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RESUMO

Os sistemas vivos saudaveis e estaveis sao geralmente considerados cadticos e
fractais por natureza. A complexidade do organismo em situagcdes normais €
tipicamente ndo-linear em curto prazo, sendo que este organismo é um exemplo claro
de um “sistema complexo”, caracterizado pela interagdo continua de varios 6rgaos,
objetivando a manutencéo da vida. A teoria do Caos é um principio cientifico que
estuda o comportamento de sistemas complexos nao-lineares, descritos como
propriedades coletivas, que aparecem como resultantes da interacdo entre
componentes associados ao sistema como um todo. A variabilidade dos intervalos de
tempo entre os batimentos cardiacos é designada pela variabilidade de frequéncia
cardiaca, sendo caracterizado como um sistema cadtico deterministico. A avaliacao
do dominio do caos pode ser feita através de alguns indices, como a analise simbdlica
e os Graficos de Recorréncia, e sua mensuracao realizada pelo monitor de frequéncia
cardiaca. O objetivo deste estudo foi descrever as andlises lineares e ndo-lineares da
variabilidade da frequéncia cardiaca em cées em diferentes faixas etarias e sua
acuracia diagnoéstica na caracterizacdo de estados de saude, doenca e risco morte.
Palavras-chave: frequéncia cardiaca; sistema nervoso auténomo; Teoria do Caos;

espécie canina; variabilidade da frequéncia cardiaca.



ROMAO, L.M.M. Linear and Nonlinear Analysis of Heart Rate Variability in Dogs with
Different Age Groups and Importance in the Characterization of Health, Disease and
Death Risk. Botucatu, 2022, 108p. Thesis (Doctorate) — Faculty of Veterinary Medicine
and Animal Science, Botucatu Campus, Universidade Estadual Paulista.

ABSTRACT

Healthy and stable living systems are generally considered to be chaotic and fractal in
nature. The complexity of the organism in normal situations is typically non-linear in
the short term, and this organism is a clear example of a “complex system”,
characterized by the continuous interaction of several organs, aiming at the
maintenance of life. Chaos theory is a scientific principle that studies the behavior of
complex non-linear systems, described as collective properties, which appear as a
result of the interaction between components associated with the system as a whole.
The variability of time intervals between heartbeats is called heart rate variability, being
characterized as a deterministic chaotic system. The evaluation of the chaos domain
can be done through some indices, such as the symbolic analysis and the Recurrence
Graphs, and its measurement performed by the heart rate monitor. The aim of this
study was to describe the linear and non-linear analyzes of heart rate variability in dogs
in different age groups and its diagnostic accuracy in characterizing health states,
disease and risk of death.

Keywords: heart rate; autonomic nervous system; Chaos theory; canine species; heart

rate variability.
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1. INTRODUCAO E OBJETIVO

A teoria do caos € um termo coletivo que se refere a fenbmenos que descrevem
modificacdes em sistemas ao longo do tempo, como por exemplo, atratores, fractais
e catastrofes. A dinamica néo linear de eventos aparentemente aleatorios pode ser
prevista por equacdes deterministicas simples. Dada essa mentalidade, sistemas
imprevisiveis podem parecer estaveis em uma escala maior e, conter caracteristicas
como limites claros e dependéncia sensivel das condi¢cdes iniciais. Pequenas
mudancas nas condic¢des iniciais levam a uma diferenca significativa a longo prazo
(OREL et al., 2019).

Sistemas vivos saudaveis e estaveis sdo geralmente considerados cadticos e
fractais por natureza. Alguns dos exemplos mais acessiveis incluem frequéncia
cardiaca, neurbnios, redes neurais e vasculatura ramificada sendo que nos trés
altimos exemplos, suas partes separadas repetem os tracos. A variabilidade foi
analisada com o caos e com a teoria fractal em muitos sistemas fisiologicos diferentes,
e demonstraram estar associadas ao estado de saude do sistema (KOROLJ, WU E
RADISIC, 2019).

A complexidade do organismo em situacfes normais € tipicamente nao-linear
em curto prazo, o qual € um exemplo claro de “sistema complexo”, caracterizado pela
interacdo continua de varios 6rgédos, visando a manutencdo da vida. Como qualquer
sistema fisico natural, 0 organismo realiza ou esta sujeito a processos que envolvem
mistura, trocas e difusdo, entre outros. Portanto, tende a se mover em direcdo a

estados de equilibrio na auséncia de a¢des contrarias (GODOY e GREGORIO, 2019).

A variabilidade da frequéncia cardiaca (VFC) € um marcador ja validado para

analisar o equilibrio entre o sistema nervoso parassimpatico e simpatico, que séo



considerados 0s componentes principais da regulacdo cardiovascular, permitindo
investigar a sua influéncia em diversas patologias. Essas mudancas nos intervalos RR
podem ser analisadas por diferentes métodos lineares e nao-lineares, sendo 0s
métodos nao-lineares uma melhor opcdo para a compreensdo desse sistema
complexo (VANDERLEI et al., 2009; VALENCIA et al., 2015; TAKAKURA et al., 2017,
MOISE, FLANDERS E PARIAUT., 2020).

A frequéncia cardiaca e VFC designam dois parametros separados, mas
relacionados. Alteragcbes na frequéncia cardiaca sdo normais, aumentado nos
exercicios e diminuindo em repouso, bem como sob outras influéncias autbnomas. A
variabilidade dos intervalos de tempo entre os batimentos é designada pela VFC, e foi
demonstrado que a VFC normalmente € um sistema cadtico deterministico (KOROLJ,
WU E RADISIC, 2019).

Ha interesse crescente em avaliar a complexidade do controle cardiovascular
pela analise da variabilidade de frequéncia cardiaca em curto prazo, pois trata-se de
analise da atividade dos centros vasomotores e respiratérios, regulacdo barorreflexa
e quimiorreflexa, mediada por interferéncias vagais e simpaticas. Todos esses
mecanismos atuam sobre frequéncias semelhantes, mas n&o coincidentes. O
aumento da forca das jungdes entre esses mecanismos ou a acdo dominante de um
desses mecanismos tendo prioridade sobre os outros, determina a reducdo da
complexidade, ou seja, o aumento da regularidade e previsibilidade, sendo
considerado um marcador de doenca (PORTA et al, 2001).

A avaliacdo do dominio do caos pode ser feita por alguns indices como a
analise simbdlica e os Graficos de Recorréncia. A analise simbolica € uma abordagem
nao-linear baseada nas transformacdes de uma série em sequéncias simbolicas (com

simbolos de um determinado alfabeto), para investigar os aspectos dinamicos de uma



série temporal. Este tipo de analise € capaz de fornecer informacgdes simplificadas de
sistemas complexos por meio de um numero limitado de simbolos (VALENCIA et al,
2015).

Porta et al. (2001) sugeriu a analise da VFC através de analise simbdlica que
apresenta potencial para detectar modificagbes nao-reciprocas nas modulacdes
simpatica e parassimpatica, ou mudancas reciprocas com diferentes magnitudes,
visto que a soma de todos os parametros simbdlicos € igual a 100% (0V% + 1V% +
2V% = 100%); ja a analise espectral € baseada na definicdo de bandas de frequéncia,
cujos limites inferiores e superiores sdo padronizados. Além do mais, os indices
espectrais sao pertinentes apenas em condicfes caracterizadas por mudancas
reciprocas nas modulacdes simpatica e parassimpatica. As séries temporais
simbdlicas podem ser exploradas de maneira util para lidar com essa desvantagem
de outros métodos de anélise (PERSEGUINI, 2010; CYSARZ et al., 2018).

Os Graficos de Recorréncia (GR), analisam o comportamento de sistemas,
representados por séries temporais, em um espaco abstrato denominado espaco de
fase. Sua construcado é bastante simples, baseada em um gquadrado no qual tanto o
eixo X quanto o eixo y contém os elementos da série temporal, dispostos
sequencialmente do primeiro ao ultimo, fazendo correlacdes dois a dois. A partir de
entdo, de acordo com parametros pré-estabelecidos (dimensdo, atraso e raio), a
recorréncia de valores pode ser verificada (GODOY e GREGORIO, 2019).

A VFC pode ser analisada por curto periodo ou mais prolongado utilizando o
método Holter, que registra a atividade elétrica por 24 horas (WARE, 2006). A
avaliagdo da VFC em 24 horas é bastante trabalhosa, mais lenta, sendo um método
mais oneroso, menos acessivel e sujeito a artefatos; dessa forma, a analise a curto

prazo foi criada. Sua mensuracdo em curto prazo pode ser realizada pelo



eletrocardiograma e/ou monitores de frequéncia cardiaca (frequencimetros). Estudos
avaliando a VFC no dominio do tempo e frequéncia por 24 horas em 153 homens,
comparando-0s com os resultados obtidos em cinco minutos,observaram haver forte
correlacdo entre as as metodologias (BERNTSON et al.,1997; MIN et al., 2008;
BOGUCKI; NOWAK, 2015).

A captacao dos pulsos elétricos cardiacos pode ser realizada por monitores de
frequéncia cardiaca, a qual é feita por meio de uma cinta adequada ao corpo do
paciente conectada a um receptor calibrado capaz de detectar pulsos de
radiofrequéncia na faixa de 5 KHz (+/-100 Hz). Os monitores possuem um cabo USB
para transmissdo dos dados de cada pulso cardiaco detectado para um computador
(BUCK, 2016). Em seres humanos e em cdes o monitor de frequéncia cardiaca
apresenta um éxito maior quando comparado ao eletrocardiograma convencional

(BARBOSA et al., 2016; MARTINELLO et al., 2022).

Dessa forma, o objetivo do presente estudo foi descrever as andlises lineares
e ndo-lineares da variabilidade da frequéncia cardiaca obtida com monitor de
frequéncia cardiaca em curto prazo, em caes com diferentes faixas etarias e sua
importancia na avaliacdo diagndstica na caracterizacdo de saude, doenca e risco

morte.

2. REVISAO DE LITERATURA

2.1 TEORIA DO CAOS

Caos é um sistema dinamico que parece aleatério, embora tenha ordem
subjacente. Quando grandes interac¢des de calculos complexos foram habilitados pela
primeira vez por computadores, fendmenos estranhos foram revelados, como

resultados contraditérios de modelos meteoroldgicos (KOROLJ; WU; RADISIC, 2019).



O meteorologista Edward N. Lorenz (figura 1) em 1961, trabalhando em um
computador de simulacdo da evolucdo do clima, digitou os dados para uma nova
simulacdo, observando diferenca significativa entre a antiga com tempo estavel e
previsdes de sol, e a nova, caracterizada por tempestade. Verificando os dados
inseridos na nova simulagcéo, notou que esquecera de inserir as trés ultimas casas
decimais ( precisamente 0,506 ao invés de 0,506127). O meteorologista ndo pensou
na época, que a omissao de uma parte em mil faria alguma diferenca. Na realidade, o
equivoco cometido por Lorenz em sua simulacéo, equivaleria apenas a uma pequena
brisa, mas contrariamente a auséncia de trés casas decimais, fora capaz de instituir
importantes mudancas em grandes escalas. Se Lorenz estivesse certo, a previsdo do
tempo em longo prazo estaria condenada. Lorenz distraidamente confirmou a intuicdo
anterior de Poincaré em 1963 que estudava orbitas planetarias, esbarrando no "efeito
borboleta”. A descoberta fenomenal de Lorenz anunciou o inicio da ciéncia do caos

(LUCAS, 1990).

Figura 1: Meteorologista Edward N. Lorenz (DOMINIO PUBICO).



Quando Edward Lorenz criou equacOes para descrever esses fendbmenos
atmosféricos para previsdo do tempo, percebeu que os numeros gerados pareciam
cadticos, mas ao visualizar o grafico, apareceu uma imagem similar a uma borboleta.
A equacao, conhecida como Atrator de Lorenz (figura 2), € um “mapa caotico que
mostra como o estado de um sistema dinamico que evolui no tempo num padréo
complexo”. O meteorologista introduziu duas inovacdes ao provar que a sensibilidade
as condicdes iniciais (depois chamado de efeito borboleta) e exibir a surpreendente
imagem do “atrator”, sugerida por uma descrigao verbal, mas um tanto confusa, por
Poincaré. Suas observacbes estavam bem proximas da caracterizacdo do
comportamento cadtico. Algumas ferramentas hoje utilizadas no estudo dos sistemas
dindmicos, em particular no comportamento caético, foram criadas ou tiveram seu
embrido nos trabalhos de Poincaré (AUBIN; DALMENICO, 2002; OESTREICHER,

2007).

-18 X 18

Figura 2: Transiente Caético no Sistema de Lorenz (DOMINIO PUBLICO).
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A teoria dos sistemas dinamicos corresponde a um ramo da fisica que tenta
modelar matematicamente a evolucdo comportamental de diferentes sistemas fisicos.
A teoria foi desenvolvida pelo fisico, matematico e filosofo Henri Poincaré (figura 3)
este, primeiro cientista a considerar a possibilidade de caos em seu trabalho sobre
oOrbitas planetarias. Ao invés de existirem Orbitas ordenadas, regulares um sistema
equilibrado e harmdnico, o que ocorria eram oérbitas que tendiam a ndo ser constante,
tornavam-se complexas e irregulares, onde o que prevaleceria ndo era a ordem
natural, e sim o caos, pois 0s movimentos se tornavam aparentemente aleatorios

(WADT, 2009).

Figura 3: Jules Henri Poincaré (DOMINIO PUBLICO).

Os sistemas cadticos sdao bem aproximados por geometrias fractais. A
geometria fractal surgiu da necessidade de se calcular e descrever certos fenémenos
da natureza ou objetos que ndo possuem forma definida. Frequentemente, fractais

podem ser descritos como estruturas que tém padrbes auto-semelhantes infinitamente
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repetidos (figura 4). Em contraste, para estruturas néo fractais, como um circulo
perfeito, essa relacao de lei de poténcia esta ausente. Ao representar graficamente o
comprimento medido versus a precisdo da medicdo de diferentes estruturas, o
expoente da lei de poténcia da relacdo ajustada pode produzir uma definicdo para a
dimensao fractal e, assim, reflete o valor caracteristico para cada estrutura, que
descreve o nivel de complexidade de escalonamento dessa estrutura. Quanto maior

for o valor, maior serd a complexidade da estrutura (KOROLJ, WU E RADISIC ., 2019).

Figura 4: Fractal (DOMINIO PUBLICO).

Benoit Mandelbrot em 1979 (figura 5) foi 0 matematico que prop6s "As nuvens
nao séo esferas, as montanhas ndo sdo cones, os litorais ndo séo circulos e as cascas
das arvores ndo sao lisas, tampouco o0s raios se deslocam em linha reta".

Mandelbrot ndo considerava as medidas euclidianas béasicas tais como
profundidade, espessura e extensao para suas teorias, pois dizia que essas nao
compreendiam o sentido das formas irregulares. Seus trabalhos foram focados na

ideia de dimenséo. A dimensao fracionada possibilita medir o grau de fragmentagao
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ou de irregularidade de um objeto. Os vasos sanguineos formam autossimilaridade,
pois se ramificam, se dividem e voltam a ramificar-se até se tornarem muito estreitos,
0 que torna a natureza dessa ramificacao fractal. O termo fractal provém da palavra
fractus, que significa descontinuo, irregular ou quebrado. Os termos fractais ndo foram

descobertos nem criados por Mandelbrot apenas os homeou (RICIERI, 1990).

Figura 5: Benoit Mandelbrot (DOMINIO PUBLICO).

2.2 TEORIA DO CAOS APLICADA A MEDICINA

Algum grau de caos esta universalmente presente nos sistemas vivos. Ja foram
detectados varios componentes com padrao cadtico, tais como a atividade elétrica do
coragao, pois o padrédo do eletrocardiograma revela uma infinidade de picos e
inclinacées que variam no tempo, com variabilidade de batimento a batimento. A
distribuicdo anatdbmica das arvores arterial, venosa e brénquica também, ja que os
vasos sanguineos ndo formam uma cadeia perfeita, mas sim uma ramificacdo de rede

(KOROLJ; WU; RADISIC, 2019).
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A maioria dos sistemas existentes na natureza deve se comportar como um
sistema complexo dinamico nao-linear deterministico, ou seja, um sistema que muda
ao longo do tempo de forma causal. O futuro do sistema depende apenas de
fendbmenos de seu passado e presente, onde todo evento € determinado fisicamente
por uma cadeia continua de ocorréncias anteriores, e sendo assim esses sistemas
devem obedecer a Teoria do Caos (OESTREICHER, 2007).

Os seres vivos certamente sdo sistemas com todas as caracteristicas ja
citadas, no qual o Caos teria um conceito positivo refletindo a situacdo de saude, ou
seja, 0 organismo esta preparado para responder favoravelmente as agressdes do
meio, disponibilizando toda a sua capacidade. Quando ndo houver o Caos, as
alteracdes continuas da vida levariam aos estados de doenca, até a ocorréncia do
equilibrio e como resultado a morte (GODOY, 2003).

Nas situagBes clinicas, encontramos grande variabilidade nas condicdes finais
com sensivel dependéncia da condicdo inicial. Assim, pequenas disfuncfes em
orgaos isolados levam gradativamente a certos graus de disfuncdo a distancia que
gradualmente vao se associando e, de acordo com variaveis dependentes ou ndo de
cada individuo, acabam as vezes em situacdes catastroficas como a morte (GODOY,

2003).

2.3- SISTEMA NERVOSO AUTONOMO E VARIABILIDADE DE FREQUENCIA
CARDIACA

O coracao é ricamente inervado pelos nervos autbnomos. O sistema nervoso
autbnomo (SNA) do coracdo consiste em ganglios intrinsecos e extrinsecos. Os
componentes parassimpaticos do sistema nervoso cardiaco extrinseco se originam

no nervo vago, enquanto a inervagdo do sistema simpatico extrinseco é mediada
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pelos ganglios cervicais, cérvico-toracicos e toracicos. Barorreceptores,
quimiorreceptores e receptores mecanicos de estresse localizados no coracdo e

grandes vasos regulam o ténus autonémico (KHAN; LIP; SHANTSILA, 2019).

\ Carotid sinug

Figura 6: Diagrama demonstrativo das divisdes do sistema nervoso autbnomo

em um cao. Tilley (1992)

Tanto o sistema nervoso simpatico (SNS) como o parassimpatico (SNP)
fornecem algum grau de estimulo nervoso para um determinado tecido em todos os
momentos. Portanto, a frequéncia de disparos dos neurénios em ambos 0s sistemas
pode aumentar ou diminuir, com isso aumentando ou inibindo a atividade tecidual.
Muitos tecidos sao inervados por ambos 0s sistemas; como estes normalmente tém
efeitos opostos em um determinado tecido, aumentar a atividade de um sistema é ao
mesmo tempo diminuir a atividade do outro, e isso resulta em um controle muito rapido
e preciso da funcdo de um tecido (MCCORRY, 2007).

A ativacdo dos receptores 1 adrenérgicos pelo neurotransmissor

noradrenalina, que sao encontrados em todas as células musculares cardiaca, fazem


https://www.ncbi.nlm.nih.gov/pubmed/?term=McCorry%20LK%5BAuthor%5D&cauthor=true&cauthor_uid=17786266
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0 controle simpatico. A ativacdo destes receptores acelera as mudancas nos canais
ibnicos, responsaveis pela despolarizacdo espontanea das células-marcapasso, que
atingem o limiar mais rapidamente, aumentando a velocidade de conducao de célula
a célula e diminuindo o periodo refratario, o que leva ao aumento da frequéncia
cardiaca, contratilidade e consequentemente do volume de ejecdo (STEPHENSON,
2014).

No SNP, os axbnios dos neurbnios pré-ganglionares sdo mais longos que 0s
pos-ganglionare e fazem sinapse com o0s neurbnios pos-ganglionares dentro dos
ganglios terminais que estédo proximos ou embutidos nos tecidos efetores, os axdnios
dos neurbnios pés-ganglionares, que sdo muito curtos, fornecem entrada para as
células desse tecido efetor. O nervo vago inerva as visceras do térax e do abdome, e
o significado fisioldégico desse nervo em termos de influéncia do SNP é claramente
ilustrado por sua ampla distribuicdo e pelo fato de que 75% de todas as fibras
parassimpaticas estdo no nervo vago. Como os ganglios terminais estéo localizados
dentro do tecido inervado, ha uma proporc¢éo de 1:1 de fibras pré-ganglionares para
fibras pos-ganglionares. Portanto, os efeitos do SNP tendem a ser mais discretos e
localizados, estimulando apenas tecidos especificos em um determinado momento,
em comparacao ao sistema simpatico onde € possivel uma descarga mais difusa
(MCCORRY, 2007).

O SNA esta intimamente ligado a frequéncia cardiaca (FC), a qual sofre
variacoes fisiologicas a cada batimento. Esse mecanismo de controle ocorre por vias
aferentes vagais e medulares, onde a informacao que atinge o sistema nervoso central
(SNC) é modulada e retorna ao coracéo por fibras eferentes simpaticas lentas e vagais
rapidas. Como a captacédo de noradrenalina liberada nas terminacdes simpaticas é

mais lenta que a da acetilcolina nas terminacgdes vagais, essa diferenca na velocidade


https://www.ncbi.nlm.nih.gov/pubmed/?term=McCorry%20LK%5BAuthor%5D&cauthor=true&cauthor_uid=17786266
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de transmisséo nas vias colinérgicas e adrenérgicas resultara em desigualdades na
frequéncia de modulacgéo desses dois sistemas no nodo sinusal (SA et al., 2013).

Alteracfes na frequéncia cardiaca podem ser normais, por exemplo, em exercicios
versus estados de repouso, e sob outras influéncias autbnomas. A variabilidade dos
intervalos de tempo entre os batimentos (figura 7) € chamada de variabilidade da
frequéncia cardiaca (VFC). A VFC normal demonstrou ser um sistema deterministico
cadtico. Quaisquer alteracbes na VFC, e suas propriedades fractais, foram
reconhecidas distintamente por estarem relacionadas com a fisiopatologia. Isso tem
sido especialmente util por seu valor preditivo e diagndstico, com a regra geral
emergente de que, a variabilidade reduzida é uma caracteristica da doenca (KOROLJ;

WU; RADISIC, 2019).

Figura 7: intervalos de tempo entre os batimentos (ARQUIVO PESSOAL).

Esta coordenacao neural esta ligada a frequéncia cardiaca (FC) e atividade dos
barorreceptores. A partir das informacfes aferentes, por meio de estimulo e inibicéo,
respostas das vias simpatica e parassimpatica sao criadas e alteram a FC, se
adequando as necessidades de cada momento. A diminui¢cdo da FC é consequéncia
de um predominio da atividade vagal, enquanto o aumento da FC é a resposta de
maior acdo simpatica e menor atividade parassimpatica (VANDERLEI et al, 2009).

A VFC em curto prazo em individuos saudaveis € principalmente atribuivel a

flutuacdes do tdénus vagal. A manifestacdo mais reconhecivel dessa influéncia
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parassimpatica é a oscilacéo do intervalo RR denominada arritmia sinusal respiratéria
(ASR), que é resultado do acoplamento entre respiracdo e FC (COSTA, DAVIS e
GOLDBERGER, 2017)

A arritmia sinusal respiratéria € um indicador da funcéo de repouso intrinseca
que aparece quando o individuo esta prestes a descansar. E amplamente usada como
um indicador de atividade vagal cardiaca. Existem quatro nucleos vagais localizados
no bulbo do tronco encefélico, entre eles, o0 nucleo ambiguo e o ndcleo motor dorsal;
em tais situacoes, espera-se que estes nucleos trabalhem cooperativamente para o
propésito comum de “economia de energia”, ou seja, ASR aumenta com o decubito
em posi¢cao supinada, relaxamento e sono, e diminui com a posi¢cado em pé, exercicio
fisico, estresse, alteracdo cardiovascular, incluindo estimulacdo dos barorreceptores,
idade avancada e funcéo cardiaca comprometida (HAYANO; YUDA, 2019).

A hiperatividade do sistema nervoso simpatico é desencadeada por vias
centrais e periféricas que estdo associadas a reflexos cardiovasculares anormais
observados em uma variedade de estados de doencas, como isquemia cardiaca,
disfuncédo ventricular, doenca renal entre outras. A simpatoexcitacdo, pode ser o
resultado do aumento nas influéncias excitatérias ou uma diminui¢cdo nas influéncias

inibitérias nos centros cardiovasculares do tronco cerebral (VALENCIA et al., 2015).

2.4— INDICES DA VARIABILIDADE DA FREQUENCIA CARDIACA
2.4.1 - Método linear

O método linear mais empregado € o dominio do tempo (expressa 0s
resultados em unidade de tempo - milissegundos), que mede cada intervalo RR
normal por um periodo de tempo, e com base em métodos estatisticos ou geomeétricos

(média, desvio-padrao e indices derivados do histograma ou do mapa de coordenadas
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cartesianas dos intervalos RR) séo calculados os indices. Os indices mais utilizados
no dominio do tempo sdo: SDNN (desvio-padrao de todos os intervalos RR normais
gravados em um intervalo de tempo em ms) RMSSD (a raiz quadrada da média do
qguadrado das diferencas entre intervalos RR normais adjacentes, em um intervalo de
tempo ms) e PNN50 (representa a porcentagem dos intervalos RR adjacentes com
diferenca de durac&o maior que 50 ms) (VANDERLEI et al., 2009).

A estimulacdo simpatica leva alguns segundos para ser evidenciada em
comparacao a estimulacéo parassimpatica; desta forma, indices baseados na medida
dos intervalos RR individualmente, como o SDNN, fornecem analises de variacdes
entre batimentos a longo prazo. S&o Uteis para avaliacdo tanto do sistema simpéatico
como parassimpatico; entretanto, € impossivel distinguir a partir deles se a diminuicao
da VFC é decorrente de aumento do ténus simpatico ou diminuicdo do toénus

parassimpatico (MARAES, 2010).

Os indices rMMSD e pNN50% sé&o variaveis que consideram alteracdes curtas
e rapidas entre intervalos RR adjacentes, pois a estimulagéo parassimpatica resulta
em uma resposta rapida e de curta duracédo, ja evidenciada no primeiro ou segundo
batimento subsequente. Esses indices sdo baseados na comparac¢do entre a duracao
de dois ciclos adjacentes, o que possibilita a avaliacdo do tébnus parassimpatico

(RASSI JR., 2011).

2.4.2- Métodos nao lineares

Varios métodos nao-lineares da VFC tém sido utilizados, como entropia de
Shannon, medidas de quantificacdo e graficos de recorréncia. Os graficos de
recorréncia (GR) criados por Eckmann et al. (1987), investigam o comportamento de
sistemas, representados por se€ries temporais, em um espaco abstrato denominado

espaco de fase. Sua fabricacéo € bastante simples, baseada em um quadrado no qual
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tanto 0 eixo x quanto o0 eixo y contém os elementos da série temporal, dispostos
sequencialmente do primeiro ao ultimo, fazendo correlacfes dois a dois. Depois disso
conforme os parametros pré-estabelecidos (dimenséo, atraso e raio), a recorréncia de
valores pode ser analisada (GODOY; GREGORIO, 2019).

Abaixo seguem algumas figuras ilustrativas exibindo a formacao de gréaficos de
recorréncia segundo Gatti (2015) e Souza (2020).

A Figura 8 representa a construcdo de um grafico de recorréncia com
dimenséo 1 e raio 1. Observa-se que os pontos de recorréncia foram identificados
por uma estrela, o valor da primeira célula no eixo x (570) é recorrente ao primeiro

valor do eixo y (570) e assim consecutivamente, (GATTI, 2015; SOUZA, 2020).

EixoX | EixoY
1 5701 570
2 5712 571
3 5713 571
4 568 | 4 568
5 568 | 5 568
6 569 | 6 569
7 5717 571
8 571 8 571
9 5709 570
10 567 |10 567
Dimensao = 1
Raio=1

Figura 8: Modelo de construcdo do grafico de recorréncia no modelo de construcao

com dimensao 1 e raio 1.



20

A contemplacdo da imagem do GR revela sistemas de pequena escala
(textura), pontos unicos, linhas diagonais, linhas horizontais e verticais. A Figura 9
ilustra a formacéao das linhas diagonais no grafico de recorréncia, para a formacéo de
uma linha diagonal, precisa ocorrer pelo menos dois pontos de recorréncia (GATTI,

2015; SOUZA, 2020).

EixoX | EixoY
1 570 | 1 570
2 571 |2 571
3 571 |3 571
4 568 | 4 568
5 568 | 5 568
6 569 | 6 569
7 571 |7 571 |
8 571 |8 571
9 570 |9 570
10 567 |10 567
Raio =1

Figura 9: Representam as linhas diagonais no grafico de recorréncia no modelo de
construcdo com dimensao 1 e raio 1. As linhas horizontais e verticais mostram o0s

estados que néo séo alterados ou alterados lentamente ao longo do tempo.
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A Figura 10 ilustra formacgdo das linhasverticais. A Figura 11 revela a
ilustracéo das linhas verticais no grafico de recorréncia com dimenséo 1 raio 1. Para
uma formacao de uma linha vertical precisa ter pelo menos 2 pontos de recorréncia

(GATTI, 2015 e SOUZA, 2020).

EixoX , EixoY
1 570 |1 570
2 571 |2 571
3 571]3 571
4 568 | 4 568
5 568 | 5 568
6 569 | 6 569
J 371 )7 51l
8 571 |8 571
9 570 |9 570
10 567 |10 567
Raio =1

Figura 10: - llustragcdo das linhas verticais no gréafico de recorréncia no modelo de

construgcdo com dimenséo 1 e raio 1.

A taxa de Recorréncia (Recurrence Rate, RR) representa a probabilidade
de uma situacdo ocorrer em um espaco fisico; se os valores da taxa de
recorréncia forem altos, isso € caracteristico de condi¢cdes com probabilidade alta
de recorréncia, enquanto valores baixos indicam menor probabilidade de
recorréncia. Esse calculo é representado pela férmula matematica abaixo

(SOUZA, 2020).
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A entropia de Shannon no GR mostra a complexidade de um sistema. Ela
informa a probabilidade de encontrar uma linha diagonal (1) dividida pelo namero
possivel de diagonais do mesmo tamanho no sistema multiplicado pelo log p(l), sendo
assim a soma de todos 0s comprimentos recorrentes, ou seja, a entropia de Shannon
mede a incerteza da diagonal, quanto maior a incerteza do tamanho da diagonal,
maior a entropia de informacdo. Esse céalculo é expresso pela formula matematica

abaixo e ilustrada pelo modelo do grafico de recorréncia (figura 11) (SOUZA, 2020).

Entropia (EnShannon)

8 diagonais extensdo 2 2
p=8/29=0,276 Inlp) = -1,287
p.In(p) = 0,355

2 diagonais extensdo 3 2
p=2/19=0,105 In(p) = -2,254
p.In(p) = 0,237

2 diagonais extensio 4 =
p=2/14=0,143 In(p) = -1,945
p.Inlp)=-0,278

1diagonal extensdo 10 =2
p=1/1=1,000 In{p)= 0
p.Inlp)=0

Entropia
= -(-0,355-0,237-0,278-0)
= 0,870 bits

Figura 11: |llustragdo do calculo da Entropia de Shannon no modelo de

construcdo de um grafico de recorréncia com dimenséao 1 e raio 1.

A Laminaridade (Laminarity — LAM) é o percentual de pontos que formam as
estruturas verticais e horizontais (SANTANA, 2020), calculo esse expresso pela

formula matematica abaixo:

E=vmin ¥ P)

29,=1 vP(v) ’

LAM =
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Onde P, representado pela formula P = Elj=1(1 = Rij)(1 = Rijso) IEzoRijee | 6 o
histograma dos comprimentos v das linhas verticais (e horizontais). O célculo da LAM
é efetuado para o valor de v que ultrapassa um comprimento minimo vmin, com o
intuito de diminuir a influéncia do movimento tangencial. Seu valor diminui se o0 GR
apresentar apenas pontos Unicos isolados em vez de linhas verticais e horizontais

(SANTANA, 2020).

O comprimento médio das linhas verticais é definido como tempo de
aprisionamento ou trapping time (TT), que mede o tempo médio que um estado
permanece em um estado laminar, que ndao muda no tempo (SOUZA, 2020). Esse

calculo € expresso pela formula matemética abaixo:

“Umin

Zﬁ;l‘luin 1)‘ (l)

2l

O numerador representa o numero de pontos que formam as linhas verticais do
sistema e o denominador a quantidade de linhas verticais. A Figura 12 mostra o
calculo TT no modelo de construcédo de um grafico de recorréncia com dimensédo 1 e
raio 1 e extensdo minima de linhas verticais igual a 2. Aconteceram neste caso 49
pontos recorrentes (quadrados pretos) formandol6 linhas verticais: TT = 49/16 = 3,06

(SOUZA, 2020).
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T
49/ 16 =3,06

Figura 12: Célculo TT no modelo de construcdo de um grafico de recorréncia

com dimensé&o 1 e raio 1 e extensdo minima de linhas verticais igual a 2.

O Determinismo (Determinism DET%) é a porcentagem dos pontos de
recorréncia (figura 13), que medem o numero de diagonais criadas e pode ser
interpretado como a previsibilidade do sistema. No calculo, | € o tamanho da estrutura
diagonal, P (I) € a probabilidade dessa estrutura diagonal ocorrer dentro do grafico de
recorréncia, e Imin, € o nimero minimo de estruturas diagonais a ser considerada
(normalmente é utilizado Imin = 2) (SOUZA, 2020). Esse calculo é expresso pela

formula matematica abaixo:

mn

.
N Pl
DEP — L ( ).

N pm,e
Z/.\,‘ R ij
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Fracdo de pontos
recorrentes
formando linhas
diagonais

% DET
40/ 98 =0,408
=40,8%

Figura 13. Calculo da % DET no modelo de construcdo de um gréafico derecorréncia
com dimenséo 1 e raio 1. Nesta figura pode acorrer 98 pontos de recorréncia possiveis
(quadrados que podem formar uma diagonal, ou seja, minimo 2 quadrados), mas

formaram apenas 40 pontos recorrentes (quadrados pretos). Assim % DET = 40/98.

Os GRs permitem quantificar e qualificar a VFC e mostram ser um método
interessante para avaliar o sistema nervoso auténomo. E valido verificar se existem
padrées bem definidos nos GRs em estados com homeostase adequada e nos
diferentes graus de comprometimento, pois a VFC tende a diminuir com o

envelhecimento e com o inicio de doencas (GODOY; GREGORIO, 2019).

A analise simbdlica (AS) é uma nova técnica para avaliar a VFC, sendo o
calculo da diferenca entre o menor e o maior intervalo R-R de uma série temporal, e
dividindo o valor encontrado por seis, 0 que representa o nimero de simbolos da AS
(zero a cinco). Esses simbolos sdo agrupados de trés em trés gerando os padrdes

simbdlicos. Diferentes eventos de variacdes sé@o criados e cada triade forma padrées
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gue sado dadas nomeacdes especificas para estas variagdes, sendo 0V composto por
simbolos que nédo apresentam variacdo entre eles, ou seja, todos 0os simbolos sao
iguais. As sequéncias {1,1,1} e {4,4,4} sdo exemplos de sequéncias desta classe. O
1V apresenta apenas uma variacdo de um simbolo para outro, ou seja, sequéncias
com dois simbolos iguais consecutivos e um diferente. Exemplos de sequéncias sao
{4,1,1} e {3,3,6}. A familia 2LV é composta por trés simbolos diferentes, mas com a
mesma direcao de variacoes, ou seja, em ordem crescente ou decrescente. Exemplos
destas sequéncias sao {2,3,6} e {5,6,3}. O 2UV compreende sequéncias que formam
um pico ou vale, ou seja, com duas variacdes diferentes, em dire¢cdes opostas. As
sequéncias {3,5,3} e {3,0,1} sdo exemplos (SILVA et al., 2017; SILVA, 2018).

A analise simbdlica apresenta quatro indices (0V%, 1V%, 2LV% e 2UV%) e a
soma desses resultados em 100%. Um estudo usando a série simbolica criada
mostrou que padrdes sem variagfes (0V) aparecem com maior frequéncia durante
doses alta de atropina em comparacdo com 0 repouso, ou com doses baixa de
atropina. Além disso, os padrées com duas variacdes diferentes (2UV) aparecem mais
frequentemente durante a dose baixa de atropina e menos frequentemente durante a
dose alta de atropina, ou seja, 0V% reflete exclusivamente modulacéo simpatica; 1V%
reflete a modulacéo de ambas as vias; 2LV% também reflete modula¢gdes simpaticas
e parassimpdticas, mas esse indice apresenta predominio vagal; e o indice 2UV%
reflete modulacdo exclusivamente parassimpdatica. Portanto, a andlise simbdlica
mostra as modula¢cdes simpéatica e parassimpatica no coracao exclusivamente pelos
indices O0V% e 2UV%, respectivamente. As representacdes podem ser observadas

nas figuras 14 e 15 (CYSARZ et al., 2015; MOURA-TONELLO et al., 2019).
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FIGURA 14: Método de analise simbdlica. A série RR foi distribuida em seis niveis (de

0 a 5); cada nivel foi identificado pelo simbolo (nUmero), e padrbes de trés simbolos

foram criados (GUZZETTI et al., 2005).
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FIGURA 15: Classificacdo de padrbes, onde 0V indica padrbes sem variacéo; 1V,

padrées com 1 variacao; e 2V, padroes com 2 variacdes (GUZZETTI et al., 2005).

2.5 |IDADE E DOENCAS QUE INFLUENCIAM NA VARIABILIDADE DE

FREQUENCIA CARDIACA

A variabilidade da frequéncia cardiaca € reconhecida como importante
marcador da integridade do sistema nervoso autdbnomo. O processo de
envelhecimento promove uma série de alteracbes na estrutura e funcgéo
cardiovascular. Uma possivel ligagdo entre o envelhecimento e uma variedade de
processos de doencgas cardiovasculares € o papel da inflamacdo e da fibrose que
diminuem a quantidade e/ou eficacia da modulacdo do ténus vagal fisiolégico e
promovem a quebra de redes regulatérias, como as que controlam a frequéncia

cardiaca (COSTA, DAVIS; GOLDBERGER, 2017).
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A arteriosclerose € provocada por mudancas normais da idade em seres
humanos, por influéncias ambientais e fatores genéticos. Menor resposta
cardiovascular aos estimulos simpaticos e parassimpaticos sdo encontradas como
resultado dessas alteracfes, que aumentam a fase de ejecao, a fase de relaxamento,
e reduzem a diastole, com aumento da impedancia a ejecéao do ventriculo esquerdo e
diminuicdo da complacéncia (FECHINE; TROMPOERI, 2012). Lesdo miocardica
espontanea em cées que consiste em arteriosclerose coronaria intramural e fibrose
também foi descrita como um achado comum em cées idosos (FALK et al., 2006).

O primeiro estudo que demonstrou o valor preditivo da analise de VFC foi
relatado em 1987, com avaliacdo de 808 pessoas que sobreviveram ao infarto agudo
do miocardio, e realizaram Holter de 24 horas antes da alta. Os pacientes foram
acompanhados por 31 meses, quando ocorreram 127 mortes, sendo que 43 Obitos
ocorreram no grupo de pacientes com SDNN <50 ms (KLEIGER et al., 2005).

O avanco da doenca mixomatosa degenerativa valvar estd associado ao
desequilibrio do SNA. Foi realizada a analise de 5 minutos no dominio do tempo e
frequéncia em um estudo retrospectivo com 29 cdes saudaveis e 71 cdes com doenca
valvar em diferentes estagios e exibiu que todos os parametros de VFC relacionados
ao dominio do tempo diminuiram com a gravidade da doenca, mas apenas 0s caes
com ICC exibiram valores significativamente mais baixos. Os valores da banda de alta
frequéncia diminuiram mais do que os valores da banda de baixa frequéncia a medida
que a gravidade da doenca progredia (BAISAN, VULPE e OHAD., 2021).

Pessoas com ICC apresentam evidéncias de aumento da ativagéo do sistema
nervoso simpatico, refletido pelo aumento dos niveis plasmaticos de
noradrenalina. Além disso, a isquemia induz aumento rapido e macico na

concentracdo de catecolaminas endogenas (adrenalina, noradrenalina, endotelina e



30

dopamina) no fluido intersticial miocardico, com efeito deletério nos cardiomiocitos
(VALENCIA et al., 2015). Um estudo realizado em caes com insuficiéncia cardiaca
congestiva (ICC), proveniente da doenca mixomatosa degenerativa valvar, concluiu
também que a atividade parassimpatica foi diminuiu significativamente em cédes com
sinais clinicos de ICC sugerindo diminui¢do da estimulacao parassimpatica e aumento
da atividade simpatica (OLIVEIRA et al., 2012).

Um estudo em seres humanos realizado com 30 pacientes com doenca renal
cronica demonstrou diminuicdo da VFC, onde 53% apresentavam disfuncao
autonémica (40% dos pacientes com disfuncéo do sistema parassimpético e 13%
doas pacientes com disfuncdo de ambos os sistemas). Varios estudos mostram que
a queda da VFC pode ser um fator preditivo para a sobrevida da populacdo com

doenca renal crénica (GATTI, 2015).

Foi realizado também um estudo retrospectivo com 651 pacientes humanos
com cancer que se submeteram ao monitoramento com Holter 24 horas. Um dos
indices avaliados nesse estudo foi 0 SDNN, e os autores observaram que a presenca
de cancer em combinacéo com a diminuicdo da variabilidade da frequéncia cardiaca
(SDNN <70ms) esta associada a um menor tempo de sobrevida (GUO et al., 2015).

Uma pesquisa que avaliou os graficos de Lorenz em 20 cdes sem arritmias e
57 cé@es com arritmias (supraventriculares, ventriculares e bloqueios
atrioventriculares) pelo método Holter por uma hora, identificou padrdes distintos nos
graficos de Lorenz para os diversos ritmos cardiacos em cédes e mostrou que a
interpretacéo visual desses graficos pode auxiliar na determinacgéo do tipo de arritmia
e na compreensdao do mecanismo da arritmia em cdes e em outras espécies

(DEPROSPERO e ADIN., 2020).
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O envelhecimento ndo é o Unico fator que leva a perda da complexidade do
sistema, mas a presenca de uma doenca também ocasiona diminui¢ao da VFC. Logo,
a analise da VFC nédo é utilizada apenas para avaliar a funcdo autonébmica, mas
também para quantificar o risco em uma ampla variedade de doencas cardiacas e nédo

cardiacas (KIEIGER; STEIN; BIGGER, 2005).

3. HIPOTESE
¢ Que as analises lineares e ndo-lineares da variabilidade da frequéncia cardiaca
em cdes podem ter uma importancia clinica na caracterizacdo de saude,
doenca e risco morte e se sdo capazes de auxiliar na acuracia diagnéstica para

identificar caes com risco de morte.

4. OBJETIVOS

4.1. Gerais

e Descrever as andlises lineares e ndo-lineares da variabilidade da frequéncia
cardiaca em caes em diferentes faixas etéarias.

e Caracterizar sua relevancia clinica nos estados de saude, doenca e risco morte
e por sua vez demonstrar a acuracia diagnostica para identificacdo de caes

com risco de morte.

4.2. Especificos

e Descrever o comportamento autonémico cardiaco em caes saudaveis e

doentes, através dos graficos de recorréncia.
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e Descrever o comportamento autonémico cardiaco em cdes em diferentes

faixas etarias, pela andlise simbdlica.
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Abstract

Most of the systems existing in nature should behave as a deterministic and chaotic
nonlinear dynamic complex system, in which chaos would have a positive effect,
reflecting health. The autonomic nervous system is closely linked to the heart rate,
which undergoes physiological variations in each heartbeat and is characterized as a
chaotic deterministic system. Since the heart is therefore controlled by a nonlinear
system, these analyses are increasingly being used. The aim of this study was to
evaluate the nonlinear indexes of recurrence charts and linear indexes in dogs in health
status, disease states and risk of death and to demonstrate whether these indexes
present good diagnostic accuracy to identify dogs at risk of death. Sixty-six dogs were
submitted to short-term analysis of heart rate variability by a heart rate monitor. The
results showed that the SDNN, RMSSD, PNN50% and DET% indexes showed a
significant difference between all groups, aiding in differentiating the health status in
terms of autonomic homeostasis. A higher sensitivity (96.67%) was observed for linear
indexes (SDNN, RMSSD and PNN50%), and a higher specificity (100%) was observed
for nonlinear indexes (DET%, REC% and LAM%) in the recognition of dogs at risk of
death. Linear indexes (SDNN, RMSSD and PNN50%) and nonlinear indexes (DET%
and ShanEnt) had greater diagnostic accuracy to identify healthy dogs or dogs who
are at risk of death. It is concluded that linear and nonlinear analyses of heart rate
variability aid in differentiating health status in healthy dogs and are excellent

predictors of prognosis.

Keywords: Autonomic nervous system, Heart rate variability, Heart rate monitor,

Chaos theory, canine.
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Introduction

Chaos is a dynamic system that seems random, although it has an underlying
order. Some degree of chaos is universally present in living systems, and several
components with chaotic patterns have already been detected, such as the anatomical
distribution of venous and bronchial branches, since blood vessels do not form a
perfect chain but rather a branch of the network. Another example would be cardiac
electrical activity because the pattern of an electrocardiogram reveals a multitude of
peaks and inclinations that vary in time, according to heartbeat variability [1].

Most existing systems in nature must behave as a deterministic nonlinear
dynamic complex system, that is, a system that changes over time in a causal way. Its
future depends only on phenomena of its past and present, where every event is
physically determined by an uninterrupted chain of previous occurrences; therefore,
these systems must obey chaos theory [2].

Living organisms are certainly a system with all the above mentioned
characteristics, in which chaos would have a positive concept reflecting the health
situation; in other words, the organism is prepared to respond favorably to the
aggressions of the environment, providing all its capacity. In clinical situations, great
variability is observed in the terminal conditions that depend sensitively on the initial
condition. Thus, small dysfunctions in isolated organs gradually lead to certain degrees
of dysfunction as they associate in a gradual manner and sometimes result in
catastrophic situations. When chaos is absent, continuous changes in life lead to states
of disease until the occurrence of balance and, as a result, death [3].

The autonomic nervous system (ANS) is closely linked to the heart rate (HR),
which undergoes physiological variations in each heartbeat. This control mechanism

occurs by vagal and medullary afferent pathways, by which the information that
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reaches the central nervous system (CNS) is modulated and returns to the heart by
slow sympathetic and rapid vagal efferent fibers. As the uptake of norepinephrine
released in sympathetic terminations is slower than that of acetylcholine in
parasympathetic terminations, this difference observed in the rate of transmission in
cholinergic and adrenergic pathways will result in inequalities in the modulation
frequency of these two systems in the sinus node [4].

Changes in heart rate may be habitual, for example, in exercises versus resting
states, and under other autonomic influences. The variability of the time intervals
between heartbeats is called heart rate variability (HRV). Natural HRV has been shown
to be a chaotic deterministic system. Any changes in HRV and its fractal properties
were distinctly recognized because they were related to the pathophysiology of the
disease. This has been especially useful for its predictive and diagnostic value, with
the general rule being that reduced variability is a characteristic of the disease [1].

There is increasing interest in evaluating the complexity of cardiovascular
control by analyzing short-term heart rate variability; this is an analysis of the activity
of vasomotor and respiratory centers, baroreflex and chemoreflex regulation, mediated
by vagal and sympathetic interferences. All these mechanisms act on similar
frequencies but are not coincidental. The joint action of these mechanisms or the
dominant action of one of these mechanisms determines the reduction of complexity,
that is, the increase in regularity and predictability, which is considered a marker of
morbidity [5].

Human cardiac monitors are already used in animal studies to assess HRV in
the short term. The measurement of RR intervals performed through the Polar®°

monitor is already a validated method for dogs [6,7,8].
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Because the heart is controlled by a nonlinear deterministic system, nonlinear
dynamics measurements are increasingly employed. Recurrence plots (RP) can
analyze recurrences in the dynamics of a system and can also display specific patterns
of large and small scales, which are produced by typical dynamic behavior, for
example, diagonal lines (temporal evolution, similar location of different parts of the
trajectory) or vertical and horizontal lines (the state does not change for a period of
time). The structures within the RPs can be described by the analysis of recurrence
guantification, which is an appropriate method for the analysis of short sequences and
nonstationary RR intervals; additionally, this recurrence quantification is sensitive to
small changes in system dynamics [9,10].

RPs, designed by Eckmann et al. in 1987, were proposed to investigate the
behavior of systems characterized by time series in an abstract space called the phase
space [11], which is a highly effective and widely accepted tool to study time series. Its
formation is demonstrated in a square in which both the x-axis and the y-axis contain
the elements of the time series, arranged sequentially from the first to the last, making
correlations every two elements. Thereafter, according to preestablished parameters
(dimension, delay and radius), the recurrence of values can be analysed. The different
colors represent different rays, and rays with equal distances have the same color; this
complements the visual appearance and characteristics of the graph [12].

A study of RPs conducted in humans of various age groups (newborns and
healthy children, healthy young and middle-aged adults, elderly, people with advanced
chronic kidney disease and people with brain death or imminent death) described
quantitative and qualitative aspects that allow differentiation between health states,

advanced disease states and death or imminent death in the course of life. In this
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study, the most relevant indexes were TT trapping time (nonlinear measurement) and
SDNN (linear measurement) [13].

To date, there are no studies evaluating HRV in healthy, sick and life-
threatening dogs analyzed by recurrence charts. It is assumed that detailed knowledge
about cardiac autonomic homeostasis in healthy individuals and patients by nonlinear
methods allows a better understanding of this complex system. Thus, the aim of this
study was to evaluate the indexes of recurrence charts and linear indexes in healthy
and sick dogs and those at risk of death and to demonstrate whether these indexes

present good diagnostic accuracy to identify dogs at risk of death.

Materials and methods

The study was conducted in accordance with animal welfare standards after
approval by the Committee for Ethics in the Use of Animals of the Faculty of Veterinary
Medicine of UNESP - FMVZ - Botucatu (CEUA protocol n° 204/2017) and after the
written consent form by tutors. This was a prospective study with 66 dogs. Thirty-six
males and 30 females of different breeds and sizes were divided into three groups.
Group 1 (control group) was composed of 30 young adult dogs, group 2 was composed
of 14 dogs with chronic diseases, and group 3 was composed of 22 dogs at risk of
death.

All dogs underwent a previous physical examination (heart rate, respiratory rate,
rectal temperature), followed by a specific cardiovascular physical examination
(mucosal staining, capillary refill time, auscultation of all cardiac foci, assessment of
precordial shock, degree of hydration and femoral pulse), echocardiographic and
electrocardiographic examination. Inclusion criteria in group 1 were healthy animals,

with no changes in physical, echocardiographic and/or electrocardiographic
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examinations, between one and eight years of age. This age was chosen due to the
result of a previous study, which reported that patients at this age present better HRV
[8]. Group 2 included dogs with clinically stable chronic diseases (asymptomatic
patients with controlled underlying disease), and group 3 included only dogs that died
within 15 days after analysis with the frequency meter. On the other hand, the exclusion
criteria for group 1 were brachycephalic animals and any dog that presented any
previous cardiac alteration. In group 2, dogs with decompensated underlying diseases
were excluded, and in group 3, animals that died after 15 days of analysis with the
frequency meter were excluded. All dogs that presented some type of arrhythmia were
excluded.

Electrocardiographic data (1,000 consecutive RR intervals) were digitally
captured in a Polar device, model® V-800, already validated for animals for this
purpose [14,6,7,15,8]. First, an electrocardiogram was performed to visualize possible
arrhythmias. Then, the heart rate monitor was performed after trichotomy of the area
for better electrode contact and less interference. After that, the electrodes were placed
on each side in the sternal region at the same height as the fourth intercostal space,
as performed in human neonates [3]. The device was connected in two adhesive
pediatric electrodes, thus without the elastic strap, and fixed next to the animal's body,
which was aided by the use of adhesive adhesives and bandages. The dogs were
allocated to a room with their owners for 15 minutes to adapt to the environment; then,
the recording was performed. The dogs were released in this same room only with their
owners to perform the exam, and the devices were only switched off at the end of a
period of five to eight minutes. The heart rate monitor used recorded the R-R intervals
for the same period (figure 1). Subsequently, the R-R intervals were transferred to a

computer for analysis. These intervals were digitally filtered to eliminate premature
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beats and noise and then manually reanalyzed to exclude residual artifacts. Only time
series with less than 10% artifacts were included for analysis. The linear indexes of the
study were the mean of RR intervals (mean RR), standard deviation of the mean of
normal RR intervals (SDNN), the square root of the mean square of the differences
between adjacent RR intervals (RMSDD), and the percentage of adjacent RR intervals
with duration differences greater than 50 ms (PNN50%).

The nonlinear indexes were evaluated by the recurrence plots, and the following
guantitative indexes were obtained: percentage of recurrence points in the phase plane
(recurrence rate; REC%), percentage of recurrence points forming diagonal lines
(determinism; DET%), percentage of recurrence points forming vertical lines
(laminarity; LAM%), average length of vertical lines (imprisonment time; TT) and
Shannon entropy (a measure that indicates the complexity of the system; ShanEntr).
Visual Recurrence Analysis (VRA - Version 5.01, Eugene Kononov, http://visual-
recurrence-analysis.software.informer.com) software was used for these analyses.
Recurrence charts were constructed with the following parameters: dimension = 2,
delay = 2, radius = 70, line = 2) and Volcano (as color scheme) [13], and Kubios®
software (Biomedical Signal Analysis Group, Department of Applied Physics,

University of Kuopio, Finland).
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Figure 1: Dogs using the heart rate monitor to record RR intervals.

Statistical analysis

Normal distribution was evaluated using the Shapiro—Wilk test. The comparison
of the means/medians of the variables between the groups was performed by the t test
for independent samples (when a normal distribution occurred) or the Mann—Whitney
nonparametric test (when a normal distribution did not occur). For the comparison of
the mean/median between all groups, ANOVA (when the assumption of normality was
met) and the Kruskal-Wallis test (when the assumption of normality was not met) were
used. Multiple comparisons were applied to detect which groups differed from each
other.

The efficacy of the discrimination of the variables for groups 2 and 3 against the
control group was performed by calculating sensitivity, specificity, positive predictive
value, negative predictive value and accuracy (with the respective confidence

intervals) and constructing the ROC curve. The area under the curve (AUC) values
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were used to choose the most efficient variables (AUC above 80%). Descriptive
analysis of all quantitative variables, such as the mean, standard deviation and
quartiles for each group, was performed. A p value lower than 0.05 was considered to

indicate a significant difference between the respective groups.

Results

This was a prospective study using 66 dogs. 36 males and 30 females of various
breeds were divided into three groups. Group G1 (control) had 30 dogs, 14 males and
16 females, with a mean age between 3.61+1.93 years old and an average weight of
8.8£2.52 kg. Group G2 (sick dogs) was composed of 14 dogs, 10 males and four
females, with a mean age between 12.07+2.32 years old and an average weight of
7.56%2.66 kg. In this group, dogs had different chronic clinical conditions, such as stage
C mitral valve myxomatous disease [ACVIM Consensus — 2019] (4/14), chronic renal
disease in stage lll [International Renal Interest Society, International Society of Renal
Interest] (5/14) and dogs with diabetes mellitus, pulmonary neoplasia, liver neoplasia,
chronic pancreatitis and cardiorenal syndrome (1/14 each), totaling 14 animals. Group
G3 (risk of death) was composed of 22 dogs that died 6.69+6.07 days after analysis
with the frequency meter, 12 males and 10 females, with a mean age between
11.84+2.33 years and a mean weight of 6.09+2.88 kg. In this group, eight animals
(8/22) had end-stage neoplasia (with multicenter lymphoma [1/8], cutaneous
mastocytoma [2/8], pulmonary carcinoma [3/8], renal carcinoma and renal-based
neoformation generating obstruction in the cranial vena cava [2/8]); six dogs (6/22) had
stage D mitral valve myxomatous disease [ACVIM Consensus — 2019], five dogs (5/22)
had stage IV chronic kidney disease [International Renal Interest Society]; two dogs

(2/22) had refractory pneumonia; and one dog (1/22) epilepsy.
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HRV differed significantly between groups (p < 0.05) in different clinical states
(G1, G2 and G3). Healthy dogs (G1) presented linear HRV indexes (RR, SDNN,
RMSSD and PNN50%) that were significantly higher than those of the other groups
(G2 and G3) (Tables 1 and 2). The only nonlinear index that showed a significant
difference between healthy dogs (G1) and sick dogs (G2) was determinism (DET%).
The recurrence rate (REC%), determinism (DET), laminarity (LAM%), time of
imprisonment (TT) and entropy of Shannon index (ShanEnt) showed a significant
difference (p<0.05) between healthy dogs (G1) and dogs at risk of death (G3) (Table
1). In the comparison between groups G2 and G3, there was a significant difference
(p<0.05) between all indexes studied, except for the mean RR. The standard
deviations, means and medians of each index are presented in Table 1. The significant

differences are highlighted in bold between the analyzed groups (p<0.05) (Table 2).

Table 1: Mean * standard deviation and [median] of linear (RR, SDNN, RMSSD and
PNN50%) and nonlinear (REC, DET, LAM, TT, ShanEnt) indexes of HRV in dogs in

the different groups analyzed.

Indexes Control group Dogs with diseases Dogs at risk of death
(n =30) chronicles (n = 14) (n=22)
Gl G2 G3
Interval RR 580.57+111.742 463.92+95.63° 379.18+79.94¢
[542.57] [437.5] [371]
SDNN (msec) 71.744+24.90° 33.28+11.740° 12.63+8,968°¢
[72.15] [32.1] [9.7]
RMSSD (msec) 93.04+40.282 32.86+18.36° 6.68+4.980°¢
[85.9] [27.4] [4.8]
PNN50% 52.56+£19.422 14.29+15.02° 0.340+0.782¢
[57.00] [7.06] [O]
REC% 32.27+1.8582 31.56+6.3142b 38.73+4.994°¢
[31.71] [32.60] [40.462]
DET% 52.08+8.7982 66.55+1 6.90° 87.21+15.54¢
[48.54] [62.64] [93.13]
LAM% 60.96+12.412 73.87+14.84% 90.87+10.79¢
[61.67] [72.68] [95.24]
TT 3.216+0.7272 4.591+3.051 @ 11.41+6.46°
[2.999] [3,574] [10.64]
Shanent 2.465+0.2722 2.952+0.663 2 4.156+0.778°¢
Bits [2.408] [2,930] [4.216]
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Interval (mean normal RR intervals); SDNN (standard deviation of the mean of normal
RR intervals); RMSSD (square root of the mean sum of the square difference of
adjacent normal RR intervals of the whole exam), PNN50% (percentage of difference
greater than 50 msec between adjacent normal RR intervals), REC% (the percentage
of recurrence points in a recurrence chart); DET% (the percentage of recurrence points
forming diagonal lines); LAM% (the percentage of recurrence points forming vertical
lines); TT (the average length of vertical lines); ShanEntr (Shannon entropy: a measure
that indicates the complexity of the system). Different letters in the same line represent
significant differences between the groups (one-way ANOVA and Tukey-Kramer;

p<0.05)

Table 2: Comparison between groups (G1 - control), G2 (chronic diseases) and G3

(dogs at risk of death) and statistical significance (p<0.05).

Groups interval  SDNN RMSSD PNN50% REC% DET% LAM% TT Shanent
RR (msec) (msec) Bits
G1XG2 0.0336 0.0029 0.0057 0.0048 1,0000 0.0324 0.0716 0.3833 0.1169
G1XG3 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
G2XG3 0.0841 0.0273 0.0112 0.0129 0.0004 0.0303 0.0237 0.0034 0.0046

The SDNN, RMSSD, PNN50% and %DET indexes showed a significant difference
between all groups (p<0.05). The nonlinear indexes REC%, %LAM, TT and ShanEnt
showed no significant difference between groups G1 and G2, which made it impossible

to distinguish the clinical states between patients and healthy patients.

The animals of group 3 (risk of death) presented significantly lower values of all
indexes in the time domain and significantly higher values of nonlinear indexes than
animals in group 1 (healthy dogs). The time domain indexes, namely, SDNN, PNN50%

and RMSSD, were more sensitive (96.67%), with a low false-negative rate, and
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nonlinear rates (DET%, REC% and LAM%) were more specific (100%), presenting a
low rate of false positives in the recognition of dogs at risk of death. Greater diagnostic
accuracy was obtained for the RMSSD (99.8%), PNN50% (99.5%), SDNN (99.4%),
ShanEnt (98.4%) and DET% (96.4%) indexes.

The AUCs of the linear and nonlinear indexes more predictive of the risk of death
(SDNN, PNN50%, RMSSD, DET % and ShanEnt) overlapped; they did not totally differ

and crossed at certain points, indicating little difference between them (figure 2).
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Figure 2: Receiver operating curves of the most diagnostic accuracy indexes for the
risk of death in patients. SDNN (standard deviation of the mean of normal RR
intervals); RMSSD (square root of the sum mean of the difference of squares of
adjacent normal RR intervals of the whole exam); PNN50% (percentage of difference
greater than 50 msec between adjacent normal RR intervals); DET% (percentage of

determinism); Entropy/ShanEntr (Shannon entropy).
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The sensitivity, specificity, positive predictive value, negative predictive value,

Table 3: Receiver operating characteristics of linear HRV indexes (RR; SDNN, RMSSD

and PNN50) and nonlinear (REC,

and cutoff for dogs at risk of death.

DET, LAM, TT and ShanEnt), diagnostic accuracy

Indexes SE for risk of SP for risk of PPV for risk of death, ~ NPV for risk of Accuracy, % (95% Cutoff
death, % (95% CI)  death, % (95% CI) % (95% CI) death, % (95% CI) cl
interval RR 81.82(59.72-94,81)  93.33(77.93-99.18)  90.00(68.30-98.77) 87.50(71.01-96.49) 92.6(85.1-100.2) <453 ms >RM
SDNN 95.45(77.19-99.88)  96.67(82.78-99.92)  95,45(77.16-99.88) 96.67(82.73-99.92)  99.4(98.1-100.7) * < 34.7 ms >RM*
RMSSD 95.45(77.19-99.88)  96.67(82.78-99.92)  95.45(77.16-99.88) 96.67(82.73-99.92) 99.8(94.4-100.3)* < 19.0 ms >RM*
PNN50 95.45(77.19-99.88)  96.67(82.78-99.92)  95.45(77.16-99.88) 96.67(82.73-99.92) 99.5(98.5-100.6)* < 2.54% >RM*
Rec 68.18(45.13-86.14)  100.0(88.43-100.0)  100.0(78.20-100.0) 81.08(64.84-92.04) 90.8(80.9-100.6) >39.12% > RM
Detective 77.27(54.63-92.18)  100.0(88.43-100.0)  100.0(80.49-100.0) 85.71(69.74-95.19) 96.4(92.0-100.7)* >87.75% > RM*
Lam 77.27(54.63-92.18)  100.0(88.43-100.0)  100.0(80.49-100.0) 85.71(69.74-99.19) 95.3(90.1-100.5) >87.34% > RM
Tt 81.82(59.72-94.81)  93.33(77.93-99.19)  90.00(63.30-98.77) 87.50(71.01-96.49) 95.3(90.1-100.5) >4.66% > RM
Shanent 90.91(70.84-98.8) 90.00(73.47-97.89)  86.96(66.41-97.22) 90.9(78.97-96.80) 98.4(96.1-100.7)* > 2.86% > RM*

Sensitivity (SE), specificity (SP), positive predictive value (PPV), negative predictive
value (NPV), accuracy and cutoff of each index were evaluated. Sensibility for risk of
death, % (C195%) Specificity for risk of death, % (95% CI%) for risk of death, % (95%
Cl1%) NPV for risk of death, % (95% Cl1%) Accuracy, % (CI95%). Risk of death (MR)

and cutoff values < (lower) or > (higher)

In the plots of recurrence analyses (qualitative analysis) of the most
representative cases of each group analyzed, it can be observed that the animals in
group 1 presented a more diffuse and homogeneous distribution when compared to
groups 2 and 3, which exhibited more geometric patterns. The lower the HRV was, the

more geometric and linear the graph was presented (figure 3).
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317 Figure 3: Representative recurrence plots of dogs chosen to represent each of the
318 groups: G1- control group, G2: dogs with chronic diseases (Stage C mitral
319 myxomatous degenerative disease; Stage Ill Chronic Kidney Disease) and G3- death-
320 risk dogs (Stage D mitral myxomatous degenerative disease; Stage IV Chronic Kidney

321 Disease).

322

323 Comparisons between sick and life-threatening dogs showed significantly lower
324 SDNN (p=0.0273) in group G3 compared to group G2; however, the RR interval did
325 not differ significantly (p=0.0841) between these groups, showing that the difference in

326 HRV is not only associated with changes in heart rate.

327

328 Discussion
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The present study aimed to describe the indexes of recurrence plots and linear
indexes in healthy dogs, sick patients and at risk of death and to characterize the
cardiac autonomic behavior of these groups by evaluating whether these indexes
present good diagnostic accuracy regarding the risk of death in dogs.

It was observed in this study that HRV decreases according to health status,
increasing in morbid states and at risk of death. Linear and nonlinear indexes have
been shown to be useful for assessing clinical status and autonomic homeostasis in
dogs.

Cardiac homeostasis depends on the dynamic balance between the
sympathetic and parasympathetic branches of the autonomic nervous system (ANS).
The control of cardiac homeostasis occurs mainly through sympathetic and
parasympathetic endings throughout the heart, which directly interfere with heart rate
values and beat-to-beat variability. Thus, the loss or reduction in HRV indirectly reflects
a reduction in chaotic behavior, which can translate into compromised homeostasis.
For this reason, groups 2 and 3 were composed of animals with different diseases, as
the pathological state generates high levels of circulating catecholamines that cause
deleterious effects, leading to increased sympathetic activity and decreased
parasympathetic activity, which in turn decreases. the VFC. HRV is the result of the
regulation of the autonomic nervous system, which is affected by any type of disease
[16,17,13]. Corroborating a human study based on an extensive amount of data
published in the literature, it joined in the same group several individuals with different
diseases and showed that these people had low HRV [18].

In group 1, brachycephalic dogs were excluded because their morphology
makes these dogs present a greater inspiratory effort, increasing the parasympathetic

tonus and physiologically increasing their HRV [19].
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In the present study, HRV analysis was performed for five to eight minutes with
dogs without sedation. All indexes analyzed showed significant differences in the
comparison of at least one group, indicating that short-term analysis with the heart rate
monitor is feasible to assume the clinical and autonomic state of a patient. The
evaluation performed in a short period presents fewer ectopia events or artifacts that
interfere in the analysis of HRV, which may compromise the reliability of the results
obtained [14]. Corroborating the present study, a study conducted with 79 dogs from
different age groups performed HRV analysis over five minutes and concluded that
HRV derived from electrocardiographic recording over five minutes in clinical settings
is a reliable method to evaluate the function of the autonomic nervous system [20].
HRV performed in a short period is an acceptable analysis because in a few minutes,
we can obtain the results; furthermore, it is possible to evaluate the cardiac autonomic
behavior of healthy and sick dogs. Several studies have obtained satisfactory results
in the evaluation of HRV in a short period [21,22,23,24].

In the present analysis, we chose to use the heart rate monitor because the aim
was to analyze HRV in dogs with less stress possible in the clinical routine. The HR
monitor proved to be a great option for HRV analysis because it was possible to record
RR intervals with less stressed patients and to transfer these results to diverse HRV
analysis software available on the market, such as “Recurrence Analysis and
eKubios®. The heart rate monitor is a noninvasive and financially accessible method
for HRV analysis and is advantageous in relation to electrocardiography because it
causes less discomfort to the patient, with a good level of agreement between these
two methods in dogs and human beings [7, 25, 26].

HRV indexes in the time domain are the most studied in the veterinary

cardiology routine; the SDNN is correlated with the sympathetic and parasympathetic



379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

19

components of the autonomic nervous system, whereas RMSSD and PNN50%
consider short and rapid changes between adjacent RR intervals, based on the
comparison between the duration of two adjacent cycles, which allows the evaluation
of parasympathetic vagal tone [27]. However, to the authors' knowledge, there are no
publications that evaluated the measures of the recurrence chart in healthy dogs, sick
patients and those at risk of death. Nonlinear measures, such as REC%, ShanEn,
LAM%, TT and DET%, were proposed as measures of complexity, and smaller values
indicate greater complexity of system dynamics [9].

In the present study, group 1 (control group) was formed by healthy young adult

dogs (3.61+1.93 years old), who present autonomic behavior more compatible with
homeostasis, that is, considered chaotic; this group presented higher HRV, with higher
rates of SDNN, RMSSD and PNN50% and lower recurrence indicators, demonstrating
that this group presented better functioning of the ANS. In a previously performed
analysis that evaluated HRV in the time and frequency domain in 87 dogs of different
age groups for 20 minutes, dogs between 1.1 and 7.9 years of age presented higher
HRV than puppies (< 1 year) and elderly dogs (> 8 years) [8].
Dogs in groups 2 and 3 presented lower rates of SDNN, RMSSD and PNN50% and
higher recurrence indicators, which demonstrates deterioration of ANS homeostasis in
these groups, so aging is not the only factor that leads to loss of system complexity but
also the presence of a disease.

The linear indexes were significantly lower (p<0.05) in animals at risk of death
than in sick animals, and all analyses of recurrence quantification were significantly
higher in dogs at risk of death than in dogs with chronic diseases (p<0.05), resulting in
lower variation and, therefore, greater autonomic impairment. Animals with chronic

disease already present increased sympathetic activity and decreased
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parasympathetic activity, with a subsequent decrease in HRV, with inadequate
treatment or no treatment at all, a greater balance of the system (absence of chaos)
and, as a result, death.

The time domain analysis and the nonlinear index (%DET) were higher in the
comparison between healthy and sick dogs because group G1 presented significantly
higher values in the indexes of the time domain and a lower value of the %DET index.
A human study evaluated recurrence rates in 17 young patients with diabetes mellitus
[9], revealing significantly higher values of %REC and TT in these young people than
in the control group (healthy patients), which reveals changes in dynamic recurrences
with reduced HR complexity. In the present study, higher TT and % REC indexes were
demonstrated in sick patients, but there was no significant difference between these
groups. HRV is the result of the regulation of the autonomic nervous system, which is
affected by any type of condition; the SNS (sympathetic nervous system) is one of the
two branches of the nervous system that is involved in the regulation of numerous
homeostatic mechanisms, including cardiac function. The main function of the SNS is
to stimulate the fight or flight response of the body, but in morbid states, high circulating
catecholamine levels are generated, which causes harmful deleterious effects

[16,3,28,29].

All indexes studied showed significant differences between groups 1 and 3,
which shows that all indexes studied are useful for the differentiation between these
two groups. Dogs at risk of death presented a very low HRV, exhibiting a decreased
parasympathetic tone (SDNN, RMSSD and PNN50% with extremely low values) and
presented higher recurrence and predictability (YoREC, %DET, TT, LAM% and
ShanEn), which indicates progression toward the equilibrium state and detachment

from chaotic behavior; young adult dogs, on the other hand, went in the opposite
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direction because they presented a normal HRV, lower recurrence and less
predictability because they were healthy individuals considered chaotic.

In the qualitative analysis of recurrence plots, a more diffuse and homogeneous
distribution was observed in healthy young adult dogs, reinforcing that this group of
patients presented higher HRV, less predictability, less recurrence and more chaos. In
groups 2 and 3, more geometric patterns were observed, and in group 3, there was a
greater number of large squares, visibly showing that these patients present a loss of
complexity and simplification of dynamic heart rate in pathological conditions, a fact
observed and described in humans in recurrence plots [13].

The ability of linear and nonlinear indexes to discriminate patients at risk of
death against various diseases was good based on the analysis of AUCs (sensitivity
and specificity) to better understand whether these indexes would be predictive in the
recognition of dogs at risk of death. Linear indexes (SDNN, RMSSD, PNN50%) were
more sensitive (95.45%) with a low rate of false negatives compared to other indexes
in the identification of dogs at risk of death and had a higher negative predictive value
(96.67%); dogs with SDNN, RMSSD and PNN50% higher than 34.7 ms, 19.0 ms and
2.54% (cut off), respectively, were less likely to die. On the other hand, the nonlinear
indexes (REC%, DET% and LAM%) presented a higher specificity (100%) with a low
rate of false positives compared to all other indexes in the identification of dogs at risk
of death and had a higher positive predictive value (100%); dogs with REC, DET and
LAM higher than 39.12%, 87.75% and 87.34%, respectively, had a higher risk of dying.
Of all the indexes investigated, the ones with the highest diagnostic accuracy were
RMSSD (99.8%), PNN50% (99.5%), SDNN (99.4%), ShanEnt (98.4%) and DET%
(96.4%), which were clinically relevant, serving as useful tools to help determine the

risk of death of a patient.
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This is the first time in veterinary medicine that cutoff values for dogs at risk of
death from HRV indexes have been evaluated, demonstrating the efficacy of HRV
analysis as an accessible, low-cost and rapid research tool to evaluate the autonomic
homeostasis of an individual independent of the existing disease, aiding in the
prognosis of patients.

The limitations of this study were that the recording of RR intervals for HRV
analysis was not standardized, so some patients may have been slightly more anxious,
but the intention of using the heart rate monitor to perform the analysis was to generate
the lowest level of stress in these dogs. All dogs at the time of analysis were apparently
calm. Another limitation was the mean age of the animals in the control group, as they
were very young dogs compared to the other groups. Although the number of patients
in the chronic patient and death groups may be more robust, recurrence rates and
linear indexes have proven to be useful tools in determining the different health
statuses of dogs. These analyses served as predictors, thus enabling their use in
veterinary clinical practice. A study with a larger number of patients with chronic morbid

conditions is necessary.

Conclusion

The linear and non-linear indexes of HRV proved to be useful predictors in the
assessment of homeostasis between dogs with morbid conditions (chronic diseases)
and at risk of death and among healthy and life-threatening conditions in dogs. Linear
indexes and the nonlinear DET% index was relevant to aid in the differentiation of
healthy dogs from sick dogs. The qualitative analysis of recurrence plots showed

usefulness in the rapid identification of health status in dogs. The present study allowed
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the identification of linear (RMSSD, PNN50%, SDNN) and nonlinear (ShanEnt, DET%)
indexes, which presented greater diagnostic accuracy in the identification of patients
at risk of death and predictive cutoff values; these results are important, as they may
direct the veterinarian clinician to optimize the therapy instituted, aiming to improve the
general condition of the patient or reinforce the evidence of clinical evolution, indicating

whether the prognosis is good, reserved or poor.
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dRecurrence Analysis (VRA - Version 5.01, Eugene Kononov, http://visual-recurrence-
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Abstract

The symbolic analysis of heart rate variability (biomarker of cardiac autonomic homeotase) is
a nonlinear and effective tool for pattern extraction and classification in a series analysis, which
implies the transformation of an original time series into symbols, represented by numbers.
Autonomic heart rate control is influenced by different factors, and better indicators of heart
rate variability are found in healthy young individuals than in older and sicker individuals. The
aim of this study was to compare the indicators of heart rate variability among healthy dogs in
different age groups and in health status using the nonlinear method of symbolic analysis to
evaluate the diagnostic accuracy of this method for the risk of death in dogs. An increase in
cardiac sympathetic modulation was observed in puppies and dogs at risk of death, which was
evidenced by a marked increase of 0 V% (without variation — associated with sympathetic
modulation) and a decrease in patterns of 2 V% (two variations — associated with
parasympathetic modulation), while the opposite was observed in young adult dogs with
increased parasympathetic modulation. Elderly dogs showed a gradual decrease in
parasympathetic activity, which tended to worsen with loss of health. It is concluded that the
variables of symbolic analysis may be useful to evaluate autonomic modulation in dogs and
assist in the differentiation between health states, advanced disease and death throughout the
life cycle and have been shown to be indices with high specificity, sensitivity and diagnostic

accuracy to help identify dogs at risk of death.

Keywords: dogs, sympathetic system, parasympathetic system and heart rate variability.



50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

Introduction

Physiological time systems, such as the series of successive intervals between
heartbeats, contain valuable information. Different linear and nonlinear approaches have been
proposed to characterize the dynamic peculiarities of autonomic homeotase (Cysarz et al. 2013).
The nonlinear analysis of heart rate variability (HRV) provides noninvasive ways of
investigating cardiac autonomic modulation in the presence of rhythmic variability (\Vanderlei
et al. 2009; Guzzetti et al. 2005; Moise, Flanders and Pariaut, 2020).

Symbolic analysis is a nonlinear and effective tool for the extraction and classification
of patterns in temporal systems, which implies the transformation of an original time series into
symbols and the creation of patterns with them (Porta et al. 2001). Different criteria can be
applied for the transformation of series into symbolic representations and the creation of
patterns of analysis (Valencia et al. 2015). The full dynamics of the series (the minimum-
maximum range) are distributed over six sections, each identified by a number or symbol from
0to 5. Original values within each section are replaced by the symbol that defines it in a specific
way, thus obtaining a symbolic series. The symbolic series is converted into several patterns of
three symbols. Four different categories of patterns can be identified: 0 V (without variation —
associated with sympathetic modulation) when there are no variations between three successive
symbols, i.e., all three symbols are the same (e.g., 555); 1 V (one variation — no predominance)
when a variation between three successive symbols exists, i.e., two symbols are equal (e.g.,
755); 2 LV (pattern with two equal variations forming ascending or descending ramps) in which
there are two similar variations between successive symbols, i.e., two successive decreases or
increases (e.g., '456' or '654"), and 2 UV (pattern with two different variations, forming peaks
or valleys) when there are two different variations between successive symbols, i.e., a decrease
followed by an increase or vice versa (e.g., '252' or '847") (Tobaldini et al. 2009; Cysarz et al.

2015; Valencia et al. 2015; Silva et al. 2017; Corréa et al. 2019; Moura-Tonello et al. 2019).
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The results of the 2 LV% and 2 UV% patterns added together and presented as 2 V% are
associated with parasympathetic activity (Guzzetti et al. 2005).

A study by Guzzetti et al. (2005) showed that after high doses of atropine (parasipathic),
there was a significant increase in 0 V patterns (without variation — associated with sympathetic
modulation) and a decrease in 2 V (two variations — associated with parasympathetic
modulation), while phenylephrine infusion (receptor-specific adrenergic agonist 1) showed a
significant increase in the percentage of 2 V, and the infusion of nitroprusside (mixed
vasodilator) (reflex increase in cardiac sympathetic modulation) caused a significant increase
in 0 V dynamics. Changes in 1 V patterns did not reach the significance threshold during the
autonomic tests in this study, concluding that the increase in cardiac sympathetic modulation
determines the increase in 0 V and the decrease in 2 V patterns, while opposite results are
observed during an increase in cardiac parasympathetic modulation.

Hyperactivity of the sympathetic nervous system (SNS) is triggered by central and
peripheral pathways that are associated with abnormal cardiovascular reflexes observed in a
variety of disease states. Patients with congestive heart failure (CHF) have evidence of
sympathetic nervous system activation, reflected by increased plasma levels of norepinephrine.
It is important to highlight that in the senescent heart, sympathetic activity is increased, while
cardiac neuronal uptake of circulating catecholamines is decreased, leading to decreased
parasympathetic activity and increased sympathetic activity (Valencia et al. 2015; Lucia,
Eguchi and Koch 2018).

Autonomic heart rate control is influenced by different factors, and better HRV
indicators are found in healthy young individuals than in elderly and sick individuals. However,
most studies on HRV were conducted in populations of extreme ages, young and old, usually
without information and comparisons of the initial, intermediate and end-of-life periods

(Kleiger, Stein and Bigger 2005; Costa, Davis and Goldberger 2017).
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To date, there are no published data on symbolic analysis in dogs. Thus, the aim of the
present study was to compare HRV indicators between healthy dogs in different age groups,
dogs with chronic diseases and dogs at risk of death using the nonlinear method of symbolic
analysis and to determine whether this method of analysis presents good diagnostic accuracy to

identify dogs at risk of death.

Materials and methods
Study animals:

A total of 126 dogs examined at the hospital between August 2017 and October 2018
were included in the study, 66 males and 60 females, of different breeds, separated into five
groups.

This study was conducted according to animal welfare standards after approval by the
Ethics Committee on the Use of Animals of the Faculty of Veterinary Medicine of UNESP -
FMVZ - Botucatu (protocol no. 204/2017) and after the free written consent of the tutors. Group
1 (n=30) was composed of healthy dogs under 1 year of age, group 2 (n=30) was composed of
healthy dogs aged between 1 and 8 years, and group 3 (n=30) was composed of healthy dogs
older than 8 years. Group 4 consisted of 14 animals with chronic compensated diseases
(asymptomatic patients with controlled underlying disease), with a mean age of 12.07 years.
Group 5 consisted of 22 dogs at risk of death, with a mean age of 12.14 years. Group 5 consisted
of 22 dogs at risk of death, with a mean age of 12.14 years. HRV indices analyze the homeotase
of an individual regardless of the disease, so groups 4 and 5 represent dogs with different

conditions. The diseases of groups 4 and 5 are shown in Table 1.

Experimental procedure
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All dogs in the study were preliminarily selected through electrocardiographic
examinations to visualize possible arrhythmias and subsequent inclusion or exclusion from the
study, and in the first three groups, brachycephalic animals or animals that presented any other
clinical condition were excluded. Dogs in group 4 that had decompensated chronic diseases
were excluded. The animals in group 5 died a maximum of 15 days after analysis with the
frequency meter.

The analysis was performed by the heart rate monitor, and the RR intervals were
captured by a Polar device®, model V-800, already validated for animals for this purpose
(Jonckheer-Sheehy, Vinke and Ortolani 2012; Essner et al. 2013). A sequence of RR intervals
with 660 consecutive beats and with the highest stability was selected to perform all analyses,
according to the methodology previously proposed by Martinello et al. (2022). To perform the
examination, the animals were released during the recording period in a room only with their
owners to suffer the least possible influence of stress in the clinical environment; the heart rate
monitors were only switched off at the end of a period of five to eight minutes, and all

collections were performed during the day.

Heart Rate Variability

The HRV was evaluated from the symbolic analysis using symbolic analysis software
(fast version), developed in the Department of Pre-Clinical Sciences of Universita Di Milano,
Italy, of the RR interval series (Perseguini et al. 2011; Valencia et al. 2015), which separated
the RR intervals into 6 levels (0 to 5) and ordered them into sequences of 3 symbols that in turn
were classified into 4 categories:

1- 0 V% - pattern without variation (3 symbols equal);

2- 1 V% - pattern one variation (2 equal symbols followed by a different symbol);
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3- 2 LV% - pattern with two equal variations (3 symbols form ascending or descent
ramps);

4- 2UV%, standard with two different variations (3 symbols form peaks or valleys).

The results of the 2 LV% and 2 UV% patterns were summed and presented as 2 V%, as

performed by Guzzetti et al. (2005).

Statistical analysis

Descriptive analysis of all quantitative variables, such as the mean, standard deviation
and quartiles for each group, was performed. The efficiency of the discrimination of the
variations found for the patients and death groups against the G2 group was performed by
calculating sensitivity, specificity, positive predictive value, negative predictive value and
accuracy (with the respective confidence intervals) and constructing the ROC curve. The values
of the area under the curve were used to choose the most efficient variables (area above 80%).
The assumption of normality of the distribution of variables for each group was made by the
Shapiro—Wilk test. For the comparison of the mean/median between all groups, ANOVA (when
the assumption of normality was met) and the Kruskal-Wallis test (when the assumption of
normality was not met) were used. Multiple comparisons were applied to detect which groups
differed from each other. A p value lower than 0.05 was considered to indicate a significant

difference between the respective groups.

Results

Table 2 describes the means, medians and standard deviations of each variation
analyzed. It was verified in the present study that dogs in group G2 (healthy dogs aged between
1 and 8 years) presented higher values of 2 V and less than 0 VV compared to the other groups,

showing that young adult animals presented higher parasympathetic predominance. There was
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a significant difference in the correlation of group G2 with groups G1 (< 1 year of age), G4
(compensated chronic diseases) and G5 (death) in most of the symbolic variations. There was
no significant difference (P>0.05) between groups G2 and G3 (healthy > 8 years) (table 3), but
group G3 presented lower values of 2 V and higher values of 0 V.

There was no significant difference between groups G1 and G3, G1 and G4, and G3
versus G4 in all symbolic analyses; however, the values of 0 VV were higher than the values of
2 V in groups G4 and G1, showing a sympathetic predominance in these groups.

Dogs in group G5 that presented risk of death, as predicted, had significantly lower
values of 2 V and higher values of 0 VV compared to all other groups, indicating progression
toward the equilibrium state, thus revealing an absolute sympathetic predominance at this stage.
The mean death of these animals was 6.28 days.

This differentiation between all groups was displayed as a parabolic pattern in box-plot
charts (figure 1). Table 2 shows the significant differences in the indices between the analyzed
groups in bold (P< 0.05).

The 0 V index showed a sensitivity of 90.91% and specificity of 93.33%, while the 2 V
index showed a sensitivity of 95.45% and specificity of 93.33%, revealing that they are
sensitive and specific indices to assist in the identification of dogs at risk of death, in addition
to presenting good diagnostic accuracy to assess risk 0 V (96.5%) and 2 V (99.4%). The
sensitivity, specificity, positive predictive value, negative predictive value, diagnostic accuracy
and cutoff of each index are shown in Table 4.

The AUROCs of the 0 V and 2 V indices overlapped and did not differ completely from
the intersection at certain points, indicating little difference between them (figure 2).

In figure 3, we contemplate the most representative cases of each analyzed group. We

can see higher values of 0 V in the puppy dog (group 1), in the dog with chronic disease (group
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4) and in the dog at risk of death (group 5) and higher values of 2 V in the young adult dog

(group 2) and old dog (group 3).

Discussion

The purpose of this study was to evaluate whether the short-term symbolic analysis of
RR intervals, opted for the use of the heart rate monitor, which is widely used for HRV analysis
in humans (Vanderlei et al. 2008; Heitmann et al. 2011; Barbosa et al. 2016), is a noninvasive
method and very accessible for the analysis of HRV, advantageous in relation to Holter, because
it is more comfortable for the patient and presents a good level of agreement already described
in humans between the two methods (Min et al., 2008), in addition to being already a validated
method for dogs (Jonckheer-Sheely 2012; Essner et al. 2013; Essner et al. 2015).

It was observed that dogs younger than one year old (G1) showed sympathetic
predominance, with values greater than 0 V and less than 2 V, but this group of animals did not
present significantly different values in relation to the dogs in groups 3 and 4; however, the
animals that make up G3 (healthy dogs > 8 years) showed values greater than 2 V, showing
parasympathetic predominance in these stages of life, but it was noticed that dogs in group 3
and 4, the values of 0 V increased progressively and the of 2 V have decreased. The immaturity
of the autonomic nervous system shows a clear physiological decrease in HRV, but aging and
the presence of diseases at different stages cause progressive deterioration of autonomic
function, gradually reducing HRV (Godoy and Gregério 2019).

Several studies in humans have shown that the aging process interferes with cardiac
autonomic modulation and decreases HRV (Perseguini, et al. 2011; Nascimento et al. 2013;
Godoy and Gregory 2019). In the present study, elderly dogs (G3) showed values lower than 2
V and greater than 0 V compared to young adult dogs (G2), i.e., lower HRV and high

sympathetic modulation, slightly more evidenced in G3 (healthy dogs > 8 years), although not
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significant, which could be explained by the clinical aspect of G3 animals, as cardiac function
and structure are initially preserved.

The results revealed that animals with chronic diseases (G4) presented statistically
higher values of the 0 V index, displayed by increased cardiac sympathetic modulation, than
young adult dogs (G2). HRV translates into a balance or homeostasis between sympathetic and
parasympathetic activity, and disease states undoubtedly cause an imbalance between these two
systems, promoting more evident sympathetic modulation. The results of the present study are
similar to those previously described, which also showed an increase in sympathetic activity in
sick dogs (Peripherr et al. 2012; Bogucki and Noszczyk-Nowak 2017; Baisan, Vulpe and Ohad
2021).

A human study based on an extensive amount of data published in the literature
combined several individuals with different diseases into the same group and showed that these
people had low HRV. The present study also observed that dogs with different diseases have
low HRV values compared to healthy dogs (Godoy and Gregorio 2022).

In group 5, a pneumonia dog was included, and a decrease in HRV was observed in this
patient, corroborating a study carried out in humans diagnosed with pneumonia that showed
that sympathetic activity is dominant in these people. Diseases in general, pneumonia in
particular, are associated with a balance of pro- and anti-inflammatory processes, leading to an
immune response. Pneumonia causes fever, tachypnea, tachycardia and hypoxia, which reflect
sympathetic modulation leading to the expected change in HRV (Izhaki et al. 2022).

The SNS is fundamental for the so-called "fighting or flight response™ and is activated
under physiological conditions of stress in cardiovascular and noncardiovascular diseases. The
action of the SNS takes place through the release of catecholamines (norepinephrines) and plays

a crucial role in the regulation of homeotase, but its chronic stimulation is particularly harmful
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in the case of multiple comorbidities and negatively influences the clinical phenotype (Lucia,
Eguchi and Koch 2018; Goldberger et al. 2019).

In the present study, the analysis of AUROCS (sensitivity and specificity) to evaluate
the efficiency of these indices in the discrimination of patients at risk of death presented a good
diagnostic accuracy and a high sensitivity and specificity to assist in the identification of these
dogs. In addition, the cutoff value was obtained for each of these indices, and dogs with values
of 0 V greater than 26.18% and 2 V lower than 32.04% had a higher possibility of dying. Thus,
symbolic analysis can be very useful to direct veterinarian clinicians in therapeutic monitoring
and even prognostically with the data obtained.

| regret that the present study cannot differentiate the group of elderly animals and the
group of animals with chronic diseases, which was a limitation found, possibly because aging
Is characterized by the activation of several neurohormonal pathways, the most important being
the SNS. SNS hyperactivity is initially a compensatory mechanism to stimulate contractility
and maintain homeotase, but unfortunately, this chronic stimulation becomes harmful and
causes decreased cardiac function (Lucia, Eguchi and Koch 2018), consequently decreasing the
VFC and this differentiation between the groups.

To date, the authors are unaware of the performance of any study using symbolic
analysis in dogs and its diagnostic accuracy for risk of death in dogs; we observed that dogs
with risk of death (G5) physiologically present an exacerbated sympathetic predominance. The
decrease in HRV indicates a lower ability to maintain homeostasis, which may predispose the
patient to the disease (Takakura et al. 2017) and, if uncontrolled, cause body balance and,

consequently, death.

Conclusion
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We concluded the efficacy of the symbolic analysis with diagnostic precision for the
identification of dogs at risk of death and in the differentiation between the state of health in
younger individuals from morbid states in dogs because healthy animals presented better
behavior of the ANS in relation to animals with chronic diseases and with risk of death. Thus,
symbolic analysis in the clinical routine can contribute to the investigation of a possible
condition in patients in which there is a solidary predominance. In addition, it was very clear
that animals at risk of death have hyperactivity sns compared to all other groups, which can

help in the prognosis and clinical management of dogs.
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Table 1: Diseases manifested by dogs in groups 4 and 5.

Group 4 - Chronic diseases Group 5 - State of imminent death
Stage C myxomatous mitral valve Neoplasia in the terminal stage:
disease

*  Multicenter lymphoma

»  Cutaneous mastocytoma
*  Lung carcinoma

*  Renal carcinoma

»  Neoformation in cardiac base (caudal vena cava obstruction)

Stage Il chronic kidney disease Stage D myxomatous mitral valve disease
Diabetes Mellitus Stage 1V chronic kidney disease
Pulmonary Neoplasia Refractory pneumonia

Chronic pancreatitis Status epileticus

Cardiorenal syndrome

Table 2: Mean * standard deviation and [median] of the indices (mean RR, 0 V%, 1 V% and 2

V%) of HRV in dogs in the different groups analyzed.

Variables Group 1 Group 2 Group 3 Group 4 Group 5
<1 year 1.1-7.9 years >8 years Chronic diseases Risk of death
(n=30) (n=30) (n=30) (n=13) (n=14)
Mean RR 378,56+89,132  580,57+11,74° 537,53+131,74% 463,76+95,6354 379,18+79,94
[351,24] [542,57] [558,35] [437,50] [371,00]
0V (%) 40,37+22,932 14,02+7,97° 26,91+22,233¢ 36,50+24,64%4 75,82+26,26¢
[38,32] [12,47] [20,61] [28,85] [85,79]
1V (%) 32,05+10,012 40,08+4,98° 35,95+8,57 ¢ 32,69+10,6140¢ 15,75+16,55°
[36,71] [39,91] [37,55] [36,03] [10,34]
2V (%) 27,53+14,292 45,87+10,35° 37,09+15,05 ¢ 30,93+16,31%¢ 8,41+9,80°
[26,49] [47,84] [41,39] [31,48] [3.82]

Mean RR (mean normal RR intervals); 0 V% - pattern without variation; 1 V% - pattern with a variation;
2 V% - standard with two variations. Different letters in the same line represent significant differences

between the groups (one-way ANOVA and Tukey—Kramer; p< 5%).
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Table 3: Comparison between groups and P values for each variable.
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Groups Mean RR 0V (%) 1V (%) 2V (%)
G1XG2 0,0000 0,0001 0,0126 0,0005
G1XG3 0,0000 0,2012 1,0000 0,3440
G1XG4 0,1493 1,0000 1,0000 1,0000
G1XG5 1,0000 0,0311 0,1067 0,0044
G2XG3 1,0000 0,3454 0,5455 0,5582
G2XG4 0,1950 0,0189 0,1515 0,0795
G2XG5 0,0000 0,0000 0,0000 0,0000
G3XG4 1,0000 1,0000 1,0000 1,0000
G3XG5 0,0003 0,0000 0,0021 0,0000
G4XG5 0,3147 0,0369 0,2559 0,0058

Table 4: Values of SE, SP, PPV, NPV, diagnostic accuracy and cutoff for dogs at risk of death

of each index evaluated (0 V and 2 V)

Indices SE for risk of death, SP for risk of death, PPV for risk of NPV for risk of Accuracy, % Cutoff

% (1C95%) % (1C95%) death, % (1C95%) death, % (1C95%) (1C95%)
ov 90,91(70,84-98,88) 93,33(70,88-98,88) 90,91(70,84-98,88) 93,33(77,93-99,18) 96,5(91,0-100,2) > 26,18 ms > RM
2V 95,45(77,16-99,88) 93,33(77,93-99,18) 91,30(71,96-98,93) 96,55(82,24-98,79) 99,4(98,2-100,6) <32,04% >RM

Sensitivity (SE), specificity (SP), positive predictive value (PPV), negative predictive value

(NPV), accuracy and cutoff of each index were evaluated. Sensitivity to risk of death, %

(C195%) Specificity for risk of death, % (95% C1%) PPV for risk of death, % (95% CI1%) VNP

for risk of death, % (C195%) Accuracy, % (95% Cl%). Risk of death (MR) and cutoff values

< (lower) or > (higher).
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Figure 1: Graphic representation of the positional value of the symbolic analysis of each
variable 0 V% and 2 V% in the different groups of dogs analyzed (G1, G2, G3, G4 and G5). A

parabolic pattern of the acquired values is perceived
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Figure 2: Receiver operating curves of diagnostic accuracy of symbolic analysis indices for risk
of death in dogs. 0 V (index that evaluates the sympathetic nervous system) and 2 V (index that

evaluates the parasympathetic nervous system).
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Figure 3: Symbolic analysis of dogs chosen to represent each of the groups: G1- puppies group,

G2: young adults group, G3: elderly group, G4: dogs with chronic diseases (stage C

myxomatous mitral degenerative disease; and G5- dogs at risk of death (stage D mitral

myxomatous degenerative disease)
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DISCUSSAO GERAL

O propésito do presente estudo foi investigar a acuracia diagnostica dos indices
ndo-lineares dos gréficos de recorréncia e a analise simbdlica e de alguns indices
lineares da VFC, e mostrar se podem ser uma ferramenta util para diferenciar o
comportamento autonémico cardiaco nesses grupos de cédes, pois nao existem
trabalhos na literatura até o0 momento que avaliaram a analise simbdlica e os gréficos
de recorréncia qualitativamente e quantitativamente e acuracia diagndstica dos
indices ndo-lineares e lineares em caes saudaveis, com doencgas crbnicas e com risco
de morte.

Nesta andlise, foi encontrada diminuicdo acentuada da modulacao
parassimpatica cardiaca e aumento acentuado da modulacdo simpética em caes com
risco de morte e em caes filhotes, possivelmente pela imaturidade do SNA e apés a
exaustdo do mesmo respectivamente. Foi observado também que cées adultos jovens
saudaveis demonstraram maior VFC e os valores dos indices nao-lineares
parassimpaticos estudados diminuiram com a idade e um pouco mais com a perda da
higidez.

No presente trabalho, foram estudadas diversas doencas nos cées que
integraram os grupos de doncas crénicas e morte, pois o0 comportamento autonémico
dessas doencas sao semelhantes, com total de 27 animais; a maior incidéncia ocorreu
por causas cardiacas (33,3%), seguidas por nefropatias, neoplasias, endocrinopatias,
pneumopatias e neuropatia (29,6%, 22,2%, 7,4%, 3,7% e 3,7%, respectivamente).

Neste estudo que avaliou a analise simbdlica, foi realizada a compacéao entre
cdes de diferentes faixas etarias e cdes com doencas cronicas e em risco de morte
iminente, foi decidido essa comparac¢ao entre grupos, pois na medicina veterinaria ndo

h& valores de referéncia para caes desta andlise e o balan¢o dos sistemas simpatico
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e parassimpatico pode sofrer influéncia com idade em cées como ja observado em
um trabalho realizado por MARTINELLO et al., 2022 que avaliou indices lineares da
VFC em caes saudaveis com diferentes faixas etarias.

A analise dos GRs foi feita pela comparacao entre cdes saudaveis, cades com
doencas crbnicas e em risco de morte, sendo que o grupo dos cées saudaveis foi
baseado em um trabalho anteriormente realizado que também mostrou que caes
adultos jovens apresentam maior VFC (MARTINELLO et al., 2022), o que corroborou
estudos realizados em seres humanos (FINLEY; NUGENT,1995; GODOY;
GREGORIO, 2019).

No estudo da analise simbdlica, ndo houve diferenca estatistica entre cées
adultos jovens e cées idosos, o0 que provavelmente aconteceu pelo fato de ambos os
grupos eram compostos por cdes saudaveis, mas foi observada diminuicdo dos
indices parassimpaticos com o avancar da idade. Também nédo ocorreu diferenca
estatistica entre os caes idosos e os caes doentes, pois como ja sabido a VFC diminui
gradativamente com a idade (GODOY; GREGORIO, 2019; MARTINELLO, 2022).
Todavia, foi possivel notar diferenca estatistica na comparacao de cées adultos jovens
com os caes portadores de doencas crbnicas, mostrando valores maiores de OV nos
caes doentes, corroborando achados de outros estudos realizados em cées, que
também mostram diminuicdo da VFC em caes doentes (OLIVEIRA et al., 2012;
BAISAN, VULPE e OHAD., 2021). Ademais, nossos resultados mostraram que quanto
maior a atividade simpatica, maior € o potencial de gravidade da doenca e assim
colaborando para o desfecho de morte.

Os graficos de recorréncia em caes doentes evidenciaram padrées menos
difusos e padrdes cada vez mais geométricos foram encontrados a medida que o

paciente estava se aproximando da morte, demonstrando maior linearidade. Essa é
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uma analise interessante, pois 0s aspectos qualitativos dos GR podem auxiliar na
diferenciacdo do estado de saude de um paciente. As analises quantitativas
mostraram maior previsibilidade, mais recorréncia e menos caos nos caes doentes e
nos caes com risco de morte, confirmando também que quanto mais grave o paciente
se encontra, maior € o predominio simpatico, assim piorando o progndstico e
aumentado a probabilidade de morte.

Foram estudados também alguns indices lineares (SDNN, RMSSD e
PNN50%), pois na medicina veterinaria sdo 0s mais utilizados na rotina clinica e foi
observado que esses indices podem ser grandes aliados na diferenciacédo de animais
saudaveis e animais doentes, e também de animais saudaveis com 0s animais com
risco de morte, pois 0s caes doentes e cdes com risco de morte apresentaram menor
predominio parassimpatico, e consequentemente maior estimulacdo simpatica. Em
um trabalho realizado em seres humanos, também foi observado que o SDNN € um
bom indice para monitorar o paciente em diferentes estagios da vida (GODOY;
GREGORIO, 2019).

Em ambos os estudos foi observado boa capacidade dos indices lineares e nao
lineares de discriminarem pacientes com risco de morte frente a diversas afeccdes
com base na andlise das AUROCs (sensibilidade e especificidade). No primeiro
estudo que avaliou os indices lineares e os indices dos GRs, observou que indices
lineares (SDNN, RMSSD, PNN50%) foram mais sensiveis (95,45 %) com baixa taxa
de falsos negativos em comparacéo aos outros indices, na identificacdo de caes com
risco de morte. Ja os indices nao-lineares (REC%, DET% e LAM%) apresentaram
maior especificidade (100%) com baixa taxa de falsos positivos, em comparacéo a

todos os outros indices na identificacdo de caes com risco de morte.
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No segundo estudo, observou também uma eficiéncia dos indices da analise
simbdlica na discriminacdo de pacientes com risco de morte, apresentaram boa
acuracia diagnostica e alta sensibilidade e especificidade para auxiliar na identificacao
desses cées.

Nos dois estudos aqui realizados foi constatada diferenca estatistica de todas
as variaveis pesquisadas na comparacdo do grupo de cdes com risco de morte
iminente com todos 0s outros grupos analisados, mostrando que 0s caes com risco
de morte exibem VFC extremamente baixa com uma maior recorréncia indicando
progressdo em direcdo a invariabilidade. Em vista disso, pode-se associar a
hiperatividade simpatica encontrada em nosso estudo, como fator preditor de
mortalidade e esses indices ndo-lineares e lineares podem tornar-se importantes para
realizar decisdes e/ou intervencdes em caes.

Mais estudos devem ser realizados sobre a utilizacdo da VFC na avaliacao
terapéutica e na monitorizacdo de cdes doentes e com risco de morte, pois se o
paciente apresenta VFC baixa, 0 acompanhamento constante dos indices que avaliam
a VFC pode ser uma grande ajuda para avaliar o prognéstico e probabilidade de morte

e/ou recuperacao do paciente.

CONCLUSAO GERAL

A analise simbdlica mostrou que que cées filhotes apresentam predominio
simpatico (valores maiores de 0V%), os caes adultos jovens e idosos apresentaram
predominio parassimpatico, mas os valores de 2V% diminuiram e os valores de 0V%
aumentaram nos caes doentes. Caes com risco de Obito apresentam predominio

simpatico e com valores extremamente significativos em comparacdo a todos os
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outros grupos. Os indices %REC, %DET, TT e ShanEn dos Graficos de Recorréncia
mostraram valores maiores em cées doentes e aumentaram nos cées com risco de
Obito, exibindo nitidamente a perda do Caos. O mesmo ocorreu com as analises
lineares, jA que os indices que avaliam o sistema nervoso parassimpatico estavam
com seus valores baixos nestes grupos de pacientes. A maioria dos indices estudados
apresentaram excelente acuracia diagnoéstica para identificar os caes com risco de
morte iminente.

A andlise da VFC em curto prazo realizada com o monitor de frequéncia
cardiaca é extremante Util na rotina clinica de pequenos animais, pois obtemos
resultados rapidos, com menos estresse e intervalos RR podem ser extraidos e
utilizados em varios programas disponiveis de analise de VFC.

Podemos concluir que as analises nao-lineares da VFC ajudam a diferenciar
cdes saudaveis de cdes com doencas cronicas, e apresentam boa acuracia
diagnostica para identificar cdes com risco de morte iminente revelando ser uma
excelente ferramenta para deciséo clinica e prognostico. Além disso, essas andlises
ajudam a entender melhor o comportamento autonémico dos caes em diferentes

faixas etéarias e estado de saude.
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