T may refer to the size or mass of a cluster of
arc-connected elements $u%with values of T above a
certain threshold &%,

However, this approach has some drawbacks, one
being that the results depend strongly on the value of
the selected threshold, and in general no principled
way exists to make such a selection. Some variants of
the method alleviate the problem to a certain extent
by computing '? as a weighted combination of cluster
sizes obtained with different thresholds. Another
problem is the loss of interpretability, since in many
cases the signi#icance of the statistic sought is directly
related to the activation level  4.e., the value of T%and

to the extension of supra-threshold clusters.

A distinct approach was developed to address these
problems, being the morphology-based hypothesis
testing $MBHT %method #2. It involves the computa -
tion of '/I\' as a combination of the results found when
applying a set of K morphological erosions with differ -

ent sizes of structuring elements to the  #eld T. The
statistics are calculated as:
({-M— ( N—@ D- 1, $3%

.t g€—

where W, u%denotes the structuring elementk  %.g.,
a circle of radius r %centered at u. Then, these values
are integrated into the statistic  T:

T2 {sh k) (-0 4%

where P, is the null distribution of the statistic T,
Afterwards, the optimal PW procedure can be applied

to the #eld '? as detailed above.

The results of this approach are competitive with
those based on supra-threshold cluster statistics az
and allow a clearer interpretation. Once again, the dis -
advantage is that the results may depend on the shape
of the structuring elements, and for their selection no
principled solution exists.

In the current contribution, the approach introduced
is capable of overcoming these dif #culties. It formu -
lates the hypothesis testing task as a Bayesian estima -
tion problem, with an MRF previously applied to the
active regions, thus implementing a prior constraint
on the spatial contiguity of . For the application of a
Gaussian Markov random #eld $GMRF%for fMRI data
analysis, see Mejia et al. and the references therein &',

The new scheme proved to have better performance
than PW methods, while maintaining interpretability.

It also has better performance than MBHT, and does
not require the selection of any particular shape for
the structuring elements.

The regularized hypothesis
testing method

In RHT, the hypothesis testing problem is written in
terms of an image segmentation problem, which is
solved by using a Bayesian estimation framework.
First, the hypothesis testing formulation is explained.
The procedure is laid out for calculating the prior dis -
tributions of sites and the likelihood that they belong
to an active region. Subsequently, an approximation
algorithm for #inding the maximum a posterior proba -
bility $MAP% estimate is established. Finally, the
parameter selection problem is addressed.
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Hypothesis testing formulation
Hypothesis testing may be formulated as a binary
segmentation problem. Accordingly, given the set of
sites , the problem is reduced to partitioning into
such that

, IS zero, and in region

non-overlapping cohesive regions o 1

the activation level in region

is greater than or equal to a known constant a
~ def

o, @ = land =

@ ,,where = s
the active region, and therefore = C

1
Hence,

.
0 1

0
Let ¢ be an unknown discrete label #eld that identi -

#hes the partitions of |, de#ining cu%b = )0,1* and

cu¥%=kifu B |, foreach u B . Thus, a g, depicts the
activation level at site u $hote: a, = 0%
Without loss of generality, the activation level in L s

assumed to be equal to a,, since this represents a worst
case in terms of the desired false positive control in the
estimation of . Considering T as the #eld formed by
the statistics Tu%for all u B , the following observa -

tion model is proposed:

2 % 0 ’ %%
where n is a noise #eld showing distribution P, %
with:
342— 31 34 $16%
where Z is a normalization constant and U, #%is a
so-called energy function. Then, the likelihood P$T |c%
is furnished as:
( *
(H%2— (1 O)
H7%

2 (1 o)

where Z$T|c%

to #ind an estimate that considers the spatial correla -

is a normalization constant. It is important

tion in both the noise #eld n and the label #eld c.

As the real statistic T is obtained through a regres -
sion analysis of data provided by a model, it could
take on a positive or negative value $lepending on the
choice of the statistic % resulting in positive or nega -
tive differences + activation regions + of the data with
respect to the model. Zero-value regions would still
portray sites where there is no activation, and the dis -
tribution of values of #eld n would be determined by
the selection of the statistic  T. Hereafter, a noise
model is presented as a GMRF. In later sections, we
remove this assumption by introducing a procedure
for standardizing the noise #eld in order to map noise
#ields ranging from arbitrary distributions to standard

normal distributions.

Noise ! eld model
For the noise #eld n, a GMRF model was employed,
taking the form of Eq.  $16%with:

3341 344
I

342- ) 3401, €18%
. # .

where > 0 is a scale parameter, n$u%is the value of
the #eld n in site u, and n§%is the value of the #eld n
in a neighboring site v. The parameter 2( 0 is related
to the spatial correlation of the  #eld n and the second
term added to the #rst is taken from all pairs of neigh -

boring sites & v ¢in the image.

When 2=0 and
Gaussian white noise model with zero mean and unit

=1, the formulation is reduced to a

variance $he OParameter SelectionO section explains
other types of noise #elds% With such a model, the

likelihood takes the form of Eq.  $.7%being:

() 2- Z 343341 o3 4
. #

031 3434

0ly,Y 334
o

1 4,341 34

0 o3 48

$19%
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cfu%is used as an indicator
function. Accordingly, ifits valueis 1 d.e.,u B  %the
term $l-cuvPu%becomes zero, simplifying Eq.  $19%to
an expression that is equivalent to substituting ndu%dor
T%- a,cu%In Eq. $18%the activation level in  T®u%is
eliminated, keeping only the noise component, as in
$15%

In the above equation,

the observation model proposed in

Moreover, if cu%= O0d.e,u B Y%the term cR%B%
a,cfuvPbecomes zero and the term  $T31% a,cfu%n the
#ed to TR%This is equiv -
nu%dor TR%n Eq. $18%since TH%
already corresponds to purely noise.

second summation is simpli
alent to substituting

Eq. $19%may be rewritten as a quadratic function of a
vector-valued #eld b de#ined as b, $u%= cu%and b, 4%
=1-ctu%

342- 223341 834
Lo# -

0!%2 2334 ®0%
RV
1,1 34
0 4 .34 34
with a, = 0 and:
Z .342 # V1%
.34 5 6 # ®2%

Bayesian formulation of
the hypothesis testing problem
For #eld b, we propose the previous application of an
MRF model #2 €', |n order to introduce the prior con -
straint that the active regions are spatially cohesive, b
is modeled with Ising potentials, furnishing the fol

lowing distribution:

342— 31 34 ©3%

AB>Q )  AB= ABS ©4%

where 2( 0 is a parameter that controls the granular -
ity of #eld b.

$16%
#Held b by
employing a Bayesian formulation, affording the pos -
terior probability distribution:

With this equation and the Gauss-Markov model
and $L8%for noise, it is possible to estimate

A B A BAB 5%

where the likelihood is:

A B ~ A B $6%

with U

Tlb

given by #0%and #eld b satisfying $£1%$2%
Finally, the posterior distribution can be written as:

A B A A B 7%

(> < O) $8%

where U, ~$b%and U, $b%are furnished by $£0%and

R4%espectively.

The MAP estimate for #eld b is obtained by minimiz -
R1%P2%This is a
combinatorial optimization problem that is, in gen -

ing $8% subject to the constraints

eral, very dif #cult to solve. Several methods have been
proposed, such as the iterated conditional modes
HCM%algorithm &+, stochastic relaxation #*, graph

cuts procedure %5, etc.

Here, because of the form of the cost function that
includes the noise correlation term, we prefer option

@2 which is based on the relaxation of constraint 2%
Hence, a new formulation is made:
oAB@ %+ 9%
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Dividing $8%by and utilizing = 2 and = 2, the

functional is minimalized as:

$30%
= ()< 9" 49 )
<,Z AB= AB®

If the noise has a mean of zero, then a, = 0. The result -
ing optimization problem is:

$' (1 5.)
> &$ (11 5) $31%
) *Loa oD > + 4 $32%
(D@ + 4% 3 3%

This is a quadratic minimization problem, subject to
linear constraints, which can be solved ef #ciently by
employing a projected gradient descent method.
Consequently, each b%u%din order to simplify the nota -

tion we remove the dependency of a

,a,, %may now be

interpreted as an approximation for the posterior
marginal distribution of the indicator functions 1 Kot

To obtain the latter it is possibletoset1 | =1if b,
> by forall j, k. Thus, the estimation of the active

region is:

4%

Parameter selection
A general method can now be introduced to allow the
model $1%$3%to be used for any type of noise. The
parameters a,, , will be able to be automatically
selected by controlling the false positive proportion
while maximizing the performance of the method

with respect to the TPR.

Standardization of the noise ! eld
The derivation of functional B1%is based on the
$15%with the Gauss-Markov model
$16%$L8%for noise. However, the model is not always

observation model

valid in practice, since the T #eld may have a different
distribution. The #rst step, therefore, is to generate a
transformation capable of mapping the arbitrary dis -
tribution to a standard one. The proposed method is
based on two properties:

¥ If x is a random variable and Q its corresponding

cumulative distribution function $CDF% then the

distribution function for the random variable Q&%
is uniform &7 &8,
¥ If uis a uniform random variable and G the CDF of

the normal distribution, then the distribution func -
tion for the random variable ~ G* $u%s normal #°.

Combining both properties, it follows that for any
random variable x, the random variable G $Q&%%s
normal. Consequently, the only requirement for trans -
X into a normal variable is
to know the corresponding CDF Q%%or to estimate it
by obtaining the empirical CDF S]ECDFO/&AQ&%rom sam -
ples of the particular distribution.

forming a random variable

Assuming that random #eld samples T, can be gener-
ated under H, itis possible to estimate the correspond -
ing null distribution P, $%Given a #eld T derived from
the observations $.g., the F-test for the generalized
linear model $GLM%computed at each voxel %the sam -
ple can be mapped to a standard normal distribution -

©) >—( <(’(T)>

where erf$y%denotes the error function

$35%

&0 the prob -
ability that a random variable Z normally distributed
with mean != 0 and variance 1=- falls in the range
&y, y'. The #eld '/I\' with a standard normal distribution,

is afforded by the following transformation:
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T <V (M) ) 36%

Hyper-parameter calibration
The hyper-parameters that control the behavior of
the method are the spatial correlation parameter , the
minimum activation level  a,, and the regularization
parameter . The general idea is to estimate  from the
observations, and subsequently compute  a,, fromthe

estimated parameter  and a parameter érepresenting
the level of FPR control.

Estimation of parameter : The parameter = 2/ in
$1%controls the noise spatial correlation and can be
estimated by minimizing the negative logarithm of
the pseudo-likelihood of samples of the  #eld T, gener-
ated under H_ 4.e., samples of the noise #eld n%

The pseudo-likelihood is de #ned as the product of
the conditional distributions for nfu%at each pixel u,
given the values at its neighboring  #ields €*'. Using Egs.
H7%$18%the result is:

($&)
<i J[Jcomom ¢se
5
8B7%
51
<(—+ &|(2|) p& Eprya
EE AR
where t is a constant, is the neighborhood of pixel
u and:
<Z i 8%
e
PIRORO $39%
c
<Z akd $0%
o

# :!><z 2> 1%

3 (s

The minimization of Eq. $7%yields a closed formula
for the estimation of the parameters:

&< +(/(1-Io7)' 2%
$< (2:1(d) & 3%
- <345. #4%

Calibration of parameters a,, :Foragivenvalue &for
FPR control and a #xed =" calculated with Eq. $#4%
the present proposal is to #nd the optimal parameter
settings a *, * asthe maximizers of the TPR, subject to
FPR. &However, the solution of such an optimization
problem is very dif #cult to obtain because both TPR
and FPR depend on the unknown region A. To  #nd an
approximate solution, the following observations are

made:

1. Instead of FPR. é&we use FPR,. &Eq. 8%since
the precise location of the boundary of the active
region is uncertain $as aforementioned %and in
some sense arbitrary, considering that activation
generally has a gradual variation in the  #eld.

2. According to our experimental work $ee Fig. 2
and Experiment 1 below %the present method has
the advantage that false positives do not extend,
in a signi #icant way, more than a couple of pixels
away from this boundary. This is due to boundary
effects close to the active region. For a given  #xed
a, and , therefore, it is possible to estimate the
constraint FPR, . &by FPR® d$i.e., the FPR com-
puted in #elds generated under H % which is
depicted by FPR*$a,, %
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3. The calculation can be further simpli #ed based The optimal parameters a,* * depend on the data
on the observation that TPR is an increasing func - only through the estimated parameter and the
tion of FPR d.e., the usual shape of the ROC desired FPRC control & Thus, the optimal values may
curves %Consequently, fora #xed : be pre-computed and stored in a table. When a new

data set arrives, one only needs to standardize the
i " = % #5% noise, estimate , read a*, * from the table for the
desired FPR control, and minimize U $b; , a* *%ur-
which is equivalent to  #nding a, $% such that nished by Eq. $30%The tables are represented as false
FPR$a, $% % &Given that a 4, is obtained from color images in Figure 1.
#elds produced under H_  and these #elds are
standardized as described above with the noise The #inal algorithm for estimating the active region
model $18%the values of a a, as a function of , , for a given data set is summarized in Algorithm 2.

édo not depend on the data. Hence, it is possible

to pre-compute them based on #elds generated
by utilizing model $16%with U afforded by 8%
being then the Gibbs sampler algorithm €%,

Algorithm 1: Calibration parameter algorithm (CPA)

function CPA( )

Estimated value of from (44); desired

1 Input control for the FPR; search intervalfor .
4. Since the TPR depends on the unknown we Output Estimated hyperparameter values
. . 2 Begin
propose the approximation of TPR for each value
3 For all do
of by the average TPR $ %The latter value results ~
A 4 Compute that solves
. . 0
from running the method with tf)\e value  a,$ %or s Compute — ~ () by uSing(46)
aﬁl over a #inite set of values S, which is a discret - 5 End
ized version of the collection of activation values 7 Compute — -
S in a continuous interval. We use a #xed syn - s Compute ()
thetic active region $a circle% 9 Return
10 End
( ) * Algorithm 2: Regularized hypothesis testing (RHT) algorithr
f$ # ( | ) () + #M6% function RHT
—12 $ . T, - - Observed field , parameters
# ’ 1 Input computed with Algorithm 1 and the
desired control for the FPR
Output Estimated active region’
where P#%is taken as the uniform distribution in 2 Begin
the set S. With these simpli #cations, the parame - 3 Compute™ with (36);
o _ _ _ P T ) .
ter estimation algorithm simply consists of Compute” with (44) using the field ;
. . . . 5 Compute™ (" ") by interpolatin from a
sweeping the plausible  values in a givenset & precgmputed table; yImepeing
discretization of an interval &, __ '% followed by 6 Compute” " byinterpolating from a

pre-computed table;

#inding, for each , the value é\ll $ %dsuch that FPR

. _ 7 Compute *~~ " by solving (31)(33);
$, $% %=8band the corresponding $TPR%%®) as -
) . 8 Compute ~ with (34);
explained above. The #nal *is then found as the o Rewm -
maximizer of $TPR%®jpaffording a *= z’il$ *06 This 0 End

is summarized in Algorithm 1.
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—logyg€ —logyg€

FIGURE 1. Estimation of parameters a,, ~ as functions
dependingon ($! log,, @for S [0,2]and € [10°,102].

MATERIALS AND METHODS

Data description
To study the behavior of the present method, we
include various experiments based on both synthetic
and real data.
Synthetic data: The synthetic data was generated
dynamically and consisted of two components. Firstly,
i,=)n,n

. E, n,~ is a set of noise #elds of a regular

lattice  of 50/ 50 pixels, without any activation region.
That is, the images were produced under  H_, using Egs.
f6%and $8%with ndu%as random independent vari -
ables showing standard Gaussian distribution.
=1 and

experiment. Secondly,

Parameter were to be speci#ed in each
i, =)c,c, E, c,*consists of 40
binary labeled #elds of a regular lattice of 50 /50 pix -
els, representing indicator functions for activation

$ee Figure 2% Then, the

simulated observed #elds are generated by the follow -

regions of different shapes

ing model:

"!' - [ ] $47%

where a denotes the activation level and its value is
speci#ed in each experiment.

Real data: Experiments with real data were based on
the auditory dataset ®?. The data corresponded to 96
volumes of a single subject $each volume composed of

64/ 64/ 64 voxels of 1/1/ 3 mm %which were acquired
in blocks of 6 volumes. Since the repetition time
between scanning was set to 7 seconds, there were a
total of 16 blocks of 42 seconds $although due to the
effects related to T1, the #rst two blocks were dis -
carded % The sequence of volumes alternated between
blocks of rest and stimulation, starting with rest.
Auditory stimulation consisted of two-syllable words
presented binaurally at a rate of 60 per minute.

DI EN
Ula" |8 (8]S

FIGURE 2. Dataset: Examples of synthetic active regions.

Localization of false positives
for the RHT algorithm

This experiment was designed to test the assumption
that in the proposed method the false positive errors
are concentrated close to the boundary of the active
region. Consequently, FPR, can be well approximated
by FPR, $.e., FPR computed over images produced
under H %

A total of 1000 independent runs were conducted for
the procedure. Briefly, set S 0 was generated with
parameter = 0.75, a value estimated from fMRI
images by utilizing Eq. $4%Fields T, T,, E, T,, Were
obtained by using model $7%sets i, and i, and ran-
domly selected activation level . in the interval € &,
Algorithm 2 was applied for levels of FPR control éb
)0.001,0.0001,0.00001,0.000001 * with the optimally
calibrated parameters, computing the average value of
FPR, for the set i, and FPR for the set i . The results
are shown in Table 1. As can be appreciated, by cali -
brating the parameters of the method to control FPR ,

0

the appropriate control over  FPR, is also achieved.
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Performance of the method
The #rst set of the following experiments was
designed to make a comparison of RHT to FWER & and
MBHT &2 the latter two being the state-of-the-art
methods that take the spatial expanse of the active
region into account. Accordingly, the set S_0 was pro -
0,0.5,1,1.5 *. A total of 1000
runs were performed, randomly selecting the active
regions from i with an activation level a  D)0.0,
0.25, 0.5, ® 5* The average TPR was computed. The
RHT method was carried out by employing Algorithm
&= 0.000001.

duced with parameter

2 and a level of false positive control of

Based on the results from each method, RHT proved
capable of providing better TPR values than the other
$Figure 3%
The improvement is likely due to the consideration in

two algorithms for most activation levels

the new model of the spatial cohesion of the activation
regions $ontrolled by the regularization parameter %
#Held &on-
% Contrarily, the rest of the

as well as the spatial correlation in the noise
trolled by the parameter
algorithms assume that these two components of sta -
tistic T are formed by independent variables.

Experiments with fMRI data

In the second set of experiments, Algorithm 2 of the
proposed method was applied to the real fMRI data
described at the beginning of this section. RHT was
not applied directly to the original data, but rather to a
#ield T $an F-test #ield computed from the data % The
#irst step was to standardize the #eld in order to obtain
T with Eq. $6%which is the input of the segmentation
algorithm. Hence, it was necessary to calculate the
ECDF from the data. Here after, some details about the
aforementioned steps are explained.

Data pre-processing. The aim of the pre-processing
was to remove artifacts in the data as well as to pre -
pare the data to maximize the statistical analysis. Here
we use spatial pre-processing provided in the script
auditory_spm12_batch.m, which implies realignment,

Activation level

Activation level

FIGURE 3. Performance comparison of RHT with the
punctual FWER and MBHT methods for different noise
spatial correlation Sand €= 0.000001.
co-registration, segmentation and normalization.
Although the original script ~ $available online at http:/

www. lil.ion.ucl.ac.uk/spm/data/auditory/  %includes a

smoothing step to ensure that some assumptions
#illed 2 &8 RHT omits
this step because it is capable of handling different

about noise distribution are ful

noise distributions. Actually, the inclusion of the step
would not be bene #cial. The data for these calcula -
tions was processed on SPM software version 12

$available at http://www. !il.ion.ucl.ac.uk/spm/ % and

MATLAB 2018a. A slice of the pre-processed data was
selected to perform the following experiments.

F-test "ield. After the pre-processing stage, the statis -
tical analysis was carried out to determine the active
voxels that correspond to a given stimulus. To obtain
the active regions, a voxel-wise analysis is typically
conducted by #tting models to a single voxel time
course. The data at each voxel is modeled in a univari -
ate way with a linear model:

% (1wl % #8%
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TABLE 1. Experiment of the FPR control at different
levels, utilizing a synthetic dataset. First column, level
of FPR control; second column, average FPR for images
generated under H; third column, average FPR,
for synthetic active regions.

FPR® FPR?
0.01 0.0042504 0.0051335
0.001 0.0001340 0.0001714
0.0001 0.0000436 0.0000436
0.00001 0.0000044 0.0000050
0.000001 0.0000004 0.0000004

where vy, the dependent variable, is a vector formed

by the intensity values at each time point. and . are

0 1

the intercept and the slope of the linear model, respec -
tively. Meanwhile,  é&is the error term in the model  #t-
ting, which captures factors other than  x,, such as sig-
nal noise, capable of affecting y. The explanatory
variable x,corresponds to the model of neural activity.

It is also a vector comprised of entries depicting a real

value at each time point:

%* o $9%

where h, stands for the hemodynamic response

function and d, €)0,1* is an impulse train that indi -
cates whether the stimulus was present at time t.
Then, the neural activity is modeled as a convolu -
tion,* in which the hemodynamic response function

acts as afilter.

The F-test represents the ratio between the variance
described in a reduced model y = |+ é%without any
additional effect %and the full model $8%#9%that

includes the effect of interest.

Finally, the F-test was computed for every voxel in
the volume. The resulting #eld was the input for the
RHT algorithm, calculated by using the script audi -
tory_spm12_batch.m with the default parameters.

Null distribution.
RHT algorithm, it was necessary to normalize the  F-test

Before the segmentation step of the

#ield and thus to estimate the null distribution. More
speci#ically, a sample of the F-test was obtained under
H,, allowing for the computation of the corresponding
ECDF. This was carried out by permuting the order of
the stimulus labels d%%or the volumes $%ee & for more
details %and by calculating the F-test #eld for each per -
mutation, as explained in the previous section. After
completion of these procedures, it was possible to apply
F-test #eld d.e., the
original order of the labels  d%%without permutation %o

Eq. $836%to transform the original

one that follows a standard normal distribution. Finally,
for the T #elds generated under H, the value of was
estimated by utilizing Eq.  $4%#nding = 0.75.
RHT algorithm robustness
with respect to SNR

In order to investigate the stability of the present
method, the algorithm was tested by modifying the
SNR in the data from which the activation region would
be established. Accordingly, blocks of observations
were eliminated from the full experiment. As afore -
mentioned, the #rst two of the 16 original blocks were
eliminated due to effects related to T1. Hence, 14 blocks
8B4 volumes %were taken initially to perform the proce -
dure described earlier in this section to identify the
activation regions. Subsequently, the number of blocks
was reduced by two, taking 12 blocks  $72 volumes %and
performing the procedure again to determine the acti -
vation regions, and so on until reaching 4 blocks.

In each case, a tolerance for false positives to &=
0.0001 was established and the results of RHT were
compared to those obtained with MBHT and FWER
#ed by
visual inspection $Figure 4 %that the three methods +
RHT, MBHT and FWER + detected activation regions
corresponding to the primary auditory cortex, located

using the same number of blocks. It can be veri

at the upper sides of the temporal lobes, speci  #cally on

the transverse temporal gyri 84 &%,



36 REVISTA MEXICANA DE INGENIEREA BIOMfBOCAL | No.MAYO! AGOSTO 2020

Degree of false positive control.  To avoid having to
specify a particular value for  &it is possible to estimate
for a set i of évalues and produce a map in which the
degree of false positive control $log &for each " $86=
RHTST, ®a$, 8 ~$, & color coded. The result is
very similar to the p-value maps that are created for

14 Blocks

the classic PW method. Speci #cally, we de #ine the
degree of false positive control at site u as:

[0 ) ()] $0%

&

10 Blocks

where 1., 9u%is the indicator function for the set A
"$86 An example of this type of map is shown in
Figure 5, with i = )0.01,0.001,0.0001,0.00001 *. The
map portrays important differences between the #irst
and second levels, but in the last levels the detected

6 Blocks

regions are more similar to each other. The slight vari -
ations exist only at the border of the active region.

RESULTS AND DISCUSSION
We herein describe a new method, RHT, for detecting
active regions in random #elds. The focus is on appli -

4 Blocks

cations for neuroimaging. With the present method,
the expected TPR is maximized while the false posi -

tives are kept under control by specifying an upper

FIGURE 4. Performance comparison of the RHT, bound éon FPR® &he FPR under H %By making ésmall
MBHT and FWER by modifying the SNR in the data enough, there is an effective correction for multiple
through the elimination of blocks. hypotheses since the total number of false positives in

the entire #eld is controlled. We demonstrated experi -

The MBHT and RHT methods afforded better perfor - mentally that most of the false positives produced by
mance and robustness for the reduction of information
in most cases. MBHT and FWER displayed less accu -
racy when reducing the signal information for é=
0.00001. While FWER exhibited dif #culties in the
identi #cation of activation regions with 6 and 4 blocks
$barely #nding any region %RHT and MBHT gave bet -
ter performance. However, when the number of blocks
was decreased to only 4, MBHT was not able to detect

any activation region, while RHT still had a pro  #cient
outcome. RHT outperformed the other models two by FIGURE 5. Degree of false positive control over
successfully recovering both regions. fMRI data described in the text.
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RHT are con#ined to the vicinity of the boundary of
the active region. Thus, é&also bounds the FPR in the
data outside of this boundary  $.e., the FPR,%

CONCLUSIONS
The main contributions of the present model are the
following:

1. A Bayesian formulation of the hypothesis testing
problem in random #elds was reduced to an
image or volume segmentation problem, for
which the maximum a posteriori estimate could
be calculated.

2. A new Markovian random #eld model for cor -
related noise was implemented, from which the
appropriate prior distribution could be computed.

3. A method for estimating the hyper-parameters of
the model was conceived, involving two main fac

tors: a%the application of a closed formula for the
noise correlation parameter based on the maxi -
mization of the pseudo-likelihood of the data, and

b%a pre-calculated lookup table
the data %or the

makes the whole procedure computationally ef  #-

$dndependent of
and a, parameters. This method

cient, since the only thing needed for its applica -
tion is a way of generating sample images from the
null distribution. Such samples can be obtained,
for example, by using permutation procedures.
4. To avoid having to specify a particular value for
the é&parameter, we demonstrated how to present
a family of solutions for different values of éin a
single image &he DFPC map%similar to the clas -
sic p-value maps.
5. The performance of the method was validated
HMRI images % In
both cases, RHT provided an improvement in the
TPR $vhile maintaining the FPR under control %
compared to the competitive state-of-the-art
methods $MBHT and FWER % For the fMRI data,
RHT displayed the best sensitivity, which was

with synthetic and real data

particularly high for low SNR.

For simplicity, in the current analysis we focused on
two-dimensional data. However, it is possible to
directly extend the method to 3D simply by consider -
ing an extended neighborhood  %.g., 6 or 26 neighbors
for each voxel %in the prior MRF models for the active
region and the noise, at the expense of an increased
computational complexity.

Although the example application here corresponds
to fMRI, the RHT method may be applied to any situa -
tion involving the testing of a  #eld of local hypotheses,
such as the ones that are common in neuroimaging,

remote sensing, and so on.

ABBREVIATIONS
CDF, cumulative distribution function
ECDF, empirical cumulative distribution function
FDR, false discovery rate
FPR, false positive rate
fMRI, functional magnetic resonance imaging
FWER, family-wise error rate
GMRF, Gaussian Markov random #elds
H,, null hypothesis
MBAT, morphology-based hypothesis testing
MAP, maximum a posterior probability
MRF, Markovian random #eld
PW, pointwise method
RHT, regularized hypothesis testing
ROC, receiver operating characteristic
SNR, signal-to-noise ratio
TPR, true positive rate
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ABSTRACT

The objective of this study was to explore a strategy for evaluating an Electronic Medical Record (EMR) system im-
plemented in the public health services of Aguascalientes, Mexico. A questionnaire based on DeLone and McLean’s
Model of Information Systems Success (MISS) was adapted to Spanish and applied with 62 primary care physicians
working in health centers of the Instituto de Servicios de Salud del Estado de Aguascalientes (ISSEA or the State of
Aguascalientes Institute for Health Services). Opportunities for improving EMR systems were also explored from
the informants’ perspectives. Additionally, the relationships between MISS components were analyzed using Struc-
tural Equations Modeling (SEM). Some MISS components and particular items (service quality and overall satisfac-
tion) presented low averages, re! ecting opportunities for improving the development and implementation of EMR,
such as the need to continuously update information pertaining to diagnostic and medicine catalogs and develop
systems that are interoperable between the second and third levels of care. In conclusion, the present study con-
tributes generating evidence on the use of the MISS to evaluating EMR systems in public health services of Mexico.
More evidence should be generated in this " eld in order to promote the continuous improvement of these informa-
tion systems.

KEYWORDS Information science; Information technology management; Medical informatics; Implementation science;
Primary health care
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RESUMEN

El objetivo de este estudio fue explorar una estrategia para la evaluacion de un Expediente Clinico Electronico
(ECE) implementado en servicios de salud publicos de Aguascalientes, México. Se adapt6 al espafiol un cuestionario
basado en el Modelo de Exito de Sistemas de Informacién (MISS) de DeLone y McLean y se aplicé a 62 médicos de
atencion primaria que trabajan en centros de salud del Instituto de Servicios de Salud del Estado de Aguascalientes
(ISSEA). Se exploraron también las oportunidades de mejora del ECE desde la perspectiva de los informantes. Ade-
mas, se analizaron las relaciones entre los componentes del MISS mediante el modelado de ecuaciones estructura-
les (SEM). Algunos componentes del MISS e items particulares mostraron promedios bajos (p.ej., calidad del servi-
cio y satisfaccion) que re! ejan algunas oportunidades de mejora en el desarrollo e implementacién del ECE, como
la necesidad de una actualizacién continua de la informacion sobre diagnosticos y catalogos de medicamentos; y
el desarrollo de sistemas de interoperabilidad con el segundo y tercer nivel de atencion. En conclusion, el presente
estudio contribuye en la generacion de evidencia sobre el uso del MISS para evaluar los sistemas de EMR en servi-
cios de salud publicos de México. Se debe generar mas evidencia en este campo para promover la mejora continua
de estos sistemas de informacion.
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INTRODUCTION

Information and Communication Technologies #AICT$
are an important resource for improving the perfor-
mance of health systems. The applications of ICT in
health are closely related to the concept of electronic
health #-Health$ which is de%ned as “the cost-effec-
tive and secure use of information and communica-
tions technologies in support of health and health-re-
lated %elds, including health-care services, health
surveillance, health literature, and health education,
knowledge and research” . A similar concept, under
the term digital health, has also been recently intro-
duced € &',

The application of ICT in the areas of health surveil-
lance, monitoring, prevention, promotion and care, at
various levels or %elds of application, has evolved into
the concepts of e-Health and digital health #.

As the principal components of e-health are the fol-
lowing: health information systems #HIS$ supported
by ICT #public health informatics, clinical informatics,
and consumer health informatics§ Electronic Medical
Records #MR$ Electronic Health Records #HR$
Picture Archiving and Communication Systems
#PACS$E Clinical Decision Support Systems #CDSS$
remote care systems #elehealth and telemedicine$
and, mobile systems #mobile health or m-Health$ It
should be noted that the eHealth innovations have
been continually growing & & & & &',

Various studies and systematic reviews have found
evidence on the effectiveness and ef%ciency of the
components of eHealth & & &> &3 on the basis of
which, global and regional organizations have issued
diagnostics, policies, and recommendations for
improving the implementation of ICT in the health
systems of developing and developed countries & &4 &5
ae a7 a8 a9 @0 & Tg this end, various frameworks and
recommendations have been developed from different
disciplinary perspectives &> &3 &4 &5 &6 &7

In order to discuss eHealth in Mexico, it is essential to
strst describe the country’s Sistema Nacional de Salud
#SNS or National Health System$ which is character-
ized by its fragmentation into two large public and pri-
vate sectors. The public sector is subdivided into health
systems for people with formal employment and their
direct family members #essentially a social security
scheme$and health systems for people without formal
employment. The social security system is made up the
Instituto Mexicano del Seguro Social AIMSS or Mexican
Social Security Institute§ which comprised 39.2% of
the sector in 2015; the Instituto de Seguridad y Servicios
Sociales de los Trabajadores del Estado #iSSSTE or Social
Security and Services Institute for State Workers$
which comprised 7.7% of the sector; and the health
services used by the armed forces #Secretaria de la
Defensa Nacional, SEDENA or Ministry of Defense, and
Secretaria de Marina, SEMAR or Ministry of Navy$and
employees of Petroleos Mexicanos #Pemex$ which are
provided by their respective institutions and com-
prised 1.2%. Health services for people without formal
employment are mainly provided by the Secretaria de
Salud #SSA or Ministry of Health$through the Servicios
Estatales de Salud #SESA or State Health Services$
which comprised 49.9% of the sector, although it is
currently undergoing a process of incorporation into
the newly-formed Instituto de Salud para el Bienestar
#INSABI or Institute of Health for Welfaret There are
also some special programs within the public sector,
such as the IMSS-Bienestar #iIMSS-Welfare$ and the
Sistema Nacional para el Desarrollo Integral de la Familia
#DIF Nacional or National System for Integral Family
Development$ programs, that aim to provide health-
care to vulnerable populations. Finally, the private
sector comprises a multiplicity of service providers for
people with the ability to pay for healthcare &% &9 &0,

Recent federal administrations have pursued policies
promoting the adoption and implementation of ICT,
particularly in the public health sector. The last such
policy was the Estrategia Digital Nacional #8DN or
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National Digital Strategy$®". However, individual and
organizational factors have limited the adoption and
implementation of ICT, such as the persistently frag-
mented structure of the public health system.

Research on the adoption and implementation of ICT in
the public health system in Mexico is scarce, which
impedes a broad understanding of the problems faced by
those making the decisions in this policy area. However,
some general overviews have been published &4 &> &3 &4
as well as some studies related to particular eHealth
components, such as telemedicine #5 and mHealth ¢
&7 and initiatives undertaken by private institutions %
&89 &40 Regarding EMR systems, some studies have ana-
lyzed the planning, adoption, and its implementation in
public health institutions ®% & &2 focusing on identify-
ing the factors that enable or hinder the success of this
implementation. Some of these factors are related to
technology #.e., problems with diagnostic catalogs$ the
user #.e., the age of some of the physicians providing
primary care$ and the organization itself #.e., a lack of
training or quality in its provision$

While the afore mentioned studies have focused princi-
pally on exploring the advances in and barriers to the
implementation of EMR systems, they have not applied
models or frameworks taken from behavioral sciences or
social psychology 3 &4 as a guide. In this sense, some
socio-technical frameworks have been developed to eval-
uate information systems in organizations, such as
DeLone and McLean’s Model of Information Systems
Success #MISS$27. This approach focuses on evaluating
information system quality and implementation in an
organizational context. This model focuses on evaluating
information systems from the users’ perspectives, via
three main domains: 1$variables for evaluating the qual-
ity of the system, the quality of the information provided,
and the quality of the service provided to users via the
implementation of the system; 2$ both system use and
user satisfaction; and, 3% the perceived benedts to the
health service in which the system was implemented.

The MISS has been used around the world in the eval-
uation of EMR systems and other eHealth components
generating evidence about the validity of this applica-
tion in different contexts &5 &6 &7 &8 &9 &0 &1 &2 &3’ The
objective of the present study was to explore the use of
the MISS to evaluate an EMR implemented in the pub-
lic health services of Aguascalientes, as a case study
that could inform its application in other health insti-
tutions of Mexico.

MATERIALS AND METHODS

Study design and theoretical model
The case study design %4 applied in the present study
used, as a theoretical guide, DeLone and McLean’s
Model of Information Systems Success #MISS$ partic-
ularly its most recent update #7.

Study setting

The present study was performed at the Instituto de
Servicios de Salud del Estado de Aguascalientes iISSEA$
which is the main health service provider for the pop-
ulation in the state not covered by social security. In
2015, the total population of Aguascalientes was esti-
mated at 1,292,901 inhabitants, of whom an estimated
42.9% do not have social security coverage 5. The
ISSEA comprises the following: 21 urban health cen-
ters #Centros de Salud Urbanos or CSUs§ and, 62 rural
health centers #Centros de Salud Rurales or CSRs$ pro-
viding primary care across three sanitary jurisdic-
tions. The ISSEA has six second-level hospitals #385
beds in total$and one third-level hospital #60 beds in
total$ %% . A previous published study described with
more detail the healthcare provision system of the
ISSEA and the general e-Health ecosystem that have
been implemented %7.

The EMR system has been progressively implemented
in all the primary care clinics and emergency services
functioning at the second and third level of care. The
advances in EMR development at the ISSEA are shown
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in Table 1. The EMR consists of four main modules: 1$
Patient registration and payment; 2$Medical consulta-
tion; 3$Pharmacy; and, 4$Statistics. The %ndings pre-
sented in Table 1 reveal the signi%cant development of
the EMR system %7, with the users of these EMR mod-
ules comprising the following, respectively: 1$
Administrative and management personnel; 2%
Physicians; 3% Pharmacy technicians; and, 4$
Administrative personnel #tatisticians$

TABLE 1Development of the EMR in the study setting.

Patient Registration and Payment

Registration of service users.

Identification of user affiliation to other health subsystems

and special programs.

* User identification via a unique identifier (Clave Unica de Registro
de Poblacion — CURP, or Unique Population Registry Code).
Administration of fees for service provision

Schedule for medical appointments.

Human resources administration.

Medical Consultation

Integrated padlocks that automatically issue patient-dependent

reminders for screening and health prevention activities.

Integrated clinical information requests to promote proper patient

management or control (mainly chronic disease patients).

Integrated alerts or recommendations to improve the quality of care

(prompts for referrals to specialists once need has been identified based

on clinical parameters).

Links to medical diagnostic catalogs.

* Provision of information about patient drug coverage (based on their
membership of particular programs)

* Provision of pharmacy stock information.

* Incorporation of clinical practice guidelines and medication
information.

® Provision of information on recommended dosages in order to make

dosage adjustments and promote the reasonable use of medication.

Pharmacy

* Provision of information on the essential medication chart
(Cuadro Bisico de Medicamenjos

* Support for the management of stocks of medication and other health
supplies.

Statistics

* Provision of the necessary forms for maintaining the monthly health
service provision reports and compiling epidemiological statistics.

Source: Prepared by the author.

Sampling of medical personnel
In particular, the medical consultation module of the
EMR was evaluated from the perspective of medical
personnel either working or providing services in
ISSEA CSU or CSR primary care health centers.
Physicians were selected as informants, as it is, they

who use said module of the EMR. A convenience sam-
ple was obtained based on physicians working as med-
ical directors or in charge of personnel in each health
center of the state’s sanitary jurisdictions I and III in
the period August 2018 to April 2019. In circumstances
where the medical director was not available as an
informant, medical personnel were included as infor-
mants in the sample, in their stead. The inclusion cri-
terion was to have worked or to be currently working
with the EMR system.

Data collection

An adaptation of the online questionnaire developed
by Canada Health Infoway, which is based on the
Beneots Evaluation Framework and the MISS, was
applied in the present study as an instrument for evalu-
ating the EMR &6 %% &9 Some items from the question-
naire were selected, translated into Spanish and placed
on a Google Forms sheet, which was sent to the infor-
mants of the study. The variables included in the model
were mainly measured using %ve-level Likert scales,
only the use variable was measured through a proposed
10-level scale. A description of the variables and items
included in the instrument is shown in Annex 1.

Data analysis

The data collected was analyzed using STATA 15 soft-
ware, with Structural Equations Modeling #SEM$anal-
ysis used to test the theoretical model comprehen-
sively. Adjustments were implemented in order to
optimize the model according to suggestions provided
by the software. The model was tested using the max-
imum likelihood method and the Satorra-Bentler
method for standard error computation °.

Ethical considerations
The research protocol was reviewed and approved by
theResearch Management ofthe CentrodeInvestigacion
e Innovacion en Tecnologias de la Informaciéon y
Comunicacion AINFOTEC or Center for Research and
Innovation in Information and Communication
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Technologies$ Prior to responding to the survey, the
informants were informed about the research objec-
tives and those responsible for the study. All infor-
mants gave their consent to participate in the study.
The identity of the informants was protected using
alphanumeric codes.

RESULTS AND DISCUSSION

Sample characteristics

The sample characteristics are shown in Table 2. A
total of 62 physicians answered the online question-
naire, working at a total of 46 health centers, namely
88.5 % of all the primary care health centers, compris-
ing a total of 52 health centers #15 CSUs and 37 CSRs$
in sanitary jurisdictions I and III. Moreover, these rep-
resented 38.3 % of the 162 physicians working at these
health centers, as previously reported by the SSA %,
This sample comprised mainly quali%ed general med-
ical practitioners #6.1%$ although the sample also
included personnel who had yet to qualify and were
carrying out their one-year period of social service
#30.6%% The majority had worked with the EMR sys-
tem for more than three years #6.8%% meaning that,
therefore, they were quali%ed physicians.

Measurement of the MISS variables

The results for the measurement of the MISS vari-
ables via their respective items are shown in Table 3.
As can be seen, means above three were obtained for
all items on the %we-level Likert scale used in the pres-
ent study. The lowest means were obtained for two
items related to service quality #5Q1 and SQ2, with
means of 3.27 and 3.15, respectively$ while the high-
est means were obtained for items related to system
quality #8Q5, with a mean of 4.08% and net perceived
benedts #NB5 and NB6, with means of 4.05 and 4.11,
respectively$ It should be noted that the four MISS
variables that were measured using Likert items
showed high internal consistency values #Coef%cient >
0.85%

TABLE 2 Descriptive statistics of the
medical staff surveyed (n=62).

Data n (%)
Sanitary Jurisdiction

| 40 (64.5)
1] 22 (35.5)
Age

<20 1(1.6)
21t0 30 22 (35.5)
31t0 40 10 (16.1)
41 to 50 18 (29.0)
51 to 60 8 (12.9)
>61 3(4.8)
Sex

Female 24 (38.7)
Male 38 (61.3)
Education

Non-qualified physician (social service) 19 (30.6)
General medical practitioner 41 (66.1)
Specialist physician 1(1.6)
MasterOs degree in Public Health 1(1.6)
Health service type

Rural (CSR) 39 (62.9)
Urban (CSU) 23 (37.1)
Time working with EMR

<1 month 2(3.23)
1 to 3 months 10 (16.1)
4 to 6 months 6 (16.1)
7 to 12 months 7(11.3)
1to 2 years 8 (12.9)
> 3 years 29 (46.8)
Total 62 (100)
NOTES

Source: Prepared by the author.

Estimations for the MISS

The structural model tested is shown in Figure 1, while
the results of the calculation of direct and indirect
effects are shown in Table 4. As can be seen, in terms of
the dependent variable of use, only system quality was a
signi%cant variable #° = 0.389% With regard to the
dependent variable of user satisfaction, the effects of
system quality #° = 0.907%$and service quality # = 0.331$
were signi%cant, while, in terms of the dependent vari-
able of net bene!its, only user satisfaction was signi%cant
#° = 0.728% The values of the coef%cient of determina-
tion #R?$ were high for user satisfaction and net bene!its
#.931 and 0.877, respectively$ but low for use #.413%
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TABLE 3Measuremert of the variables from the Model of Information Systems Success (MISS).

. Standard -
Variable ltem® | No° Mean o Coefficient a*
Deviation
SQ1 L5 The EMR is easy to use 3.94 0.14
The effort required to complete an action or access
SQ2 L5 information in the EMR is acceptable 3.84 013
SQ3 L5 TheEMR response time is acceptable 3.84 0.13
System SQ4 L5 The EMR is integrated with my workflow 3.76 0.14 0.9503
Quality SQ5 L5 The access to the EMR is acceptable 4.08 0.12
SQ6 L5 The_characterlstlosf the EMR enable me to perform 3.63 0.14
my job well
SQ7 L5 TheEMR is consistent in its performance 3.64 0.13
SQ8 L5 In general, the quality of the EMR is excellent 3.42 0.14
101 L5 The information provided by the EMR is complete 3.71 0.13
1Q2 L5 The information provided by the EMRftisnely 3.95 0.11
1Q3 L5 The information provided by the EMR is appropriate 3.87 0.12
gzc;?;tion 1Q4 L5 The information provided by the EMR is relevant 3.97 0.11 0.9410
105+ L5 The information povided by the EMR is available 3.79 0.13
when needed
106 L5 Th(_emformatlon pr_owded by the EMR e_nables me to_ma 3.69 0.14
patient care decisions or recommendations more quickl
SQ1 L5 The current level of EMR training is acceptable 3.27 0.15
Service ) ) 0.8584
Quality SQ2 L5 The Ie_veI of ongoing support provided tbe use of the 3.13 0.15
EMR is acceptable
Use U1 N10 Ona s_cale of 0 to 1@YVhat amount do you use the EMR 8.7 0.27 1
for patient care?
Use_r ) Us1 L5 Overall, how satisfied are you with the EMR? 3.8 0.13 1
Satisfaction
NB1 L5 The EMRimproves my productivity 3.69 0.14
NB2 L5 The EMR improves the quality of care | provide 3.56 0.16
NB3 L5 The EMR makes my job easier 3.71 0.15
NB4 L5 The EMR improves our capacity for continuous patientc| 3.74 0.14
The EMRimproves our ability to share patient informatio
NB5* L5 among healthcare staff 4.05 0.12
Net Benefits The EMR i he efiici ] ing lab 0.9128
e improves the efficiency of requesting laborato
NB6* L5 tests, and Xays, as well as generating prescriptions 411 011
NB7 L5 The EMR improves the qualigf my decisioamaking 3.43 0.15
The EMR reduces fganentation in the care
NB8 L5 providedto my patientsnd facilitates their mobility 3.53 0.14
on the continuum of care
NB9 L5 The EMR reduces risks to patient safety 3.89 0.13

NOTES

“temeliminated in order to improve the internal consistency ofalpective variable (Coefficien) and facilitate model adjustment

"Number of categories used for the item responsé®|Lifert scale of 5 categories; and fumeric scale
‘Coefficient obtaned after model adjustment
Source: Prepared by the author.
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Model adjustments were made by means of the soft-
ware used in the present study, with some items #IQ5,
NB5, and NB6$excluded, thus enabling better reliabil-
ity and model %t. Through the adjustments made, a
model was obtained that meets some of the criteria
suggested in the literature %, such as the signi%cance
of the Chi? statistical test #p <0.000$ Chi*/df < 2 #esult
= 1.47%$and the SRMR indicator < 0.1 #esult = 0.068%
Also, this model was near to meet other criteria such
as RMSEA < 0.05 #result = 0.110$and CFI > 0.95 #result
= 0.877%$indicators.

TABLE 4.Direct, indirect and total effects on the
dependent variables obtained in the adjusted modeF

A Predicts B Standarized Effects
A B Direct Indirect Total
System o o
quality Use 0.389 0.389
Information Use 0228 - 0.228
quality
Service Use 0105 - 0.105
quality
System User 0.907% -0.168 0.739%
quality satisfaction
Information User
quality satisfaction 0.064 -0.098 -0.034
Service User. 0.331* -0.045 0.286*
quality satisfaction
Use User, 0431 e -0.431
satisfaction
System Net 0.696**  0.696**
quality benefits ’ ’
Information Net
quality benefits T 0.068 0.068
Service Net ok *k
quality benefits 0251 0251
Use b Net 0.406 0314 0.092
enefits
User Net Y C— 0.728*

satisfaction benefits

NOTES
Statistical significance levels: * p<0.05; **p<0.01; and, ***p<0.001
Source: Prepared by the author.

Improvement
opportunities for the EMR
Various improvement opportunities were identi%ed
from the physicians’ perspectives, principally regard-
ing the medical consultation module #Table 5% Some
of the most signi%cant suggestions made by the phy-
sicians were: 1$The continuous updating of informa-

System
quality Use
(R?=0.413) 406
Information l .0.431 h::zt P%nsegt?s
quality (R*=0.877)
Satisfaction -
(R2=0.931) [ 072
Service
quality

*The rectangles represent the variables comprising the MISS,
while the arrows show the direct effects of independent variables
on the dependent variables of this model (the indirect and total
effects are described in Table 4).

PStatistical significance of the path coefficients: * p<0.05;
**p<0.01; and, ***p<0.001

Source: Pepared by the author.

FIGURE 1Adjusted MISS#P

tion, such as diagnostic catalogs, stock information,
and information pertaining to the co-payment sys-
tems for drug catalogs; 2$ The implementation of
interoperable information systems between the sec-
ond and third levels of care to improve the availabil-
ity of information #.e., results of laboratory tests
performed in hospital and counter-referral informa-
tion$ 3% The automation of the monthly reporting of
institutional statistics, including the data taken from
private sector information systems #Fundacion Carlos
Slim &% &g

TABLE 50pportunities for improving the EMR
from the physiciansO perspective.

Medical Consultation

* Continuous updating of the diagnostics catalogs and improved
participation of medical staff in this endeavor.

* Continuous updating of the clinical practice guidelines.

¢ Implementation of interoperable information systems between the
second and third levels of care, which will improve follow-up of
patient referrals and counter-referrals, thus promoting integrated care
and giving access to laboratory, radiology and imaging tests.

¢ Implementation of systems to identify users or patients with chronic
diseases who travel continuously for work purposes (i.e., migrants), to
avoid limiting their medication supply.

¢ Continuous monitoring of medication stock held in the pharmacy, in
order that the computerized system corresponds to physical
availability.

¢ Continuous monitoring to prevent errors in the lists of medication
covered by special programs.

Statistics

* Automation of the process for filing monthly reports, in order that the
information for the monthly service provision reports is obtained
automatically from the EMR. Also, for the filing of information
systems that have been provided by private entities.

Source: Prepared by the author.
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This study used a socio-technical and psychometric
approach to evaluate an EMR system by applying the
MISS, a comprehensive conceptual framework. The
main contribution of the study could be found in the
manner in which it applied this model in the primary
care physicians and in the context of the study setting.

As an approach of reliability, the data gotten from the
instrument adapted for and translated into Spanish
obtained good results in terms of the internal consis-
tency #Coef%cient $ in the different constructs.
Besides, an structural equations model #SSEM$analysis
was used to study the relationship among the different
variables of the MISS allowing to identify the relation-
ship between the variables related to EMR quality
#quality of the system/quality of the information$ and
implementation #guality of the service$and the closely
related satisfaction/use variables, as well as the rela-
tionship with the perceived net bene!its reported by
medical personnel. However, it was not possible to
prove some relationships, mainly those with the use
variable, which could be due to the fact that it was
measured with a single item, when there may be dif-
ferent modalities and dimensions of the use of the
EMR by medical personnel, including the frequency,
types, objectives, and quality of use.

In terms of the statements of an international con-
sensus regarding psychometric research reporting 2,
this study contributes on generating evidence about
the validity of the data gotten from the adapted
instrument derived from the MISS, as an approach to
evaluating EMR systems in public health services in
Mexico. However, it is considered that more studies
should be performed in order to improve the adapted
instrument and generate robust evidence taking into
account the different contexts derived from the coun-
try’s fragmented health system. Also, the incorpora-
tion of the perspectives of physicians working at the
second or third levels of care as well as other health-
care professionals could be of great relevance to par-

ticular healthcare systems, considering the different
levels of EMR implementation in the public health
system. In this regard, it should be noted that various
published studies have contributed too on generating
evidence in this %eld, using the MISS, and some mod-
i%ed versions, in other countries at different levels of
healthcare, from different health workers’ perspec-
tives, and focusing on the evaluation of different
eHealth systems, such as HIS, EMR and EHR &5 && &7
&8 &9 &50" and PACS &1 &2' &3' .

Moreover, beyond the focus on developing and vali-
dating the MISS or an integrative instrument based on
it, the building of indicators from the measurement of
MISS variables could also be used as a way to guide
and inform the implementation of EMR systems #or
other eHealth components$in healthcare institutions.
Expanding on this topic, these indicators could be
tested and later used in the context of eHealth or digi-
tal health policy implementation in Mexico in differ-
ent contexts. It should be noted that this has been the
focus of studies conducted in other countries %3 %4
some of which have focused their analysis on identify-
ing opportunities to improve the application of these
technologies ®5 ¢,

The following were identi%ed as strengths of the
study: 1$The use of MISS, an integrated framework that
incorporates various dimensions related to the success
of information systems and goes beyond the technol-
ogy adoption or acceptance models; 2$ The use of a
structural equation model 8SEM$as an analytical meth-
odology that enables an analysis of all the model vari-
ables and their relationships #uch as their direct and
indirect effects§ and, 3% The identi%cation of opportu-
nities for improving the EMR system as well as its
implementation from the perspective of medical staff,
through which the authorities or management can be
made aware informed # formative evaluation approach,
which focuses on improving implementation 7 ®& and
has been used in other eHealth studies %8 $



49 REVISTA MEXICANA DE INGENIEREA BIOMfBOCAL | No.MAYO! AGOSTO 2020

As weaknesses of the present study, the following
were identi%ed: 1$The case-study design was applied
to only one state health service thus limiting the
external validity of the study to other state health
institutions #SESA, SSA$ as these have implemented
their own EMR systems; 2$a complete set of responses
by the physicians to the questionnaire was not
obtained due to the low response rate; and, 3% The
need to build a more integrated measurement of the
use variable.

These weaknesses are identi%ed as further research
opportunities.

CONCLUSION
The present study contributes generating evidence on
the use of the MISS and the adapted instrument to
evaluating EMR systems in public health services of
Mexico, although some improvements should be per-
formed in this instrument. Besides, more evidence

should be generated in this %geld in order to promote
the continuous improvement of EMR systems, in the
context of the e-Health #or Digital health$policy.
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ANNEXES

ANNEX 1lnstrument for the Variables Measurement of theModel of Information Systems Success (MISS).
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System quality?

The EMR is easy to use

The effort required to complete an action or access information in the EMRaptable
The EMR response time is acceptable

The EMR is integrated with my workflow

The access to the EMR is acceptable

The characteristics of the EMR enable me to perform my job well

The EMR isconsistent in its performance

In general, the quality of the EMR is excellent

Information quality *

The information provided by the EMR is complete

The information provided by the EMR is timely

The informatiorprovided by the EMR is appropriate

The information provided by the EMR is relevant

The information provided by the EMR is available when needed

The information provided by the EMR enables me to make patient care deoisreecsmmendationg
more quickly

Service quality?

The current level of EMR training is acceptable

The level of ongoing support provided for the use of the EMR is acceptable

User satisfactiort

Overall, how satisfied are yaith the EMR? | | | | |

Perceived net benefits

The EMR improves my productivity

The EMR improves the quality of care | provide

The EMR makes my job easier

The EMR improves our capacity for continuous patient care

The EMR improves our ability to share patient information among healthcare staff

The EMR improves the efficiency of requesting laboratory tests, aray¥ as well as generating
prescriptions

The EMR improves the quality of my decisioraking

The EMR reduces fragmentation in the care provided to my patients and facilitates their mobilit
the continuum of care

The EMR reduces risks to patient safety

Usé

On a scale of 0 to 10, What amount do you use the EMR for patient care?

1 2 3 4 5 6 7 8 9 10

NOTES
2Variables measured through filevel Likert scales. Items taken or adapted from Canada Health Infumagy [].
® This variable was measured from a 10 point scale, proposed in this study.
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Anilisis Biomectnico de una Pr—tesis de Cadera mediante Elementos Finitos
Biomechanical Analysis of a Hip Prosthesis Using a Finite Elements

K. Herntndez-Romero, A. B. Mart'nez-Valencia, L. BZjar-G—mez, M. Villag—mez-Galindo
Facultad de Ingenier'a Mecitnica, Universidad Michoacana de San Nicolts de Hidalgo

RESUMEN
En el presente trabajo se plantea un anilisis biomecfnico de una pr—tesis de cadera bajo condiciones de cargas es -
titicas asociadas a actividades cotidianas, en el cual se comparan tres materiales mettlicos para la fabricaci—n de
una pr—tesis personalizada a partir de imtgenes mZdicas. Se utilizaron plataformas en la nube de dise—o asistido
por computadora y de antlisis por elementos ! nitos. Se dise—aron dos modelos de la pr—tesis a analizar, uno hueco
y otro s—lido mediante curvas spline paramZtricas. Para el antlisis biomectnico se requiri— un tama—o de malla de
2,537,684 de elementos tetraZdricos y 471,335 nodos para estudiar ocho casos de posturas para una persona de 75
kg de peso, mismos que se analizaron tomando como materiales base acero inoxidable 316L, aleaci—n Ti-6AL-4V y
L-605. Se observ— que con actividades tales como trotar, subir y bajar escaleras los materiales 316L y L-605, presen -
tan el riesgo de deformaci—n plistica e inclusive fractura. Los resultados mostraron que el material mfs id—neo para
la fabricaci—n de este tipo de pr—tesis es el Ti-6Al-4V, ademts de que este nos permite realizar modelos tanto s—lidos
como huecos, suponiendo este celtimo, un ahorro de material y proporcionando mayor ligereza en la pr—tesis.

PALABRAS CLAVEANZIlisis biomectnico; Dise—o asistido por computadora; Elementbaitos; Pr—tesis de cadera



54 REVISTA MEXICANA DE INGENIEREA BIOMfBOCAL | No.MAYO! AGOSTO 2020

ABSTRACT
This paper shows a biomechanical analysis of a hip prosthesis under conditions of static loads associated with dai -
ly activities. For which it compared three metallic materials for the manufacture of a customized prosthesis from
medical images, it was used cloud platforms with computer-aided design and I nite element analysis. Two models
of prosthesis one hollow and the other one solid using parametric spline curves were designed and analyzed. The
biomechanical analysis required a mesh size consisting of 2,537,684 tetrahedral elements and 471,335 nodes to
study eight cases of postures for a person weighing 75 kg. These cases were analyzed based on 316L stainless steel,
Ti-6AL-4V alloy, and another L-605 alloy. It was observed that with activities such as jogging, climbing and descen -
ding stairs, materials 316L, and L-605 present the risk of plastic deformation and even fracture. The results show
that the most suitable material for the manufacture of this type of prosthesis is the Ti-6Al-4V, which allows us to
make both solid and hollow models. Assuming this last material is saved and improves the prosthesis lightness.

KEYWORDS Biomechanical analysis; Computer-aided design; Finite elements; Hip prosthesis
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INTRODUCCIIN
El tema de pr—tesis de cadera actualmente es un

t—pico de estudio a nivel mundial, primeramente, por -
gue las lesiones de cadera son un padecimiento muy
recurrente, y, en segundo lugar, debido a que estas
cirug’as son las que han tenido mayor Zxito en el reem -
plazo total o parcial. Ademis, la creciente poblaci—n de
adultos mayores, las inherentes fracturas asociadas a
la edad y la osteoporosis, hacen centrar nuestra aten -
ci—n en atender las necesidades en cuanto a la repara -
ci—n de las fracturas, mediante el antlisis biomectnico
y el dise—0 asistido por computadora.

Las pr—tesis de cadera han ido evolucionando a travZs
del tiempo, desde la primera implementaci—n de las
pr—tesis de cadera en el a—o de 1960, han variado en las
formas y en los materiales, desde aceros de grado qui -
reergico hasta aleaciones de cromo, cobalto, n'quel y
titanio, entre otros; todas con la intenci—n de proponer
un modelo e "icaz para la aceptaci—n completa del
cuerpo humano de un miembro no perteneciente a Zl 8,

Actualmente, el concepto bifsico de Charnley de
artroplastia de baja fricci—n y la utilizaci—n del par
metalbpolietileno es el estindar de la artroplastia total
de cadera. Los resultados cl'nicos de la pr—tesis de
Charnley son hoy d’a referencia obligada para evaluar
el rendimiento de otras artroplastias ~ *%.

Las pr—tesis actuales, presentan un tratamiento super -
“icial, el cual da un aspecto rugoso, en una peque—-a
secci—n el vistago y en el componente acetabular,
cubierto con hidroxiapatita. Lo anterior con el prop— -
sito de favorecer la osteointegraci—n, es decir la integra -
ci—n del tejido —seo a la pr—tesis, ya que los osteoblastos
reconocen a la hidroxiapatita como si fuera hueso
puesto que es el componente mineral de Zste.

A diferencia de otras pr—tesis, las pr—tesis de cadera
deben soportar los esfuerzos en actividades normales,
caminar o subir escaleras, las cuales pueden superar

cuatro veces el peso corporal del individuo implantado

y en algunos casos 10 veces, por ejemplo, ante un tro -
pez—n. Todo supone un compromiso entre ligereza,
dise—o0 y las propiedades mecfnicas de los materiales
con que se fabrican las pr—tesis.

La exigencia de dichas solicitaciones nos orilla a bus -
car nuevos dise—os y materiales. Tal es el caso de la
aleaci—n Ti-6Al-4V ampliamente utilizada para la fabri -
caci—n de pr—tesis osteoarticulares. Las pr—tesis de
Ti-6Al-4V presentan como principales ventajas: baja
densidad, buenas propiedades mectnicas, gran bio -
compatibilidad, elevada resistencia a la corrosi—n y a la
fatiga.

Otros materiales cuya aplicaci—n es muy amplia,
como en las placas temporales de osteos’ntesis, torni -
llos, clavos y "ijadores, ademis de pr—tesis de cadera
son los aceros con contenidos de carbono de 0.08%
como el AISI 316 o inferiores al 0.03% como el AISI
316L. Este material tiene como ventaja el ser de mis
bajo costo que las aleaciones de Titanio.

As’ mismo, la aleaci—n L605 que estt formada por
cobalto, cromo, wolframio y n’quel. Est} aleaci—n pre -
senta una alta resistencia a la corrosi—n y en los celti -
mMos a—0s sus usos se han ampliado al campo de las
endopr—tesis vasculares, as’ como en la elaboraci—n de
stent y pr—tesis de cadera. Raz—n por la cual se ha con-
siderado en el presente estudio.

Si bien es cierto, el avance cient’ "ico en cuanto al
desarrollo de materiales mettlicos biocompatibles o
bioinertes ha sido gradual, existe una gran diferencia
con la biomectnica computacional que ha avanzado
aceleradamente, desde su implementaci—n hasta hoy
en d'a. Lo anterior nos ha permitido reemplazar los
ensayos en gran escala por simulaciones numZricas
para reducir costos econ—micos, as’ como ensayos en
animales. Al incorporarse la biomectnica computacio -
nal a la industria 4.0, que estamos viviendo actual -
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mente, Nos permite encontrar mejores soluciones a la
investigaci—n de una manera mis e "iciente, con mayo -
res bene"icios que la investigaci—n convencional. Todo
ello al reducir el tiempo de antlisis, la optimizaci—n
del equipo de c—mputo disponible y derribar barreras
espaciales con los entornos colaborativos.

Algunos autores se han centrado en realizar antlisis
de pr—tesis de cadera bajo determinadas condiciones
de carga, con el prop—sito de poder determinar la resis -
tencia a la fatiga de dichas pr—tesis #$%% TambiZn se
han realizado ensayos con fluidos corporales simula -
dos para estudiar el efecto de la corrosi—n y la fatiga de
manera conjunta *%% Al mismo tiempo, se ha investi -
gado tambiZn el efecto que el apantallamiento de ten -
siones tiene sobre la interface pr—tesis-hueso #*$#$%$
Con respecto al estudio de pr—tesis mediante elemen -
tos "initos, podemos decir que las investigaciones van
desde estudios comparativos de pr—tesis comerciales
#% hasta dise—0s completamente nuevos e innovado -
res ®$A0SAISA2S Sin embargo, la investigaci—n en torno al
antlisis por elementos "initos en la nube es escaso.

El objetivo de este trabajo, es determinar el desem -
pe—o biomectnico de una pr—tesis de cadera bajo con -
diciones de cargas asociadas a actividades cotidianas.
En el cual, se comparan tres materiales mettlicos para
la fabricaci—n de una pr—tesis personalizada a partir de
imtgenes mZdicas, y la utilizaci—n de plataformas de
dise—o asistido por computadora en la nube, Onshape
%nshape Inc, Cambridge, MA & y de antlisis por ele -
mentos "initos en la nube, SimScale 9%imScale GmbH,
MYnchen, Germany &

METODOLOGEA
El dise—0 de la pr—tesis personalizada requiri— de
informaci—n recabada previamente de imfgenes mZdi -
cas de un paciente an—nimo con un peso de 75 kg, el
cual estaba hospitalizado en el Instituto Mexicano del
Seguro Social y que don— sus imtgenes mZdicas para
realizar la presente investigaci—n mediante una carta

de consentimiento informado. Se obtuvo un modelo
tridimensional del hueso fZmur con dichas imfgenes y
mediante segmentaci—n de cada corte tomogrt "ico en
3DSlicer %8Dslicer.org, Boston, MA & Derivado de dicha
segmentaci—n, se conocieron las medidas del per "il del
hueso que permitieron crear las geometr’as del modelo

de pr—tesis. Las geometr’as se desarrollaron con cur -
vas SPLINE a travZs de la plataforma de dise—o en la
nube llamada Onshape. En la Figura 1 se muestra el
modelo de pr—tesis creado, as’ como sus componentes
principales indicados con distintos colores. La Figura 1
muestra ademis un modelo isomZtrico del vistago. Y
"inalmente en la Figura 2 se muestran las dimensiones
obtenidas de las imtgenes mZdicas que permitieron
crear la geometr’a de la pr—tesis.

Unio6n vastago-cuello

Cabeza —
femoral (

femoral

Cuello femoral
Vastago

FIGURA 1. Partes de la prétesis y modelo isométrico.

Debido a la complejidad de la forma de la pr—tesis se
requirieron diferentes geometr'as de acuerdo a cada
elemento que la conforman. Para realizarla se crearon
periles en el plano superior OTOPO a distintas distan -
cias y a travZs de la funci—n barrido OLOFTO se unieron
los per "iles para crear la forma. Ademis, se requirieron
planos inclinados adicionales de referencia para poder
obtener la geometr’a.

Modelado del vistago
El vistago es el elemento que va injertado en el hueso
fZmur por medio de interferencia y es el cenico ele -
mento con variaci—n en los dos modelos de pr—tesis.
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TABLA 1. Perfiles del vastago (PV).

| PERFIL | GEOMETRéA

P7 P6

P8 PS5

PV1

P6 p7

PV2 p1s

PV3 §

PV4 &

PV5 y A

Para el modelo s—Ilido se requieren los 5 per "iles del
%V1 al
PV5&unidos en una sola parte totalmente s—lida. En el

vistago %V& externos enumerados del 1 al 5
modelo hueco, se utilizan los mismos per ‘“iles, pero a
diferencia del anterior, los per "iles internos indicados
del PV2 al PV4 muestran el freay la trayectoria de la cual
%abla 1& Se
muestran las formas de los per "iles obtenidos de los

se extrae el material que aligera el modelo

cuales las geometr’as internas son cenicamente para el
modelo hueco en la Tabla 1. Cada punto de la geometr'a
de cada per"il tiene coordenadas espec’ "icas enx, Y, zZ.

Las distancias de separaci—n de cada per"il constitu -
yente del vistago se muestran en la Figura 2. Tanto el
modelo s—lido como el modelo hueco tienen una altura

total de 110.5mm. Las distancias entre cada per "il,
partiendo de la parte inferior hacia la superior, desde
PV1 hasta PV5 son: 4.5 mm, 50 mm, 36 mm y 20 mm
respectivamente. En el modelo hueco, la altura total de

la cavidad es de 106 mm, haciendo uso de los per ‘“iles
internos con excepci—n del PV1.

50 mm

FIGURA 2. Distancia entre perfiles del vastago.

En la Figura 3 se muestra el modelo de pr—tesis hueco
exhibiendo la forma de la cavidad 9%A&y las geometr'as

tanto externas como internas 9%B&de cada per"il.

A(2:1)

B (2:1)

FIGURA 3. Prétesis hueca con los perfiles
y las geometrias visibles.
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Uni—n vistago-cuello femoral
La uni—n vistago-cuello femoral tiene una altura
total de 20 mm, estt compuesta por 3 per "iles del cue -
llo femoral % CF&unidos desde su per "il inferior PCF1
con el per "il superior del vistago PV5 9%igura 4 &

PCF3 il 2mm

FIGURA 4. Distancia entre perfiles de
union vastago- cuello femoral.

TABLA 2. Perfiles del cuello femoral.

pg—P3
P5 P2
- \P1
PCF1 P7 P15
P8 P14
P9 o13 P13
P10 p11
pg P4 _P3 -
P1
b P17
PCF2 P9
P16
P14 P15
P11 P14
p1p P13
P4 P3, P2
P5 -
P6
PCF3 P7 P15
P8 P14
P9 P13
P12
P10 P11
P2,
PCF4 P1 ) o3
P4

Los per"iles obtenidos para la uni—n del vistago con
el cuello femoral se muestran en la Tabla 2 y corres -
ponden a PCF1 al PCF3.

Cuello femoral

Esta parte del cuello femoral es de suma importancia,
ya que en esta se presentan la mayor concentraci—n de
esfuerzos. Estf constituida por dos per ‘iles sobre pla -
nos inclinados auxiliares separados por una distancia
de 20 mm, uno corresponde al per "il superior PFC3 del
cuello femoral que une el per "il de este cuello de nom -
bre PCF4 % abla 2& La forma obtenida es la presentada
en la Figura 5.

PCF4

20 mm

PCF3

FIGURA 5. Distancia entre perfiles PCF3-PCF4.

Cabeza femoral o cotilo
La cabeza femoral es simplemente una esfera de 23
mm de difmetro, creada encima del per "il PCF4. Se
crea un plano inclinado con una I'nea gu’a de referen -
cia en el plano x para indicar el diftmetro que tendrt, y
en el plano z para indicar la super "icie de revoluci—n.

Antlisis biomecinico
El antlisis biomectnico de la pr—tesis creada fue rea -
lizado en SimScale, una plataforma de antlisis en la
nube vinculada con Onshape.

Para realizar el estudio biomectnico se consideraron
los siguientes t—picos:

a. Geometr'a: Modelo s—lido en una sola parte reali -
zado en Onshape.



K. Hernindez-Romero et d\ntlisis Biomectnico de una Pr—tesis de Cadera mediante Elementos Finitos 59

b. Malla: La malla seleccionada a travZs de un antli -
sis de sensibilidad de todos los tama—os de malla
que ofrece SimScale.

c. Material: De los materiales seleccionados para este
estudio, los datos de interZs son las caracter’sticas
mecitnicas de cada uno %ensidad, m—dulo de Young,
m—dulo de Poisson y para posteriores comparacio -
nes el celtimo esfuerzo a la tensi—n y I'mite elfstico &

d. Cargas: La carga principal es el peso de la persona
en forma de fuerza que actcea sobre la articulaci—n
de la cadera, misma que es descompuesta en sus
componentes X, Y, z bajo la influencia de la reali -
zaci—n de una actividad.

e. Restricciones: Se"ij— el vistago en su parte infe -
rior y en la parte superior de la cabeza femoral se
aplic— la carga%igura 6 &

FIGURA 6.Zona de aplicacion de las restricciones
aplicadas al vastago mostrada en color azul.

Las actividades para analizar el comportamiento del
modelo de pr—tesis, simulando actividades cotidianas
son: caminar, de pie, andar en bicicleta, levantarse,
subir escaleras, bajar escaleras, sentarse y, trotar 3%,

Se realizaron 56 simulaciones en SimScale, con un
tiempo de c—mputo de 39 minutos cada una; donde 8
de ellas s—lo se realizaron para la selecci—n de mallado
—ptimo, las restantes corresponden a 8 condiciones de
prueba para el modelo de pr—tesis s—lido y 8 condicio -
nes de prueba para el modelo de pr—tesis hueco, y estas
a su vez realizadas con 3 materiales distintos.

Selecci—n de mallado
Las simulaciones se realizaron con la forma tetraZ -
drico dominante, con los tama—os de malla que van
desde 32,134 hasta 2,792,603 de elementos con el
modelo de pr—tesis s—Ilido, para poder seleccionar la
gue aporta mayor precisi—n sin implicar un costo com -
putacional alto.

Se realiz— un antlisis de sensibilidad que consisti— en
evaluar la densidad del mallado, es decir el ncoemero de
elementos que conforman cada una de las mallas.
Posteriormente se contrastaron los resultados del
esfuerzo mfximo de von Mises para seleccionar la den -
sidad que ofrece una variaci—n en los resultados inferior
al 0.01 de error y brinde el menor tiempo de c—mputo.

En la Figura 7 se encuentran gra "icados el ncemero de
elementos tetraZdricos en el eje horizontal, contra los
valores del esfuerzo m¥ximo de von Mises expresado
en pascales en el eje vertical. De los ocho tama—os de
malla gra "icados se opt— por la malla con 2,537,684 de
elementos tetraZdricos, 471,335 nodos y con un valor
de von Mises de 8.416e8 Pa.

228

FIGURA 7. Grafico de andlisis de sensibilidad
del mallado. Esfuerzo de von Mises y nimero
de elementos contra tiempo.
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La selecci—n se realiz— en virtud de que esta presenta
poca variaci—n con la tendencia global, ademts de que
no representa mucho costo de tiempo de c—mputo 989
min & incluyendo el tiempo de mallado, ni mucho menos
consumo de memoria 9968.04 Mo &en el servidor.

Materiales seleccionados para
el antlisis biomectnico
Los materiales seleccionados pertenecen a la familia

de los biomateriales con aplicaci—n espec’ "ica para pr—
tesis de cadera, debido a sus propiedades "isicoqu'mi -

cas y mectnicas que son Ti-6Al-4V, 316-L y el L-605.

Se tom— como referencia los valores de las propieda -
des mectnicas con los cuales autores como A. Maiques
Oltra #4%, R. E. Arellano Guerrero %% K. B. Hazlehurst #%
O. Martel *9% P. Losa Zapico #7%, Changning Sun #5 entre
otros, han realizado sus simulaciones de pr—tesis de
cadera para obtener resultados equiparables % abla 3&

TABLA 3. Propiedades mecanicas de los materiales

seleccionados para realizar los analisis.

Material | Ti-6Al-4V T316L
g3 4500 %0 o
gl | o | | o
M—dulo de 0.33 0.3 0.29
Poisson
L’mi(t,(;:;I Slai)stico 920 170 310
éltir?Go'\(;:‘”sjf:)erzo 950 485 822

Cargas aplicadas

Para simular las actividades cotidianas que realiza
una persona, se aplicaron diferentes cargas esttticas
resultantes de las fuerzas generadas por la inercia y los
grupos musculares utilizados en cada una de las acti -
vidades para una persona de 75 kg %abla 4& para lo
cual se tomaron como sistema de coordenadas local
los ejes x, y, z sobre la cabeza femoral #3%,

TABLA 4. Cargas generadas de las actividades cotidianas
(Tomado textualmente de '3).

Actividad Rx (N) Ry (N) Rz (N)

Caminar 535.7 -343.5 -1747.2

De pie 575.8 -120.3 -1947.1

Bicicleta 242 -202.5 -651.75

Levantarse 649.8 -203.7 -1428.4

Subir 774.1 =771 -2852.4

Bajar 774.1 -565.7 -1999.6

Sentarse 460.2 -245 -1246.8

Trotar 777.2 -762.7 -2845.2

RESULTADOS Y DISCUSIIN

En este proyecto se compararon los resultados de los
esfuerzos de von Mises, tambiZn conocido como el
esfuerzo de mixima energ’a de distorsi—n, o Maxwell-
Huber-Hencky-Von Mises. Segcen esta teor’a, la ceden -
cia del material comienza cuando la distorsi—n m¥xima
o la energ’a de corte en el material es igual a la distor -
si—n mixima o la energ’'a de corte al ceder en una
prueba de tensi—n simple #8% Se puede demostrar que,
para materiales inicialmente eltsticos, la energ’'a de
deformaci—n o distorsi—n es proporcional al esfuerzo
de von Mises %, & que es el que se muestra en la ecua -
ci—n 1.

w= (1D (2D 9 +( 3D 1)) /2)"? %&

Donde 1, 1,y 1 son los esfuerzos principales. El cri -
terio de von Mises alude a que el cuerpo se comporta
elfsticamente cuando se alcanza la resistencia de
cedencia %cuaci—n &

= (3" wm/3 %B&

Tomando el criterio anterior, comparamos cada valor
obtenido del m¥ximo esfuerzo de von Mises de cada
material, de cada modelo de pr—tesis y de cada activi -
dad realizada por el usuario, con respecto al valor del

esfuerzo celtimo y el I'mite elfstico % abla 3&
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FIGURA 8. Casos tipo: a) Prétesis sin daio estructural, b) Prétesis con deformaciéon permanente, c) Fractura de la prétesis.

Se sabe que la pr—tesis sufrirt deformaci—n perma-
nente al rebasar el I'mite elfstico y se fracturart al
rebasar el celtimo esfuerzo a la tensi—n.

Una vez que se realizaron las simulaciones mediante

el mZtodo de elementos “initos de los 48 casos resul

tantes, de las combinaciones de cargas debido a las
actividades "'sicas del sujeto objeto de estudio y los
materiales propuestos para la pr—tesis, se obtuvo la
distribuci—n de esfuerzos de von Mises sobre los mode -
los de las pr—tesis con un c—digo de colores, indicando
en color rojo el valor del esfuerzo de von Mises mfximo.

Visualmente se puede apreciar que la concentraci—n
de esfuerzos se presenta en el cuello de la cabeza
femoral, ilustrado en color rojo en la Figura 8c. En
completa concordancia con la zona en la que el fZmur
del paciente sufri— la fractura. Los casos que una pr— -
tesis puede tener, derivados de las solicitaciones sobre
la misma son: pr—tesis sin da—o estructural, pr—tesis
con deformaci—n permanente y, fractura de la pr—tesis.

¥ Caso d Pr—tesis sin da—o estructural. En este caso,
la pr—tesis s—lida con el material Ti-6Al-4V, bajo la
actividad de caminar presenta un valor del esfuerzo
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miximo de von Mises de 8.466e+08 Pa. Mientras
gue para la pr—tesis hueca el esfuerzo miximo de
von Mises es de 8.416e+08 Pa.

Al comparar dichos valores del esfuerzo miximo de
von Mises con el valor reportado en la literatura del
esfuerzo en el I'mite eltstico de 9.20e+08 Pa, se logra
apreciar que la pr—tesis tendrf un comportamiento
elfstico lineal.

De acuerdo con la Ley de Hooke, la pr—tesis sufrirf
deformaciones reversibles una vez que deje tener
efecto la carga aplicada. Por otra parte, al tener esfuer -
zos mfximos de von Mises inferiores al celtimo esfuerzo
gue es de 9.50e+08 Pa, no es posible que sufra fractura
alguna %igura 8a &

¥ Caso b Pr—tesis con deformaci—n permanente En
la pr—tesis de aleaci—n 316-L sometida a las fuer-
zas derivadas de la acci—n de andar en bicicleta, se
produce un esfuerzo de von Mises 3.949e+08 Pa,
para la pr—tesis s—lida. Y un esfuerzo de von Mises
4.006 e+08Pa para la pr—tesis hueca.

En ambos casos sobrepasan el valor de esfuerzo en el
I'mite elfstico que es de 1.70e+08 Pa, por lo que se pro -
duce una deformaci—n pltstica o permanente en el cue -
llo femoral. Pero que, al no rebasar el celtimo esfuerzo,
dicha pr—tesis no llega a la fractura %igura 8b &

¥ Caso d Fractura de la pr—tesis. En el supuesto
caso de que la pr—tesis dise—ada se fabrique de la
aleaci—n L-605 y que las fuerzas aplicadas sean el
producto de realizar la actividad de trotar. El
valor del esfuerzo miximo de von Mises es
1.552e+09 Pa, para la con "iguraci—n s—lida y de
1.541e+09 para la hueca. Dichos valores sobrepa -
san el valor de esfuerzo en el I'mite elfstico que
es de 3.10e+08 Pa, y tambiZn el valor del celtimo
esfuerzo que para la aleaci—n L-605 es de
4.82e+08 Pa.

Los estados de esfuerzo antes mencionados, produci -
rfn una deformaci—n mis allf del I'mite eltstico, es
decir la cedencia, al alcanzar el esfuerzo celtimo se
ocasiona la fractura del material de la pr—tesis con su
consecuente evoluci—n en ruptura %igura 8c &

Los resultados del esfuerzo miximo de von Mises
para las 48 simulaciones en los casos de pr—tesis hueca
y s—lida se presentan en la Tabla 5, con sus respectivas
condiciones de carga producto de las actividades coti -
dianas, as’ como de los materiales de fabricaci—n pro -
puestos.

TABLA 5. Resultados de los esfuerzos de von Mises.

Material Ti-6A1-4V 316-L L-605

Modelo

Esfuerzos von Mises (Pa)

Actividad

Caminar | 8.42E+08| 8.47E+08| 8.47E+08| 8.57E+08| 8.49E+08| 8.00E+08

De pie | 7.54E+08| 7.56E+08| 7.62E+08| 7.63E+08| 7.65E+08| 7.66E+08

Bicicleta | 3.98E+08| 3.90E+08 4.02E+08| 3.97E+08

Levantarsq 6.73E+08| 7.03E+08| 6.78E+08| 7.11E+08| 6.79E+08| 7.14E+08

Subir 1.56E+09| 1.53E+09| 1.57E+09| 1.55E+09| 1.57E+09| 1.56E+09

Bajar 1.16E+09| 1.14E+09| 1.17E+09| 1.16E+09( 1.17E+09| 1.16E+09

Sentarse| 6.22E+08| 6.29E+08| 1.17E+09| 8.03E+08| 6.27E+08| 6.38E+08

Trotar | 1.54E+09| 1.52E+09| 1.55E+09| 1.55E+09| 1.55E+09| 1.54E+09

Factor de seguridad
Un aspecto importante en el dise—o de pr—tesis es
9% S& Dicho factor
estf de"inido en funci—n del criterio de falla de von

determinar el factor de seguridad

Mises, y se muestra en la ecuaci—n 3. El factor de segu -
ridad debe ser mayor o por lo menos igual a uno.

FS= 1lim/ vm %&

Donde 1 _ es el esfuerzo en el I'mite elfstico del
material.

Como se puede observar en la Tabla 6, la pr—tesis
hecha de Ti-6Al-4V tiene valores del factor de seguri -
dades superiores a uno.
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TABLA 6. Factores de seguridad.

Material Ti-6Al-4V 316L L-605
Modelo Hueco S—lido Hueco S—lido Hueco S—lido
Actividad Factores de Seguridad
Caminar 1.09 1.09 0.20 0.20 0.37 0.39
De pie 1.22 1.22 0.22 0.22 0.41 0.40
Bicicleta 231 2.36 0.43 0.43 0.77 0.78
Levantarsd  1.37 1.31 0.25 0.24 0.46 0.43
Subir 0.59 0.60 0.11 0.11 0.20 0.20
Bajar 0.79 0.81 0.15 0.15 0.27 0.27
Sentarse 1.48 1.46 0.15 0.21 0.49 0.49
Trotar 0.60 0.61 0.11 0.11 0.20 0.20

Lo que signi "ica que resistirf las cargas miximas apli -
cadas como resultado de realizar las actividades de:
Caminar, estar de pie andar en bicicleta, levantarse y
sentarse.

TABLA 7. Cargas generadas por un paso
completo en marcha humana normal.

Posicion | Tiempo (s) Rx (N) Ry (N) Rz (N)
-119.30 -0.45 -528.30
-181.20 176.94 -1094.00
-245.60 419.22 -1840.00
-282.80 518.40 -2021.00
-273.80 443.25 -1892.00
-247.10 315.99 -1756.00
-223.70 205.29 -1667.00
-186.20 125.64 -1567.00
-142.40 67.14 -1465.00
-71.67 47.48 -1383.00
-21.60 97.47 -1398.00
-143.80 115.20 -1373.00
-355.40 62.82 -1080.00
-322.00 32.27 -801.30
-295.40 7.74 -643.00
-240.20 -9.00 -499.00
-202.10 -16.83 -401.30
-164.00 -503.00 -327.20
-123.20 9.77 -323.60
-100.70 8.69 -437.90
-97.20 -9.00 -509.90

Por otra parte, las actividades como subir y bajar esca -
leras no las podrf realizar, puesto que comprometen la
integridad de la pr—tesis. Finalmente, se puede decir
gue las pr—tesis fabricadas de acero 316-L y L-605 no
son recomendables para su uso, puesto que tienen un
factor de seguridad inferior a uno.

Ciclo de marcha
Una pr—tesis de cadera no recibe cargas constantes,
sino que mits bien son aleatorias como en el caso del
ciclo de marcha, para lo cual se han considerado los
datos publicados por #9%#03#21% y que se muestran en la
Tabla 7.

En la Figura 9 se muestra el ciclo de marcha para la pr— -
tesis de Ti-6Al-4V. En la cual se pueden apreciar dos picos
de esfuerzo de von Mises m#ximos que concuerdan con
los resultados del antlisis estftico de caminary de pie. Lo
anterior es debido a que para el antlisis estttico se consi -
deraron las condiciones de mixima carga, y que a los
0.177 segundos de iniciada la marcha se alcanza una
condici—n de mi¥ximo esfuerzo, que ademis resulta ser el
mifximo absoluto. Por otra parte, el segundo mximo se
alcanza a los 1.003 segundos de la marcha, es decir 3
posiciones antes de terminar el ciclo de la marcha.
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FIGURA 9. Grafica de esfuerzo de von Mises para
el ciclo de marcha con una prétesis de Ti4Al6V.

Pr—tesis de Ti-6Al-4V
Para las actividades propuestas a realizar con la pr— -
tesis Ti-6Al-4V, podemos observar en la Tabla 5 que, en
las condiciones de caminar, parado, andando en bici -
cleta, levantarse y sentarse, en ambos casos de pr—te -
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sis 9pr—tesis s—lida y pr—tesis huec& no sufre deforma -
ci—n alguna ni se presentar’a riesgo de fractura del
cuello femoral. Pero al realizar cualquiera de las activi -
dades como subir escaleras, bajar escaleras vy trotar, la
pr—tesis no s—lo se deformart permanentemente, sino
gue se fracturart del cuello femoral, siendo as’ que de
optarse por este modelo el paciente estar’a limitado a
conservar su peso corporal y a tener restringido la
prictica de subir y/o bajar escaleras, as’ como de trotar.

Pr—tesis de 316-L

Los modelos de pr—tesis realizados %—lida y hueca&
en todas las actividades sugeridas % abla 5& presentan
deformaci—n permanente y ruptura del cuello femoral
a excepci—n de andar en bicicleta, ya que al realizar
esta actividad la pr—tesis sufrirf de formaci—n perma -
nente pero no llegarf a sufrir fractura. Lo anterior, es
debido a que, en una condici—n ideal, el peso corporal
es soportado y distribuido por el asiento de la bicicleta.

Pr—tesis de L-605
El modelo hueco realizado en este material sufrirf
deformaci—n permanente en todas las actividades
propuestas, pero cenicamente en la condici—n de cami -
nar, subir y bajar escaleras y trotar la pr—tesis fallart.

En cuanto al modelo s—lido de este mismo material
tenemos que la pr—tesis sufrirf deformaci—n perma -

nente en todas las actividades propuestas, pero a dife

rencia del modelo hueco solo fallarf en tres activida
des como la anterior a excepci—n de caminar %abla 5&
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CONCLUSIONES
Los resultados obtenidos demuestran que el material
id—neo para la fabricaci—n de este tipo de pr—tesis es el
Ti-6Al-4V, ademifs de que Zste permitira realizar
modelos tanto s—lidos como huecos, suponiendo este
celtimo, un ahorro de material y proporcionando mayor
ligereza en el modelo.

Cabe mencionar que los resultados son en funci—n del

peso del paciente, la topogra "a que presenta su fZmur
y las actividades que habitualmente realiza, y que
deben de tomarse en cuenta al dise—ar la pr—tesis para
una persona con caracter’sticas diferentes y/o con

necesidades de actividad "'sica diferente, lo que hace
necesario robustecer el cuello femoral ya que es el

punto donde la pr—tesis tiende a fallar.

Finalmente, y como resultado del factor de seguridad
para las diversas actividades, se propone mejorar el
dise—o a nivel del cuello femoral para as’ obtener un
factor de seguridad superior a uno y garantizar la dura -
bilidad y funcionalidad de la pr—tesis.
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ABSTRACT
Heart Rate Variability (HRV) is the measure of variation between R-R interbeats, it has been demonstrated to be a
good representation of physiological features, especially to the alterations in the Autonomic Nervous System (ANS).
Considering the values that compose a HRV distribution are extracted from electrocardiography (ECG), many of the
electrical disturbances that a ! ect ECG-based diagnosis can also interfere with the results of the HRV analysis. This
paper uses a 30-minute portion of a healthy patient (no arrhythmias detected or annotated) from the MIT-BIH ECG
database to analyze the e ! ectiveness of the SURE Wavelet denoising method for extracting the HRV from a progres
sively noisier ECG channel. Results show that the minimum SNR for reliable HRV extraction under these conditions
is approximately 5dB and outlines the exponential behavior of HRV extraction for escalating noise levels in the ECG
signal.
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INTRODUCTION
Heart Rate Variability "HRV# is currently the most
common digital application of analysis of the ECG sig -
nal trace. It refers to a precise time measurement  "usu-
ally in the order of milliseconds # of the intervals
between each heartbeat, represented in Figure 1,

labeled as R-R interval %

The object of interest when analyzing variations in
"ANS# which
is a division of the peripheral nervous system that acts

heart rate is autonomic nervous system

in the regulation of bodily functions such as heart rate,
respiratory rate and digestion ~ ¥%

It is largely regarded as the primary control mecha -
nism of the &ght-or-flight reaction  "or hyper-arousal #%%
In the past few decades, researchers have discovered

correlation of the HRV analysis with many different
health related issues, ranging from the autonomic
function of insulin-dependent diabetic patients %10
the aftereffects of myocardial infarction %

R RR Interval R

Q Q
s s

QT Interval QT Interval

FIGURE 1A pair ofheartbeat cycles as observed by the
electrocardiograph, indicating the major 4 points of
reference in electrocardiographic analysis: the T and P
waves, as well as the QRS complex. The period between
two R-peaks is also represented in the picture and is of
great importance for HRV acquisitior® .

The most usual method of extracting HRV data is the
detection of R-wave peaks in an ECG trace plot.
Therefore, when dealing with acquired signals, the

HRV can be compromised by the occurrence of arti -
facts originated by electrode motion, respiration
motion "baseline wander # or even irradiated electro -
magnetic noise ¥% Considering that the relevant infor -
mation to the HRV analysis is the reliable detection of
the R peak, the design of &ltering methods for this
purpose is slightly different from the popular methods
used for ECG &ltering %%
The signal to noise ratio "SNR# is a dimensionless
ratio comparing the signal and noise power in a given
channel ®%

() (-) "1

This ratio is described in Equation 1 in its most usual
form, where P_stands for the power of the signal being
analyzed and P, stands for the power of the noise
source. The result is displayed in decibels  "dB#%°%

The electrical engineering academic consensus is
that 3dB in signal-to-noise ratio is the minimum value
for the system to be considered acceptable in terms of
the &delity of signal output %% This threshold was

obtained using Equation 1.

CH I O 50 "o

The Wavelet Transform is represented in its most
general form in Equation 2 for a given function Bx#
having %as a continuous function for the mother
Wavelet, accepting two parameters: a for scaling and b
as the translational value. It can be used as a denoising
method and is especially useful dealing with sharp

transients in the signal.

Different methods using Wavelet have been devel -
oped over the years. Wavelet Shrinkage provides a
great &lter with low computational power 82% Some
other well-known Wavelets denoising methods are

known as Bayes, BlockJS, Minimax, SURE and
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Universal Threshold 3% all of which have been gaining
on popularity since being incorporated into program -
ming libraries on different platforms such as MATLAB
and Python.

This paper proposes to analyze the process of extract -
ing the HRV from a progressively noisier ECG channel
in order to &nd out what is the minimum SNR with
which SURE Wavelet denoising is still suf &cient. The
aim is to determine the limitation of this method of
&ltering speci &cally for HRV analysis.

MATERIALS AND METHODS
The ECG signal used for the HRV analysis was obtained
from the MIT-BIH Arrhythmia ECG database 4% This
database was selected due to the long monitoring
duration of each single patient "6-hour periods # avail-
able, enabling the collection of a sizeable sample of R-R
intervals. From the records available, a 30-minute ECG
record from a healthy patient "i.e. without observed

arrhythmias #was chosen.

A short sample of the signal used is represented in
Figure 2. It is important to consider that this signal has
not yet went through the R-R identifying algorithm.

1

— 0.5}

voltage [V

s e e

0 0.5 1 1.5 2
time [s]

FIGURE 2Sample ofelectrocardiographic signal acquired
from the MIT!BIH Arrhythmia Database™*®l.

Application of &ltering methods and general signal
preprocessing were made through the software
Mathworks MATLAB 2016b with the custom library
BioSigKit V1.0 #6%which was used for the extraction of
the R-peaks through the Pan-Tompkins algorithm.

Signal was sampled at 360 Hz and &ltered with the
SURE Wavelet Transform as a denoising method with 5
levels of decomposition. This particular method of
denoising was chosen because of its availability in most
Wavelet toolboxes, its low demand in processing power
and its good performance for biophysiological signal
processing "especially for ECG and EEG applications #%7%

The R-peak detection algorithm  "specié&cally the Pan-
Tompkins implementation  ®6% is implemented onto

the signal represented in Figure 3 afteritis  &ltered.

1

e
W

voltage [V]
f=]

N L s e

0 0.5 1 1.5 2
time [s]

FIGURE 3The same prtion of the database
represented in Figure 2 after the implementation
of the PanTompkins algorithm. Location of the R-peaks
are marked with a red dot.

Points marked with red in Figure 3 were used to create
the HRV vector. The process is a simple subtraction
between the time values associated with two consecutive
R-peak points, repeating the process all along the record.

This is done once in order to obtain the real mean
HRV "which consists of an arithmetic mean of all of the
R-R values contained in the HRV vector # observed in
the original 30-minute ECG record. The ECG signal is
then summed with a matrix with random noise, this
process is repeated in order to generate an ECG matrix
with escalating noise level "each time noise power is

incremented by 0.1 #

Every newly generated noisy signal then undergoes
the same SURE Wavelet method of denoising pre -

sented before, which in turns created the  &nal matrix.
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From this &nal matrix, HRV is then extracted, also it is
labeled with its SNR level using Equation 1 which will

reflect the white noise added to it. This whole process
is repeated 21 times, creating the matrixes in different

noise-levels that will be needed for the analysis.

A possible way to represent HRV extracted from the
progressively nosier channel is utilizing a PoincarZ
plot %8 Which is a recursive plot since its axis repre -
"called RR"n## and a
"RR"n+1## repeated for many

sent a current measurement
future measurement
instances ®&% In a completely stable phenomenon, all
points of the plot should be grouped together as tight

as possible. When the subject is the human heart, that
doesnOt always happen for different reasons.

If the PoincarZ in Figure 4 were data gathered from
one subjects heart-rate variability, points observed in
the extremities of the plot could either be the repre -
sentation of some kind of intermittent cardiac func -
tion abnormality or the malfunctioning of the R-peak
detection algorithm induced by noise in the signal.

beat_ascii - BncarZ Plot
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400 600 800 1000 1200 1400 1600
RR, (msec.)

FIGURE 4Example ofa PoincarZ being used to find outlier
points in a determinate procesd*l.

The correlation between mean HRV and the SNR
observed in the ECG channel "after the noise adding
and SURE Wavelet denoising process described #
reveals the point in the curve where the level of noise
is not compatible with the HRV extraction "l.e. the
point where the values being extracted are not repre -
sentative of the signals coming from the patientOs

body, but are mostly caused by the noisy ECG #

RESULTS AND DISCUSSION
&ltered through
the SURE Wavelet denoising tool and a small part of is

The chosen portion of the signal is

represented in Figure 5.
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FIGURE 5Below: Regular electrocardiographic signal
(as extraded from the database). Above: the same portion
of the signal filtered with the SURE Wavelet denoising
method for 5 levels of decomposition.

The Pan-Tompkins R-peak detection algorithm shown
in Figure 3 is implemented on the  é&ltered signal in
order to extract the locations of every R-peak detected

throughout the recording.

A PoincarZ plot is used to represent the extracted
HRV distribution in Figure 6. It useful here because it
makes possible the visual analysis of increasing noise.
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As expected from a &ltered low-noise channel, the
higher density of points in the center of the plot is
visually recognizable.

Such artifacts are expected as HRV analysis usually
focuses more on the total distribution of the plot and
less on the outlier points 9%

R(n+1)

. .
0.7 0.8 0.9 1 1.1
RR(n)

FIGURE 6HRV PoincaZ plot extracted from
electrocardiographic signal from the database before
random noise is added, filtered through SURE Wavelet.

White noise is added to the original database electro
8iltered with the
aforementioned Wavelet method. This process is

cardiographic signal and is then

repeated 21 times, increasing the white noise power
linearly in each iteration by a factor of 0.1.

The R-peak detection and HRV analysis are repeated
for each iteration, calculating the mean HRV value for
each new noise-contaminated ECG signals.

All of the signals are shown in Table I. The  &rst one,
of in &nite SNR, represents the original signal, without
white noise being added to it. The subsequent signals
represent every increase in white-noise power added
to the original signal.

Considering that the  &rst measurement is made with -
out adding noise to our channel, the correct mean HRV
for the 30-minute recording is 52.385ms. Therefore,
any alteration in the calculated mean HRV can be
interpreted as an error introduced by the random noise
added to the original ECG signal.

TABLE 1Simulated SNR (dB)
and Mean HRV (ms) values.

Calculated SNR (dB)

Mean HRV (ms)

52.385
21.949 52.385
21.949 52.385
15.923 52.384
12.402 52.385
9.909 52.386
7.981 52.385
6.385 52.384
5.050 52.384
3.894 66.384
2.858 80.867
1.940 80.867
1.127 109.131
0.366 179.036
-0.320 206.385
-0.970 274.298
-1.560 327.727
-2.113 283.082
-2.657 508.656
-3.166 504.919
-3.628 445,768
-4.061 627.981

Calculated values are consistent with prior knowl
edge about SNR considerations in signal transmission
quality. Alterations on the calculated mean HRV can
be observed after the signal-to-noise ratio drops below
5 dB.

The effects of the noisy ECG can be observed in the
PoincarZ plot of the HRV as represented in Figure 6.
The scattered points are more frequent and can be
found further away from the centroids location.

In this case, calculated mean HRV is 274.298ms
which is not a physiologically meaningful value, since
it exceeds even the highest possible expected heart
rate variation.
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0 0.5 1 15
RR(n)

FIGURE 7THRV PoincaZ plot extracted from ECG signal with

SNR equal to -0.970. A high concentration of points in the

extremities of the plot indicate that the channel with this
noise-level may be unsuitable for HRV analysis.

Experimental values as described in Table | are repre -
sented graphically in Figure 7 and a trend curve is  &it-
ted using the Smoothing Spline method.

700 T T T
* Mean HRV vs. SNR data
L —Fitted curve

600

Mean HRV (ms)

-5 0 5 10 15 20 25
SNR (dB)

FIGURE gRelationship between SNR and Mean HRV.

The graph shows the mostly linear behavior of the
HRV calculation algorithm applied to the  &ltered chan -
nel when SNR is higher than 5dB and the exponential
behavior of the mean HRV calculation when noise

component increases.

CONCLUSIONS
This paper has demonstrated the limitations of one
of the more common &ltering techniques applied to
ECG channels for this particular HRV distribution.
Results suggests that a standard Wavelet denoising
method "in this case SURE method with 5 levels of

decomposition #looks to be insuf &cient to ensure reli -
able HRV extraction when SNR is under that of approx -
imately 5 Db. In order for it to be con &rmed a study
using many different databases has to be done in the

future.

These &ndings could be important both to research
and to industries that work on health-monitoring
wearable devices, since we were able to de &ne with
precision the level of noise in which HRV reading will
stop being reliable.

Future research in this area should focus on the
development of a @&ltering method speci &c to HRV
analysis in order to better preserve nominal values of
mean HRV calculated from noisy ECG signals and of
course, extend this study to include many more differ -
ent databases.
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